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Micron bars appearing on electron channeling patterns have

absolutely no significance. They are an electronic artifact from

the normal use of the scanning electron microscope.
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Electron channeling patterns are obtained in a scanning electron

microscope by photographically recording backscattered electron intensity

while rocking an electron beam around a single point on a specimen surface.

Variations in intensity occur with angle of incidence relative to atomic

planes in crystalline materials. A typical channeling pattern consists

of a combination of high contrast pairs of parallel lines resulting from

low order planes and finer, lower contrast lines that occur singly.

Plastic strain is characterized by dislocations, and the multidirec-

tional lattice strains caused by dislocations cause contrast loss in the

channeling pattern. Silicon (111) single crystals were plastically deformed

by bending and chemically thinned. Dislocations introduced by the bending

were characterized by transmission electron microscopy at 200 kV. Electron

channeling patterns were obtained at 15 kV, and intensity profiles across

each of the three {220} planes were recorded. The changes in the channeling
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patterns and intensity profiles are related to the concentration and type

of dislocations present as determined by transmission electron microscopy.

The fine lines that occur singly in the channeling patterns from (111)

silicon have three-fold symmetry (as opposed to the six-fold symmetry of

the parallel line pairs). These lines have higher Miller indices and

originate in the first order Laue zone in reciprocal space. The parallel

pairs of lines forming most of the pattern come from the zero order Laue

zone. The first order zone lines exist throughout the pattern but are

most visible within 1° of the (111) pole.

The position of these lines is sensitive to elastic strain. A

method for calculating the shifts in any selected line is derived along

with experimental data from strained (111) silicon.

The origin and geometry of the fine lines are discussed using the

Ewald sphere-reciprocal lattice construction and a method of determining

the Miller indices of an unknown line arising from the first order zone

presented.
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CHAPTER 1

INTRODUCTION

1.1 Development of Electron Channeling on the SEM

Electron channeling patterns result from the variation in electron

backscattering coefficient (n) with angle of incidence in a crystalline

solid. They are obtained by systematically varying the angle at which

an electron beam strikes a sample along two orthogonal axes and photo-

graphically recording the intensity of the backscattered electrons

produced. Electron channeling patterns are usually obtained in a scanning

electron microscope (SEM) and they are significant because they allow crys-

tallographic information to be obtained on bulk specimens.

Electron channeling patterns were first obtained by Coates (1967)

while examining single crystal semiconductors in an SEM at low magnifi-

cations. At low magnifications the area scanned by the electron beam is

relatively large, and the beam goes through substantial angular changes

during the course of a scan. The channeling pattern appears as a faint

series of parallel lines superimposed on the topographic image. Figure

1.1 is a (100) single crystal of silicon obtained under conditions simi-

lar to those used by Coates. The two intersecting pairs of lines are

{200} planes. The point of intersection is the (100) pole. Coates also

observed that the lines did not shift when the sample translated, but did

move when it was tilted, which is consistent with a crystallographic origin

for the pattern, and that the width of the bands was proportional to the

De Broglie wavelength of the incident electron beam.
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Figure 1.1 Topographic SEM of (100) silicon at 20X. Channeling
contrast is visible as broad bands.



The origin and geometry of electron channeling patterns can be

understood at several levels of sophistication. Perhaps the most

straightforward is that of Newberry and Yakowitz (1975) illustrated

in Figure 1.2. As the main beam strikes the lattice at the angle illus-

trated in 1.2(a), the beam does not penetrate deeply into the lattice,

and relatively large numbers of backscattered electrons are produced.

In 1.2(b) the beam is more nearly aligned with the crystal lographic

planes, the beam penetrates further into the lattice, and smaller

numbers of backscattered electrons are produced.

A more quantitative explanation is provided by the Bloch wave

model (Booker et al . , 1967) based on earlier work on x-ray production

by Hirsch et al . (1962). As shown in Figure 1.3, an electron beam

striking a crystal at angle e can be considered to be a series of Bloch

waves. Near the Bragg angle, e
g

, only two waves are excited, one with

maxima between the atomic positions (Type I) and the other with maxima

at the atomic positions (Type II). At the exact Bragg condition, both

waves are of equal intensity. For e < e
B

, the Type II wave is of greater

intensity, and since they have maxima at the atomic positions, they are

strongly scattered and produce a large number of backscattered electrons.

For e >
B

, Type I waves predominate and produce relatively few back-

scattered electrons. The transition from Type I to Type II waves occurs

over a small range in 6, and this results in the bright/dark transition

around e
B

that defines the lines seen in channeling patterns. This

transition occurs at -6
B

as well, and it is this pair of lines that forms

the bands of electron channeling patterns. It is this "anomolous trans-

ission" or channeling, that occurs near 9- and gives channeling patternsm

their name



Figure 1.2 Simple model of channeling contrast. Interaction at
(a) produces more backscattered electrons than (b)
(Newberry and Yakowitz, 1975).



Type I

Type II

$ •

Figure 1.3 Bloch wave model of electron channeling. Type I

wave has maxima between atomic positions, Type II

at atomic positions (Newberry and Yakowitz, 1975).



The resolution of an SEM operated in the normal (topographic)

mode is dependent on a small beam size at the specimen surface while

maintaining sufficient beam current to operate the detector. Since

the channeling pattern uses the angle of incidence as the variable

parameter, one might expect pattern resolution to improve by minimizing

beam divergence, and this is the case (Coates, 1968). This can be

accomplished by changing the settings on the lenses in the optical column.

In particular cases, this may also involve turning off the objective lens

(Schulson and Van Essen, 1969), or adding a lens between the condenser

and objective lenses (JEOL, 1971). Beam current must still be maintained

at a sufficient level to operate the backscattered detector, and thus

experimental beam conditions are a compromise.

Examining specimens at low magnifications results in a large

scanned area and is limited to very large crystals. Methods for reducing

the area from which the channeling pattern is obtained are discussed by

Schulson (1969). There are basically three methods: keeping the beam

stationary and tilting the specimen; tilting the beam around a stationary

point on the specimen; or combinations of the two, as shown in Figure 1.4.

A stationary beam and tilting specimen requires a carefully constructed

specimen stage capable of being tilted about two orthogonal axes in coor-

dination with the cathode ray tube (CRT) raster (Coates, 1969). Such a

stage is difficult to construct but a large angular range can be

obtained and no distortions from electron optics are introduced. Gener-

ation of a complete pattern can require relatively long times. Although

this method is not commonly used, it was used by Brunner et al . (1978) to

generate large (150°xll0°) channeling patterns for epitaxial films.



(a) (b)

(d)

Figure 1.4 Methods of eliminating beam travel across surface
during channeling operation, (a) normal operation,
(b) specimen tilting under stationary beam, (c)
specimen tilting with conventional beam scanning,
(d) specimen translation and (e) electron beam
rocking (Schulson, 1969).



By far, the most common method used to generate channeling patterns

is electronically tilting the beam around a point on the specimen surface.

This can be achieved in two ways: reducing the strength of the lower scan

coil or using the upper scan coil and the objective lens (Van Essen et al .

,

1970). Using these methods channeling patterns can be obtained from areas

as small as 10 urn in diameter-. .Even! ym can be obtained using a substantially

altered scan system (Joy and Newberry, 1972). Patterns obtained by tilting

the beam around a point are called selected area channeling patterns (SACP).

Figure 1.5 shows a SACP from (100) single crystal of silicon. This

compares with the ECP shown in Figure 1.1. The topographic contrast has

been eliminated, since the beam is no longer dimensionally scanning the

surface. Regular topographic images can still be obtained by changing

currents in the objective lens and scan coils.

Details of the electron optics involved in minimizing beam divergence

and obtaining beam scanning for SACPs are described in more detail in

Chapter 2.

The geometry of electron channeling patterns is similar to Kikuchi

patterns, although their origin is quite different. In Figure 1.5, the

center of the intersection is the (100) pole and the two pairs of narrow

parallel lines are {200} type planes. Structure factor calculations

that apply to x-ray diffraction patterns also apply to channeling patterns,

although electron scattering coefficients can enhance or decrease the

contrast of some planes (Joy, 1974). Thus, the pairs of lines are {200}

planes rather than {100}, which are not allowed in the diamond cubic

structure. Parallel to the {200} planes are higher order planes ({400},

{600}) with lower contrast.



Figure 1.5 Selected area channeling pattern for (100) silicon
at 35 kV.
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By tilting the specimen, channeling patterns for other crystal lo-

graphic orientations can be obtained. For cubic systems, a single

stereographic triangle will cover all possible orientations. For

crystal systems with lower symmetry, larger regions will be required.

Figures 1.6 and 1.7 show the (110) and (111) poles for silicon.

An obvious use of electron channeling is crystal lographic orien-

tation. Channeling has the advantages over x-ray orientation in that

smaller areas (1-10 ym versus 1-2 mm) can be examined, and thus indi-

vidual grains in a polycrystalline surface can be oriented. Although

in theory unknown samples could be oriented by measuring the band widths

of planes and angles between planes and calculating which planes appear

on the channeling patterns, in practice such calculations are cumbersome

and orientations are more easily accomplished by comparison with chan-

neling maps prepared from specimens of similar crystal structure,

Kikuchi patterns, or with patterns generated by computer (Payne and

Ralph, 1980).

In a comparison between x-ray Kbssel patterns and electron

channeling patterns for determination of the orientation of individual

grains into polycrystalline samples, both techniques achieved an accuracy

within one degree (Joy et al . , 1971).

Electron channeling contrast exists not only in backscattered

electrons, but also in x-rays, emitted photons, secondary electrons and

specimen current. Of these, backscattered electrons and specimen current

are most commonly used due to their ease of detection at the small working

distances required to minimize electron optical abberations (Van Essen et

al . , 1970). However, the specimen current amplifier can introduce a
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Figure 1.6 Selected area channeling pattern of (110) silicon
at 35 kV.
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Figure 1 .7 Selected area channeling pattern of (111) silicon
at 35 kV.
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derivative of the signal and contrast inversion (Shaw et al . , 1969).

Backscattered electrons are most conveniently collected with a split

ring annular semiconductor detector located above the sample (Newberry

and Yakowitz, 1975).

Since channeling contrast is quite small, on the order of 5%

(Joy, 1974), collected signals must be enhanced, either by subtraction

of a D.C. component before amplification, use of an A.C. amplifier, or

by signal differentiation. Signal differentiation was used in early

work by Coates (1969) to enhance fine lines in the patterns. Quantita-

tive measurements of signal level of a differentiated signal have rela-

tively little significance, however.

Despite the fact that a 20-35 kV electron beam penetrates a specimen

to a depth of several microns, electron channeling contrast arises only

near the specimen surface. Wolf et al . (1969) showed that an amorphous

layer of silicon 300 A thick eliminated channeling contrast from silicon

single crystals. Schulson et al . (1969) found that 900 A of carbon had

the same results. The contrast loss from amorphous films may be due to

decollimation of the incident beam (Davidson andBarker, 1970). Theore-

tical calculations by Gregory et al . (1977) revealed that the depth from

which electron channeling contrast is obtained depends on beam energy

and sample atomic number and varies from 25,000 A for silicon and 1200 A

for gold, both at 30 kV. Farrow and Joy (1981) experimentally measured

the depth of channeling contrast at - 11 kV at 1000 A in tungsten.

Thus, surfaces of specimens for electron channeling must be clean

from contaminants. This is usually accomplished by chemical etching or

electropol ishing.
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1.2 Effects of Dislocations on Electron Channeling Patterns

In addition to being sensitive to surface films, electron channeling

patterns are sensitive to the degree of perfection of the lattice in the

volume being channeled (Holt et al . , 1968). Crystalline defects that

strain the lattice, such as interstitial s, vacancies and dislocations,

also change the channeling pattern. Since the strain field of an indi-

vidual defect is limited (< 200 A) and the area being channeled is rela-

tively large (~ 10 urn), there must be a substantial number of defects

to produce a measurable change in the channeling patterns. Changes in

the patterns with increasing numbers of defects include loss of contrast,

loss of sharpness; i.e., higher order lines disappear and lower order

lines become less defined, and an increase in the width of individual

lines. In addition, bands may bend with or without the other effects.

An illustration of the effects of plastic strain on channeling patterns

for stainless steel is shown in Figure 1.8. The difficulty has been

to get quantitative information from these effects.

In the absence of a simple, quantitative theory of electron chan-

neling contrast in either perfect or imperfect crystals, early efforts

on the effects of dislocations on channeling patterns tended to be almost

all experimental or almost all theoretical. From the experimental approach

Davidson (1974) strained a tapered specimen of Fe-3% Si and compared chan-

neling patterns of selected grains before and after straining. The use of

a tapered sample allowed a range of strains to be obtained from a single

specimen. Local strain was determined by measuring the change in spacing

of scratches placed on the surface of the specimen before loading, and

varied from .4% to 8.3%. Grains selected for measurement had random

orientations.
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(a)

Figure 1.8 Effect of strain on electron channeling patterns,
(a) unstrained, (b) 8% tensile strain.
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Strains of unknown grains were determined by visual comparison

with the known standards. The human eye is "rather sensitive in com-

parisons of overall pattern contrast and distortion, widths of both

high and low index diffraction lines, and determination of whether

higher order lines appear in the ECP" (Davidson, 1974, p. 924).

Strains can be determined to an accuracy of approximately 1%. Thus,

the accuracy lost by using a non-quantitative measurement technique is

approximately compensated by using the entire channeling pattern for

evaluation rather than a single line.

Plastic strain is characterized on the atomic level by the presence

of dislocations. It is also highly inhomogeneous in that the concentra-

tion of dislocations in a uniformly strained sample varies widely from

point to point within the sample. Thus, dislocation density is a more

fundamental parameter than plastic strain on an atomic level.

Stickler et al . (1971) and Stickler and Booker (1972) prepared a

series of polycrystalline materials strained by known amounts. The

effects of strain on the channeling pattern were quantified by measuring

the width of the finest line visible on the pattern, regardless of ori-

entation. Specimens were also examined and dislocation densities deter-

mined by transmission electron microscopy. Metals examined were nickel,

316 stainless steel, Discalloy, and Inconel 744. The width of lines for

unstrained samples depended on the order of the line. Line width corre-

lated with dislocation density better than it did with strain, as might

be expected. No "universal curve" of line width versus dislocation density

was obtained, necessitating calibration runs for determining dislocation

densities of unknown specimens.
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Joy and Newberry (1971) studied channeling patterns on several

strained superplastic alloys. Specimens were deformed at high and low

temperatures relative to their melting points. For low relative temper-

atures channeling pattern contrast decreased and line width increased

with increasing strain, as has been previously observed. Lattice rotation

sometimes occurred, but no bending of lines in the channeling patterns

was observed. The same effects were observed on specimens deformed at

high relative temperatures, but bands on the ECP were bent. It was pro-

posed that this effect is due to lattice bending due to subgrain formation,

each subgrain having a si ight misal ignment. Individual subgrains have a

relatively dislocation-free lattice, with dislocations concentrated at

the subgrain boundaries. Thus, if individual subgrains are dislocation-

free, bending of the electron channeling pattern will occur with high

contrast still present. If the subgrains have substantial dislocation

concentrations, the contrast will also decrease.

A more quantitative technique for measuring the changes in pattern

quality is the spectral distribution of the Fourier components of an

intensity profile, first tried by Davidson (1974). The unstrained lattice,

containing more higher order (fine) lines and greater contrast would be

expected to have a greater amplitude in the higher frequencies. Conversely,

a highly strained sample, with broad bands and low contrast, would shift

amplitudes towards lower frequency. Unfortunately, spectral density plots

can shift widely for different scan lines in a single channeling pattern.

Thus, for accurate comparison, line scans on standard and unknown specimens

would have to be made along the same crystallographic direction, a condition

difficult to achieve experimentally. However, the development of computers
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with storage capacities sufficiently large to record an entire image

might eliminate this problem by determining the Fourier transforms from

an area of the channeling pattern rather than a single line.

In an early effort to correlate theory and experiment, Schulson

(1971a) derived a simple equation for the width of a channeling pattern

line in a perfect crystal from two beam theory:

2 w =
2

9 ?g|9|

where 2 w
g

= line width from maximum to minimum of intensity profile

£ = extinction distance for line being observed

|g| = magnitude of the reciprocal lattice vector for line

being observed

Later (Schulson, 1971b) this equation was expanded to include the

effects of dislocations and theoretical calculations compared to intensity

profiles obtained by microdensitometer scans of photographs of electron

channeling patterns obtained from silicon single crystals whose surface

had been abraded with alumina or diamond powder in sizes from .05—1.0 urn.

As would be expected, both the theory and experiment resulted in a decrease

in contrast and an increase in line width with increasing lattice distortion.

By measuring the experimental band widths, the relative lattice rotation

caused by the subgrains resulting from abrasion can be calculated. No

dislocation density or strain was determined on the abraded specimens.

As a sample is strained, the contrast of lines decreases until no

pattern is discernible. As strain is increased, the higher order lines

disappear first and lowest order lines last. This has led several investi-

gators into measuring strain or dislocation density by observing which



19

lines were still present in the channeling pattern. In a review and

reanalysis of data previously collected, Spencer et al . (1974) developed

a theory for calculation of the dislocation density at which various

orders of lines disappear. This occurs when the contrast is reduced

to the level of background noise. This theory is then used to calculate

line widths for previously gathered data. Once the theory had been cor-

rected for beam divergence and line broadening, good agreement was obtained

between theory and experiment except at very high dislocation densities.

Random dislocation types were assumed.

In a similar study by Gregory et al . (1977) single crystals of copper

stressed along <110> directions and sliced parallel to {111} planes were

examined. The same equations developed by Spencer (1974) were used to

predict the disappearance of lines, and good agreement again was obtained

when corrections for line broadening, probe size and probe divergence were

incorporated. Dislocation densities required for line disappearance are

presented in tabular form, allowing dislocation densities to be determined

by observing which lines are present in the channeling pattern; e.g., if

the (311) lines are present, the dislocation density must be < 8 x 10
10

.

S. M. Davidson and Booker (1971) used an equation to calculate the

strain field around a dislocation. By calculating the area on the surface

of the specimen with a lattice strain greater than a given value for a

single dislocation, the dislocation density required to reduce the pattern

resolution to that value of strain is the reciprocal of thisarea. The

agreement of this equation with theory is relatively poor at low disloca-

tion densities.
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D. L. Davidson (1980) used a more elaborate equation to calculate

average strain and strained volume to re-evaluate the data gathered by

Gregory et al . (1977) and achieve better matching to theory and experiment.

Central to the development is the concept that the volume of material

strained is more important than the level of the strain.

The studies cited above are aimed at experimental determination of

plastic strain or dislocation density. There are other studies on the

prediction of electron channeling contrast based on detailed examination

of the interaction of Bloch waves with crystalline solids. Studies have

been done by Hirsch and Humphries (1970a), Hirsch and Humphries (1970b),

Howie et al . (1971), and Spencer and Humphries (1980). Although these

studies are significant in that they provide insight into the channeling

process, their agreement with experimental data, although steadily im-

proving, is not yet perfect. The equations involved are complex and

require a computer to solve. Vicario et al . (1970a) generated a computer

simulation of a small area of a channeling pattern, similar to the dislo-

cation simulations used in TEM.

Spencer et al . (1972) studied backscatter electron contrast from

perfect and imperfect crystals, but their study was oriented toward de-

fining beam conditions for imaging individual dislocations as opposed

to evaluating changes in entire channeling patterns. Zackowitz and

Pantell (1981) studied the effects of dislocations on the physics of

electron channeling, but no experimental data were presented.

The gap between theory and experiment for channeling patterns on

samples containing dislocations is still substantial.
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1.3 Scope of the Present Research

Studies of the effects of dislocations on electron channeling

patterns have assumed that the strains produced are random. Although

this may be true in many cases, the strain field resulting from an

individual dislocation has highly directional qualities and if a direc-

tionality existed in the dislocation field this should be reflected in

different strains existing on different planes, and thus measurement of

band width changes on a single plane could lead to errors in strain

measurement. This effect was noticed by Joy and Newberry (1971).

Measurements on several planes should allow some information about the

Burgers vector on a field of dislocations and could be determined by

the electron channeling pattern (Booker, 1971).

Any effects of uniform arrays of dislocations will be maximized by

having parallel arrays of dislocations of the same Burgers vector. The

type of dislocations present can most conveniently be determined by using

thin specimens and examining the channeled area by transmission electron

microscopy.

Thus, half of this dissertation will consist of a detailed examina-

tionof the effects of large arrays of parallel dislocations on electron

channeling patterns.

Electron channeling has not been used to measure elastic strain from

shifts in the Bragg angle as is done in x-ray techniques. This is for

two reasons: The intensity profiles near the Bragg condition for electron

channeling are not as easily mathematically modeled as the parabola used

for x-rays and the incident electrons in channeling are not nearly as
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monochromatic as the emission peaks used in x-rays. This makes the

small changes in Bragg angle (~ 1%) caused by elastic strain difficult

to measure.

On the other hand, x-rays only measure changes in planes that are

approximately perpendicular to the beam. In the case of simple tensile

loading, these planes diffracting are approximately parallel to the applied

load, and thus have their spacing changes diminished by the Poisson effect.

Also, only those crystals (in a polycrystal line sample) which are properly

oriented towards the beam are being examined. Finally, the smallest beam

commonly used is 1-2 mm in diameter. Electron channeling measures all

planes approximately parallel to the electron beam, including those that

would have a maximum amount of spacing change under stress. All grains

can be measured in a polycrystal line sample, and the beam size is ~ 10 vim,

allowing grain-by- grain strain determination in many cases.

Thus, if a way could be found to measure elastic strain, channeling

has a broader range of application than x-ray measurement of a strain.

Fortunately, there is a series of fine lines in electron channeling

patterns that are from the first order Laue zone. The origin and geometry

of these lines will be fully developed in Chapter 3, but their position is

the result of a small difference between two large angles, the Bragg angle

and the angle the plane makes with the pole near which they are being ob-

served. The planes forming this fine structure are relatively high order

planes, and thus are relatively sensitive to small changes in lattice

spacing caused by elastic strain. Thus, a small percentage change in the

d-spacing can cause a measureable change in the position of the lines

comprising the fine structure.
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The second goal of this research will be to show the feasibility

of using electron channeling to measure elastic strain.



CHAPTER 2

OPTICS OF ELECTRON CHANNELING

2.1 Basic Optics of Magnetic Lenses

Magnetic lenses are used to focus electron beams just as optical

lenses are used to focus light. The mathematics that describes optical

lenses also describes magnetic lenses. If a parallel beam of electrons

enters a lens, it will converge at a distance behind the lens defined

as the focal length. If an object is located on one side of a lens, an

image will be formed on the other and the Gaussian form of the thin lens

equation applies:

1 +
] -

"•

So ST T

where So = distance from the lens to the object

Si = distance from the lens to the image

f = the focal length of the lens.

For the case of parallel rays, the object is at infinity, and the

equation reduces to

1 1

Si " T or Si = f

i.e., an image is formed at the focal point of the lens.

The force of a magnetic field on an electron beam is

F = -e (v x H)

24
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where e = the charge on an electron

v = the velocity of the electron

H = the magnetic field strength.

The magnetic field strength, H, is proportional to NI, where N is the

number of coils in the lens and I the current through them. Thus, in

contrast to optical lenses, mangetic lenses may have their focal length

varied by varying the current through the coil.

Since the velocity of an electron, v, is

m

where m = mass of an electron

E = beam energy.

At constant lens current, the focal length of a lens changes with the

accelerating potential of the beam.

Magnetic lenses suffer from a variety of distortions that prevent

the beam from being focused at a single point. Chromatic abberations

result from the beam having a small but finite range of energy, with the

extremes of the range being focused at slightly different points, as des-

cribed above. Electron diffraction occurs any time electrons pass through

an orifice. Electrons travelling in a beam interact to produce transverse

velocities. All of these are relatively insignificant when compared to

astigmatism and spherical abberation.

Astigmatism results from small inhomogenieties in the mechanical

construction of the lens and results in a beam of elliptical cross section

rather than circular. Fortunately, this can be corrected by small addi-

tional coils located on the bottom of the lens.
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Spherical abberation results from rays entering the lens near the

periphery being more strongly focused than those entering near the center,

as illustrated in Figure 2.1. The minimum obtainable beam diameter is

d
min

= C
s

a3

where d
min

= minimum beam diameter

C
s

= spherical abberation coefficient

a = angle between ray and lens axis.

The spherical abberation coefficient, C , is a function of the energy of

the electrons and the focal length of the lens. Geometry gives

r 3
C a

tan -^r-

where Af is the maximum change in focal length due to spherical abberation.

Rearranging, and assuming that for small angles, tana z a, gives

Af = C
s

a
2

Spherical abberation cannot be corrected for normal lens use and serves

as the most significant limit to lens performance. Fortunately, for the

special case of electron channeling, spherical abberation can be corrected.

This will be discussed in section 2.3.1.

2.2 Conventional Operation of the Scanning Electron Microscope

The components of a typical two-lens scanning electron microscope

(SEM) are shown schematically in Figure 2.2. The purpose of the optical

system is to produce a beam of minimum diameter on the specimen surface

with sufficient current to produce a detectable signal. The basic elements



27

Objective
Lens

Specimen
Surface

d min

Figure 2.1 Spherical abberation in an electromagnetic lens,
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Figure 2.2 Ray diagram for a typical two-lens SEM.
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are a source of electrons, a condenser lens, an objective lens, scan

coils, and a detector.

The electron .source is most commonly a heated tungsten filament

producing electrons by thermionic emission. The Wehnelt cup surrounding

the filament carries a negative bias of 0-500 V and serves to confine

the emitted electrons to a beam of 25-100 u in diameter.

The electrons leaving the Wehnelt are subjected to an accelerating

potential of 10-50 kV. The condenser lens serves to focus, or demagnify,

the beam. It controls the final beam current, as illustrated in Figure

2.3. In case (a), corresponding to a low condenser lens current, a much

higher fraction of the total beam passes through the aperture, resulting

in a higher beam current than in case (b), which is for a higher condenser

lens current. A lower lens current also enhances spherical abberation,

which results in a larger beam size at crossover and ultimately results

in a large spot size at the specimen surface.

The objective lens performs the final focusing of the beam and deter-

mines the spot size on the specimen. An aperture is generally installled

between the condenser and objective lenses and between the objective lens

and the specimen. These serve to limit the beam divergence. Were it not

for lens abberations, production of a minimum size spot would be straight-

forward. The most severe distortion, spherical abberation, is a function

of the cube of the beam divergence (d). Thus, 1 imi ting divergence becomes

important in producing a minimum size spot. Typical spot sizes are 50 A to

1 ym.

The beam is scanned across the specimen surface by two sets of scan

coils located in the objective lens as shown in Figure 2.4. The first
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Figure 2.3 Effects of condenser lens strength on beam current.
Case (a) has a longer focal length on the condenser
lens than (b). Since a greater portion of the beam
passes through the objective lens in (a), it has the
higher beam current at the sample surface.
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Upper scan coils

Lower scan coils

Objective
Aperture

Specimen
Surface

Figure 2.4 Operation of a scanning system using two sets of scan
coils.



32

set deflects the beam axis, and the second deflects it through the

objective aperture and on to the specimen surface. The magnitude and

direction of the final deflection of the beam on the specimen surface

varies linearly with time. The deflection of the beam is coordinated

with the deflection of a beam in a cathode ray tube (CRT). The intensity

of the CRT beam is proportional to the magnitude of the signal produced

by the detector.

When a single scan is completed, the beam is moved an incremental

amount in a direction perpendicular to the scan line and the process is

repeated. The length of an individual scan line and the distance between

successive scan lines is determined by the magnification, a smaller area

being scanned for higher magnification.

The events that occur when an electron beam strikes a solid surface

are illustrated in Figure 2.5(a). Usually backscattered electrons are

detected in electron channeling, but secondary electrons or specimen

current can also be used. Secondary electrons are produced in large

numbers and have relatively low energies, as shown in Figure 2.5(b).

Backscattered electrons have energies approximately equal to the beam

energy. Backscattered electrons are usually detected by a solid state detector

which measures the current produced when electrons strike a p-n junction.

This type of detector is mounted immediately below the objective lens,

allowing short working distances. Secondary electrons are sensitive to

surface topography and are most commonly used to produce an image of the

specimen surface. Electron channeling produces the most contrast in

backscattered electrons.
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X-ray resolution

Secondary fluorescence
by continuum and
characteristic x-ra y s

Jc(E)
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E ev

150

Figure 2.5 (a) Events occurring where an electron beam strikes
a solid. Backscattered electrons and secondary electrons
are commonly used for imaging in an SEM. (b) Intensity
distribution (J$(E)) of emitted electrons for a beam
energy of 180 eV. Region III is secondary electrons,
Region I backscattered electron.
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2.3 Optics of Electron Channeling

2.3.1. Introduction

Electron channeling may be crudely observed with a conventionally

operated SEM, although the contrast is very low, as shown in Figure 1.1.

It was in this fashion that electron channeling was first observed by

Coates (1967). Low magnifications are necessary to get a large angular

change of the beam during scanning. Thus, specimens are limited to large

single crystals, since polycrystall ine materials would give overlapping

patterns.

The resolution of such channeling patterns can be improved in two

ways: 1) the beam divergence must be minimized (Coates, 1968), and 2) the

beam must pivot about a single point on the specimen surface rather than be

scanned across it (Coates, 1969).

The current in the beam is governed by the following relationship:

I
b

= 2.5 d
2 a 2

B

where I
b

= beam current

d = beam diameter

a = beam divergence

B = a constant depending on the type of electron source.

The beam current is fixed by the detector sensitivity and is typically
-8 -9

10 to 10 amps. Thus d and a may not be independently varied. The

value of d for a = 10" 2
rad. is 1.0 ym. For a = 2 x 10"4 rad., d = 50 ym

(Joy, 1974).

There are several ways beam divergence can be minimized, as shown in

Figure 2.6 (Schulson and Van Essen, 1969). The total divergence of the beam
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is the sum of two contributions, one depending on the strength of the

objective lens and the size of the final aperture, and the other on the

finite size of the beam at crossover. In Figure 2.6, these are designated

$ and V, respectively. Figure 2.6(a) shows conventional operation. Typi-

cal values for a are 10" 2
rad. Case (b), the final lens is turned off.

Beam divergence is lowered to approximately 10" 3 rad., but the beam size

is now approximately the size of the objective lens aperture; i.e., several

hundred microns. This is a simple method of improving the quality of

channeling patterns obtained with two-lens instruments.

Figure 2.6(c) corresponds to beam crossover being at the focal point

of the objective lens. In this case the only contribution to the beam

divergence is the finite size of the beam at crossover, and values of a

can be obtained at = 10"4 rad. The beam diameter is the size of the

final aperture, this can be reduced to approximately 10 ym while still

maintaining sufficient current for the detectors. This type of operation

can be obtained with a two-lens instrument, but switching between conven-

tional images and channeling patterns is cumbersome.

Having obtained a collimated beam, the scanning must be altered to

produce beam rocking about a single point on the specimen surface. This

can be accomplished electronically in three ways: the double deflection

system, in which the strength of the lower scan coils is reduced; addition

of an after lens deflection coil; or deflection focusing, where the objective

lens replaces the lower scan coils. These are illustrated in Figure 2.7.

Figure 2.7(a) is the conventional scanning system and the double

deflection system is illustrated in Figure 2.7(b) (Schulson and Van Essen,

1969). The objective aperture must be removed, since the beam is displaced
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Figure 2.6 Methods of reducing beam divergence, (a) conventional
image operation (b) objective lens turned off (c) focal
length of objective lens at condenser lens crossover
(Schulson and Van Essen, 1969).
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Figure 2.7 Scanning systems for selected area channeling, (a) con-
ventional operation, (b) double deflection, (c) after
lens deflection, (d) deflection focusing.
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a considerable distance in the plane of the objective lens. This method

was employed in early work on the Cambridge Stereoscan. Figure 2.7(c)

shows the after lens deflection coil (Lane et al., 1974). The objective

aperture does not need to be reduced in size, the conventional scan coils

are left on, and the additional scan coil needs only to be turned on and

off for channeling operation. This system is used by ETEC Corporation in

its microscopes. Figure 2.7(d) shows deflection-focusing, where the

bottom scan coil is turned off and the beam deflected by the objective

lens (Van Essen et al . , 1970). The objective lens both deflects and

collimates the beam. This method is used in appropriately modified

Cambridge Stereoscans and JEOL machines equipped for channeling.

The choice of scan system is a combination of convenience and the

ease with which the abberations introduced by the scanning system may be

corrected. The abberations introduced by the scanning system determine

the area channeled, and thus limit performance. The double deflection

system introduces abberations that are difficult to correct. This method

is not used currently. Adding a third scan coil compounds the problem,

but the after lens deflection coil makes operation more convenient. The

most used system is deflection-focusing technique, primarily because the

abberations may be relatively easily corrected.

Lens currents must be changed along with the scanning system for

channeling operation to produce a beam with minimum divergence, as dis-

cussed previously. The method shown in Figure 2.6(c) produces the lowest

divergence and is most commonly used. By changing the current in the
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condenser lens only the objective lens current remains unchanged between

channeling and conventional operation. This is usually accomplished by

the addition of a relatively weak third lens between the condenser and

objective lenses whose current changes when mode of operation is changed.

Figure 2.8 shows a cross section of a JEOL JSM 35C, a three-lens

SEM designed for channeling operation via the deflection-focusing scanning

system.

Regardless of the scanning system used for channeling operation, a

rotation exists between the topographic image and the channeling pattern.

This rotation consists of two components, one of 180° and the other sub-

stantially smaller. One or both of these components are present in all

scanning systems.

The origin of the 180° reversal of the SACP with respect to the

topographic image is shown in Figure 2.9, which assumes, for clarity, that

the channeling pattern and image are being obtained with a conventional scan

system. Figure 2.9(a) shows a flat specimen, normal to the beam, during

a single line scan across the specimen surface, from point A to point B,

during which time the beam in the cathode ray tube (CRT) also makes a

single scan of the image. Both the SEM beam and CRT beam move from left

to right.

If the sample is also a single crystal with a low index pole perpen-

dicular to the surface, this pole will appear in the middle of the scan

line when looking at the electron channeling pattern, at the point marked

P.

If the sample is tilted, as shown in Figure 2.9(b), the topographic

image will change to reflect the tilt of the specimen. Point B will be
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Dynamic Correction Coils
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Figure 2.8 Cross section of a JEOL JSM 35C three-lens SEM.
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CRT Scan CRT Scan

Figure 2.9 Apparent 180° rotation of SACP relative to image,
Specimen is a single crystal with pole P. When
specimen is tilted to the right, the pole moves
to the left in the SACP.
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at a greater working distance than point A and the image of the specimen

appears tilted "to the right." For the channeling pattern, the pole P

has moved closer to the angle of the beam at point A and away from the

angle of the beam at point B. This is a movement to the left on the

image, to the point P'. This is opposite to the image movement.

The effect can be accounted for by rotating the channeling pattern 180°

with respect to the image photograph.

This 180° rotation exists in the double deflection and deflection-

focusing scanning systems but not the after lens deflection system

(Davidson, 1976).

The second component of the rotation is much smaller. It is due to

field leakages, etc. and must be measured experimentally by comparing

crystallographic directions in the topographic and channeling modes.

This can be accomplished, for example, by scratching a (111) silicon

wafer along a (110) direction (determined by x-ray) and comparing the

scratch direction with.the channeling pattern.

In the double deflection system the magnitude of the additional

rotation is a function of working distance but may be as large as 34°

in the Cambridge Stereoscan (Van Essen and Verhoeven, 1974). Smaller

rotations are present in the ETEC machines using the after lens deflec-

tion coils, although quantitative plots have not been published because

the magnitude of the rotation is a function of both lens current and

working distance (Davidson, 1976).

In Cambridge machines using the deflection-focusing scanning system,

there is a much smaller rotation (2°-7°) (Joy and Maruszewski, 1975).

This was attributed to stray lens fields.
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Experiments by the author to measure small rotations present in the

JEOL JSM 35C showed rotations, if present, were too small to measure

(i.e., < 1°). This was independently confirmed on an identical machine

by Russell (1981). Apparently, improved design has eliminated the

smaller rotation. The 180° rotation is, of course, still present.

One reason for using the deflection-focusing scanning technique is

the relative ease with which the abberations introduced by the scanning

system may be corrected. The effects of abberations are minimized by

addition of a set of scan coils high in the optical column, so that rela-

tively small angular deflections are required, and addition of a set of

coils to correct for the spherical abberation of the objective lens.

The effects of spherical abberation are illustrated in Figure 2.10.

Electrons entering the lens near the periphery of the lens bore are more

strongly focused than those entering near the center. In conventional

operation, the beam illuminates the entire area simultaneously, and the

effects of spherical abberation cause an expansion and elongation of the

beam in the area of the focal point. In channeling operation, the magni-

tude of the deflection of the beam from the axis is increased, which in-

creases the effects of spherical abberation, but the beam is small (~ 10 ym)

and the entire bore is not simultaneously illuminated. The result of

spherical abberation in channeling operation is to cause the beam to

wander across the specimen surface, thus increasing the area being chan-

neled.

A quantitative analysis of the effects of spherical abberation on

beam position during channeling operation was investigated theoretically

by Booker and Stickler (1972) and experimentally by Joy and Booker (1973).
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Specimen
Surface

Figure 2.10 Spherical abberation during SACP operation, (a) As
beam approaches the periphery, the focal length decreases,
(b) Geometry of beam deflection.
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The magnitude and direction of beam travel is a function of focus and

C
$

, and may be substantial. Since the entire bore of the lens is not

simultaneously illuminated in channeling operation, the effects of

spherical abberation may be corrected (Van Essen, 1970; Van Essen et al .

,

1971). This is done with correction coils that either increase the focal

length of the lens or shift the beam laterally. The strength of these

coils is dependent on the displacement of the beam from the lens

axis, with greater strength for greater displacement. This lens operates

only in the channeling mode.

2.3.2. The Three-Lens Scanning Electron Microscope

The three-lens microscope allows rapid changing from the conventional,

or image, mode to the channeling mode, along with precise location of the

channeled area on the conventional image. The modifications to the basic

two-lens machine consist of the following:

1) an intermediate lens between the condenser and objective lenses.

2) an additional set of deflection coils immediately below the inter-

mediate lens.

3) a field limiting aperture below the upper deflection coils.

4) an additional lens to correct spherical abberation in the objec-

tive lens during channeling operation.

5) a Selected Area Diffraction Control Unit (SDC) to allow two

independent settings of the intermediate lens and additional

scan coils, and controls for the correction coils for spherical

abberation: This unit has a switch for selecting between three

settings, as described in Table 2.1.
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TABLE 2.1

OPERATING CONDITIONS FOR SDC CONTROL UNIT
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2.3.3. The Image Mode

Operation of a three-lens microscope in the conventional, or image,

mode is shown in Figure 2.11. Its operation is the same as the two-lens

SEM described in section 2.2, with the intermediate lens acting as an

additional condenser lens. If the machine is not to be used for channeling,

the setting on the intermediate lens is somewhat arbitrary if the field

limiting the aperture is withdrawn. In this case, the intermediate lens

is usually set to compensate for accelerating potential of the beam.

If the machine is to be used for both channeling and imaging, the

crossover will be adjusted to be at the field limiting aperture in the

image mode, and it may be left in place.

2.3.4. The Selected Area Channeling Pattern (SACP) Mode

For channeling operation, the lower scan coils are turned off, the

upper scan coils turned on, the field limiting aperture inserted, the

objective aperture withdrawn, and the strength of the intermediate lens

decreased so that the crossover of the beam occurs at the rear focal

point of the objective lens. This results in the rays being formed into

a parallel beam. The size of the beam is controlled by the field limiting

aperture, as shown in Figure 2.12.

2.3.5. The Selected Area Image (SAI) Mode

The SAI mode is a mixture of the image mode and SACP mode and permits

the observation of the area channeled in the SACP mode. This is done by

forming the image of the field limiting aperture on the specimen. The

intermediate lens is left at the shorter focal length of the image mode
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Figure 2.11 Ray diagram for operation of a three-lens SEM in the
image mode.
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Objective Lens
(Aperture withdrawn)

Figure 2.12 Ray diagram for operation of a three-lens machine
in the SACP mode.
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Figure 2.13 Ray diagram for operation of a three-lens SEM in the
SAI mode.
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but the conventional (lower) scan coils are turned off, and the upper

scan coils turned on, as shown in Figure 2.13. Notice that, as the beam

is scanned past the edges of the field limiting aperture, it is blanked,

but when it passes through the aperture, it scans the specimen surface

as it does in the image mode. Thus, the illuminated area of the specimen

corresponds to the aperture image.

That the diameter of the aperture image obtained in the SAI mode is

the same as the diameter of the beam in the SACP mode is illustrated in

Figure 2.15. In the SAI mode, the scanning effectively "pivots" around

the objective aperture, and:

ds
- b m

a

where d
a

= diameter of field limiting aperture

d
s

= diameter of aperture image on specimen surface

b = distance from objective aperture to specimen surface

a = distance from field limiting aperture to objective

aperture.

Using the thin lens equation and realizing that the aperture is an

object plane and the specimen surface an image plane

In the SACP mode, Figure 2.15(b), a, b, and f do not change.

Because of the change in current in the intermediate lens, the image

of the aperture is formed at infinity, i.e., the crossover is at the

focal point of the objective lens. By similar triangles
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(b)

Figure 2.14 Comparison of SACP and SAI modes of operation.
(a) SAI mode, (b) SACP mode, f = focal length of
objective lens, d

s
= diameter of area scanned on

the specimen surface in the SAI mode.



53

^ ^ 1-1

where d
$

' = final beam diameter in the SACP. Substituting equation

12)

V



54

Figure 2.15 Methods of obtaining large area electron channeling
patterns, (a) underfocus, (b) overfocus.
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2.4 Procedures for Machine Adjustment and Alignment

2.4.1. Electron Gun and Condenser Lens Alignment

During different modes of operation the current in the intermediate

lens changes. It is necessary to insure that the axis along which this

lens focuses is along the optical axis of the machine. The procedure is

initiated by placing the machine in the Image Mode and centering a 100 ym

objective aperture. The aperture is centered by observing the location

of the center of rotation of the image when the objective lens current is

varied. The position of the aperture is mechanically adjusted until the

center of image rotation coincides with the center of the screen. This

aligns the intermediate lens with the objective lens and aperture.

Next the electron gun and condenser lens must be aligned. This is

done by setting the current for the intermediate lens arbitrarily high

in the image SAI Mode and arbitrarily low in the SACP Mode. The condenser

lens current is decreased until a minimum-sized image circle is produced

on the screen. This corresponds to the crossover being imaged on the

objective aperture plane. Since the image is much larger than the aper-

ture, a beam of electrons the size of the aperture strikes the sample

when a part of the image is over the aperture, as shown in Figure 2.16.

When electrons strike the sample, a signal is produced and is recorded

as a bright point on the CRT display. If the size of the objective

aperture were increased, the resolution of the image would decrease.

Obviously, when the beam is not striking the aperture, no signal is

produced and records on the image as a dark point.

The current to the filament in the electron gun is carefully

decreased until a filament image, consisting of a ring surrounding



56
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Condenser Lens

Condenser Lens Crossover
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Lower Scan Coils (off)

Objective Lens and Aperture

Figure 2.16 Ray diagram for filament image formation for machine
alignment. Dashed lines indicate beam at maximum scan.



57

a bright central spot, is produced. Although the electron gun is

mechanically fixed in position, it can be effectively tilted or trans-

lated electronically in two orthogonal directions (see Figure 2.8).

The tilt knobs are used to center the spot of the filament image on

the inside of the ring, and the translation knobs used to center the

combined image on the CRT screen. This permits accurate location of

the center of the filament.

The condenser lens current is increased slightly and the machine

switched to the SACP Mode, which decreases the current to the intermediate

lens. The intermediate lens current is then adjusted slightly to produce

a minimum-sized image. The increasing of the focal length of the inter-

mediate lens reduces the size of the image until it is much smaller than

the 100 ym objective aperture. Thus, as the beam is scanned back and

forth across the aperture plane, the image of the aperture is formed on

the specimen, as shown in Figure 2.17. This is the same method used to

form the image in the SAI Mode (see section 2.3.5) but differs substan-

tially from the formation of the filament image.

The condenser lens can be mechanically shifted in two orthogonal

directions and is used to center the aperture image on the screen.

Shifting the condenser lens also shifts the ring pattern obtained in

the SAI Mode at the shorter focal length setting on the intermediate

lens. Thus, an iteration must be performed until the ring image and

the aperture image are centered on the same point on the CRT. Before

continuing, the filament must be re-saturated.
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Condenser Lens

Intermediate Lens

Upper Scan Coils (on)

Lower Scan Coils (off)

Objective Lens and Aperture

Figure 2.17 Ray diagram for formation of objective aperture image.
Dashed lines indicate maximum scan position.
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2.4.2. The Image and SAI Modes

A 240 ym objective aperture is installed and a secondary electron

image obtained in the image mode. A 120 ym field-limiting aperture is

installed and the mode switched to SAI. An image of the field-limiting

aperture is formed on the CRT. The intermediate lens current is then

adjusted to produce the sharpest aperture edge. This corresponds to

beam crossover in the aperture plane, as shown in Figure 2.13. This

current in the intermediate lens is dependent on the condenser lens

setting, so it must be at its final adjusted value before the intermediate

lens current is adjusted.

The objective lens current must be readjusted upon returning to the

image mode, since the current in the intermediate lens alters the final

focus of the objective lens.

An image magnification must be selected to form the image of the

channeled area in the SAI mode. The current in the auxiliary scan coils

must be adjusted to produce a beam deflection equivalent to the main scan

coils, i.e., provide the same magnification. Since the beam deflection

produced by the main scan coils varies with magnification, images of the

channeled area are only accurate at one magnification. This is done by

switching between Image and SAI Modes while adjusting the current to the

auxiliary scan coils until the size of surface features inside the aper-

ture image and Image Mode is the same.

2.4.3. Correction of Spherical Abberation

Spherical abberation correction is adjusted with the assistance of

a 1000-mesh grid for a specimen. The grid can be conveniently attached
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to the surface of a silicon wafer, which will be used in the final

adjustment of beam divergence. The image formed by the grid in the

channeling mode of operation will be a distorted view of the grid

surface formed by beam movement resulting from the effects of spherical

abberation, as shown in Figure 2.18. The spacing of the grid bars is

45 ym, the uncorrected beam covers a circle of approximately 180 ym

radius.

The magnitude and direction of the spherical abberation correction

is changed until the beam pivots around a single point, indicated by a

uniformly illuminated circle, as shown in Figure 2.19. A superimposed

image of the beam on the grid is shown in Figure 2.20. With this coarse

grid, all that can be said is that the beam moves less than 10 ym from

the center. A finer grid could produce more accurate adjustment of the

spherical abberation corrections.

The correction applied for spherical abberation can change with

many operating parameters. Controls on the SDC Unit allow magnification

and shifting of the CRT display. Both of these will affect the spherical

abberation correction. The amount of correction will decrease with

increasing magnification, since increasing magnification corresponds to

a decrease in the magnitude of the beam scan, thus reducing the magnitude

of the correction, as shown in Figure 2.10.

Magnification and translation of the channeling pattern are used in

the examination of the fine structure in pole centers described in Chapter

3. If this type of analysis is to be done on a polycrystalline sample,

the spherical abberation must be readjusted by using a grid, as described

above, to prevent beam wandering. If a single crystal sample is being

analyzed, the increased channeled area will be of no consequence.
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Figure 2.18 Uncorrected grid image in channeling operation.
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Figure 2.19 Grid image in channeling operation with dynamic
correction applied.
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Figure 2.20 Beam image for channeling operation superimposed on
conventional grid image.
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2.4.4. The SACP Mode

The current in the intermediate lens in the SACP Mode can only be

set by observing the quality of an electron channeling pattern of a

brittle material, typically a silicon single crystal. The current in

the intermediate lens is adjusted until the lines of a channeling pattern

from such a material are sharpest and the greatest number of higher order

lines appear. It is important to use a strong material as a specimen

for making this adjustment, since a ductile material will have the higher

order lines eliminated by small amounts of strain.

2.5 Additional Electronics for Electron Channeling

In order to quantitatively analyze an electron channeling pattern,

such things as intensity contrast and widths of bands need to be measured

accurately. Although these parameters can be measured from photographs,

they can be far more accurately measured from an intensity profile across

a band. Such intensity profiles can be generated in the CRT display and

modified to produce a vertical deflection rather than an intensity change

with changing detector signal, as shown in Figure 2.21. Quantitative

information still requires measurements of distances on a photograph, and

thus has limited accuracy.

Scanning electron microscopes equipped with an energy dispersive

x-ray system, including a multi-channel analyzer (MCA) and mini -computer,

may be modified to allow recording of intensity profiles on the MCA and

storage on a floppy disc on the mini -computer. These modifications are

shown schematically in Figure 2.22 and consist of the following: the
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Figure 2.21 CRT intensity profile (A) for selected scan line,
(B) from electron channeling pattern.
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Figure 2.22 Schematic diagram for intensity profile gathering and
storage on MCA.
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scan generator is computer-controlled to step along a selected scan line,

in 512 steps, with the length of time spent between steps controlled by

a mini-computer, via a digital-to-analog converter. A typical value

is 200 ms. While the beam is held on a point, the total signal produced

is measured by counting the pulses on a voltage-to-frequency converter

and stored in a channel on the MCA. As the beam is stepped to the next

position, the MCA switches to the next channel, and the process is

repeated. The result is a digital intensity profile for a slow scan of

the entire scan line. This intensity profile may be subject to mathema-

tical manipulation, such as multiplication, smoothing, black level supres-

sion, or any user -written programs. Intensity profiles can be stored on

the floppy disc for later retrieval, and hard copies can be obtained with

an x-y plotter. The MCA display for the intensity profile of the scan

line on the channeling pattern in Figure 2.21 is shown in Figure 2.23.

Another system for recording intensity profiles was developed by

Farrow and Joy (1981). The system is similar to the one described above

except the beam is scanned repeatedly and the results of several scans

averaged, rather than a single slow scan.

Use of these systems is limited to intensity profiles from a scan

line. Intensity profiles across a band in the channeling pattern should

be along a line perpendicular to the band, thus requiring scan lines

being perpendicular to the band. This can be accomplished by mechanical

rotation of the sample or, in machines so equipped, electronic rotation

of the scan raster. Thus, for a single channeling pattern, intensity

profiles can be obtained along any direction and passing through any point.
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There are several forms of signal processing that can be used to

improve the clarity of electron channeling patterns. The fine lines

throughout the pattern and in particular near the pole centers can be

enhanced by differentiating the signal (Coates, 1969). The effects of

differentiation are directional in that lines perpendicular to the scan

lines are largely affected while ones parallel to scan lines are unaffected.

Another system for enhancing fine lines has been developed by Vicario

et al. (1970b). This system selectively subtracts a D.C. signal from

bright areas of the sample. This enhances the fine structure at the

pole centers.

When samples are tilted to allow observation of poles more than a

few degrees from the surface normal, one edge of the pattern becomes dark

and the other light due to the directional nature of the backscattered

electrons. This can be compensated by adding a range signal to the inten-

sity of a scan, as described by Morin and Vicario (1976). Using their

device patterns of uniform contrast were obtained with specimen tilts of 54°.



CHAPTER 3

FINE STRUCTURE NEAR THE CENTER OF LOW INDEX
POLES IN ELECTRON CHANNELING PATTERNS

3.1 Origin of Fine Structure

Fine lines exist near the centers of low index poles in electron

channeling patterns. When viewed in a normally amplified signal they

are difficult to see because of their small size, low contrast, and the

brightness of the immediate region. A magnified channeling pattern of

the area around a (111) pole is shown in Figure 3.1, which has had its

contrast adjusted to enhance the visibility of the fine lines. Alterna-

tively, the signal may be differentiated so that only changes in signal

intensity are visible, or the signal may be processed to suppress the

brightness near the pole center.

Also visible on electron channeling patterns near low index poles

is a variety of geometric figures, such as hyperbolas, parabolas and

circles. Of greatest significance for the analysis of fine structure

near the pole centers are the circles centered on the pole, shown in

Figure 3.2. The analysis of the origin of these circles leads directly

to the origin and geometry of the fine structure.

Although visible in Coates' early papers (Coates, 1968), fine struc-

tures were not discussed or analyzed. Vicario et al . (1971) mathematically

explained the origin of the circles, along with the other geometric figures

in channeling patterns. He also studied some high order planes (Vicario

and Pitival, 1969). A summary of Vicario's analysis follows, and serves

70
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Figure 3.1 Fine structure near (111) pole at 35 kV
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Figure 3.2 ECP for (111) silicon at 35 kV.
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as a basis for the origin of the fine structure and provides data for an

alternative and more convenient method of analysis.

Following Vicario, Figure 3.3 shows a typical plane in a crystalline

solid making a small angle a with the [001] axis. This means that the

pole of the plane will make an angle 3 with the [001] pole, where

3 = 90 - a, that is very near 90°. Thus cospmust be small. Cosgmay

be obtained by obtaining the dot product of the plane in question with

[001] and dividing by the magnitude of the pole of the plane. If the

plane has Miller indices (pqr),

cos 3 = -— r
(1)

/p
2

q
2
+ r

2

Thus, the angle between planes and the [001] axis is determined by the

third Miller index. If r = 0, the plane is perpendicular to the axis.

These are planes of the [001] zone axis that form the bulk of the

channeling pattern. If r = 1 , the planes will not be perpendicular to

the axis but will always make a small angle. Thus, the planes in which

we are interested have the form (p q 1).

In a channeling pattern of sufficient angular width, the plane [pql]

will form a band with edges at (a + 8
B

) and (a - 8n), where e
B

is the

Bragg angle, shown in Figure 3.3 as points B and B
1

. The location of

these band edges can be calculated:

sina = cos3 = (2)

/2 7 n 2
"

/p + q +

sin9
B

= ^-/p 2 + q
2 + l (3)



74

Figure 3.3 Geometry of channeling patterns from Vicario et al. (1971)
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where: A = the wavelength of electrons in the primary beam, in

Angstroms

V = primary beam potential, in volts

d
Q

= lattice parameter for the material being examined

For any material and accelerating potential, a and e
B
may be

calculated and plotted as a function of (p
2

+ q
2

+1). This is done

for silicon at 30 kV in Figure 3.4, along with the location of one

band edge ( a + e
B
). For 100 < (p

2
+ q

2
+1) < 200, (a + e

B
) changes

very little. Thus, several groups of planes have one band edge in a

very small angular range, i.e., the point B' in Figure 3.3 is almost

fixed. For any value of (p
2

+ q +1), there exist several planes dis-

tributed rotationally around the [001] axis. These planes form a circle

of radius ( a + 6
B ).

Further mathematical analysis shows that the minimum in the plot

of (a + e
B ) versus (p + q +1) occurs at a = 8g. As an example, for

the [001] axis of silicon at 30 kV, 60 planes make up the circle.

The existence of the fine structure follows directly from the exis-

tence of the circle. If a = 8g and (a + 8g) forms the circle, then the

other edge of the band, located at (a - 8g), is very close to the

center of the circle, in this case the [001] axis. Since a and e
B

vary

substantially, and (a + 9g) is constant, (a - 8g) varies significantly

and thus fewer planes are visible in the center than on the circumference

of the circle.
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Figure 3.4 From Vicario et al . (1971)
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Using this technique, further determination of the geometry of the

fine structure is somewhat tedious, involving a series of angles deter-

mined by dot products with major planes (i.e., (220)).

3.2 Application of the Reciprocal Lattice-Ewald Sphere
Construction to the Fine Structure in Electron Channeling Patterns

The reciprocal lattice-Ewald sphere construction has been used to

predict diffraction patterns for electrons and x-rays. It consists of

the construction of a reciprocal lattice in which diffracting planes

that exist in the crystal structure in real space are represented by

points whose distance from the origin of reciprocal space is the recipro-

cal of their plane spacing. Also, a line connecting the point in recipro-

space and the origin is perpendicular to the planes the point represents.

The reciprocal lattice consists of a regular periodic array of points,

much like the atoms of the crystals do in real space.

An Ewald sphere with radius 1/A is then drawn tangent to the origin

of reciprocal space with the radius at the point of tangency lying; along

the beam direction. The geometry of this construction, to be discussed

in more detail shortly, is such that points in reciprocal space that

are intercepted by the Ewald sphere satisfy the Bragg condition, i.e.,

diffraction occurs.

The fine structure at the center of electron channeling patterns of

low index poles and the circles centered on these poles can be explained

in terms of this same construction. Although electron channeling is not

electron diffraction in the strict sense, large changes in the intensity

of channeling patterns do occur near the Bragg condition.
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Looking more closely at the geometry of the reciprocal lattice,

only those planes which diffract exist in reciprocal space, and not all

planes diffract with equal intensity. Thus, for non-primitive unit

cells, all planes in real space do not exist in reciprocal space. For

cubic crystals of high symmetry for elements, all points in reciprocal

space diffract with equal intensity, but for lower symmetry crystal

structures or for compounds consisting of two or more atomic types, the

number and intensity of points in reciprocal space will vary.

Fortunately, the intensity of diffraction from points in reciprocal

space can be modeled mathematically. This results in a quantity known

as the structure factor. To exist in reciprocal space a plane must have

a non-zero structure factor, and the intensity of the diffracted beam is

proportional to the square of the structure factor. The structure factor

is a complex number.

Restricting ourselves to pure elements, structure factor calculations

for a face-centered cubic (fee) crystal allows points in reciprocal space

only if the Miller indices of the planes are either all odd or all even.

This gives a body-centered cubic structure in reciprocal space, as shown

in Figure 3.5.

The diamond cubic structure of silicon, with it's lower symmetry, has

the same points in reciprocal space as the fee structure, but some points

have much lower intensity, also shown in Figure 3.5. Some texts ignore

the weaker points (Cullity, 1978) but Hirsch et al . (1977) state that

parallel planes in reciprocal space must be identical, a condition which

is not satisfied by omitting these weaker diffracting points.
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Figure 3.5 Diamond cubic and face centered cubic structure in
reciprocal space. For face centered cubic, all points
are of equal intensity. For diamond cubic, open points
have very low intensity.
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Planes of a zone can be drawn directly from the geometry of the

"unit cell" of reciprocal space or can be deduced mathematically from

the structure factor and the fact that the dot product of planes of a

zone and the zone axis must be zero. All planes of a zone lie in the

plane of reciprocal space containing the origin, but parallel planes

may be constructed using basic geometry. The mathematical approach is

often quicker and more convenient, especially in the case of higher

order zone axes. We will now examine the geometry of points in parallel

planes of reciprocal space, following Hirsch et al . (1977).

Parallel planes of reciprocal space are called Laue zones. The

plane containing the origin is called the zero order Laue zone. Appro-

aching the center of the Ewald sphere you encounter the first Laue zone,

second Laue zone, etc. For a zone axis (uvw) and a point (hk£) lying

in reciprocal space, the order of the Laue zone may be determined by

the relationship hu + kv + £w = N, where the value of N determines the

Laue zone in which the point lies. N has a regular sequence of values,

determined by the structure factor and found by inspection. For the

zero order Laue zone, N = 0. This is consistent with the zone axis and

planes of the zone being perpendicular, i.e., the dot product equals zero.

If the crystal structure is fee and (uvw) = (211), points such as (022)

would be in the zero order zone. If the first order zone corresponded

to N = 1 , points such as (112) would be included, and this point, being

of mixed odd and even indices, is not allowed by the structure factor.

Planes of the type (224) are allowed, and thus N = 0, 2, 4, 6... For

the (111) axis in fee, N = 0, 1 , 2, 3...

The zero order Laue zone may be plotted graphically be determining

the angles between points in the zone, i.e., points for which N = 0, by
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dot products and remembering that the distance from the origin is the

reciprocal of the plane spacing in real space. Plots of the zero order

zones for axes of low indices are available for most crystal structures

(Eddington, 1975).

The higher order Laue zones are plotted as projections on the zero

order zone. Since parallel planes have identical arrays of points, the

higher order zones may be plotted by knowing the projection of a single

point on the zero order zone. Looking at Figure 3.6, (uvw) is the zone

axis, (hkfc) is a point in the N order Laue zone, the intersection of

the N order Laue zone with the zone axis is at a point P = c(uvw),

where c is a constant. Since point P lies in the N
th

order plane,

2 2 2
cu + cv + cw = N

or

N
c =

2 2 2

and thus vector OP = N ("vw)
Vector OP must be subtracted from

\x

c
+ v + w

point (hk£) to get Q, the projection of (hk&) on the zero order plane.

Thus, the point Q is at (h - cu, k - cv, l - cw).

As an example, the (001) zone axis in reciprocal space is plotted

in Figure 3.7. The points in the zero order zone must have their I index

0, i.e., be of the type (hkO). Since zero is an even number, the remaining

two indices must also be even. Thus, the planes (200), (020) and their

negatives are all in the zero order zone, as shown in Figure 3.7. The

first order zone corresponds to N = 1 , and planes of the first order

zone are of the type (hkl). Arbitrarily choosing the (111) plane:
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nth order Laue zone

First order Laue zone

Zero order Laue zone

Projection of point (hk£)
of nth order Laue zone on

zero order Laue zone

Figure 3.6 Geometry of Laue zones in reciprocal space.
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c = 1, and the projection of (111) on the zero order zone is at (110)

or 1/2(220). The remaining points can then be plotted.

The Ewald sphere is constructed tangent to the origin with radius

1/X. The geometry of the Ewald sphere-reciprocal lattice construction

is shown in Figure 3.8. Note that for a point in reciprocal space

intersected by the Ewald sphere,

- 1nfl _ 1/d _ Xsin9
B "

27A
" 21

or

X = 2d sine
B

.

Thus, the point satisfies the Bragg condition, and diffraction occurs.

Points in reciprocal space have a finite size due to thermal vibra-

tions of atoms and specimen thickness effects. Thus, several points in

the zero order zone are intersected by the Ewald sphere. The number of

points intersected depends on the radius of the Ewald sphere, which in

turn depends on the primary beam energy. Thus, for higher energy

electrons (100-200 kV), such as are commonly used in the transmission

electron microscope, the diffraction pattern contains many points from

the first order zone. Diffraction patterns at lower accelerating poten-

tials will contain correspondingly fewer points.

The Ewald sphere construction may now be used to predict the geometry

of the fine structure at the center of electron channeling patterns. Using

the criteria for obtaining fine structure (and of circles), a = 6 B
. is only

satisfied by points in the first order Laue zone, since all points in the

zero order zone represent planes that are parallel to the axis. Returning

to Figure 3.8, the triangle formed by the origin of reciprocal space, the
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center of the Ewald sphere, and a diffracting point is isoceles with a

vertex angle of 2e
B

. The planes corresponding to the diffracting point

are perpendicular to the base and thus bisect the angle of the vertex.

Since one side of this triangle is the zone axis, half the vertex angle

is also the angle the plane makes with the pole, a, and thus a = e D .

Any point along the circle formed by the intersection of the Ewald sphere

and the first order Laue zone satisfies the requirement for the formation

of a circle in an electron channeling pattern, and the circle formed on

the pattern has the same angular diameter as the circle formed by the

intersection described above.

Figure 3.7 shows the first order Laue zone for an [001] axis in

silicon. Points that contribute to the circle as determined by Vicario et al

are given in Table 3.1 and plotted in Figure 3.7 as open squares. From

Figure 3.8, the radius of the circle formed by the intersection of the

Ewald sphere and the first order Laue zone can be calculated.

z-ff^V

h = 1

d
Q
Ai

Z
+ v

2
+ w

Z

where R = radius of the circle of intersection

h = separation of planes in reciprocal space

u,v,w = Miller indices of the pole ([001])

d
Q

= lattice constant of material (5.409 A for Si).

Once the radius is known, the corresponding value of (h + k + l ) can

also be calculated:

1 = h
2 + R

2

d
d
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View for Figures 3.7 and 3.11

ng point

sin —
?z~
—

(000) Origin of reciprocal space

First order Laue zone

Zero order Laue zone

1

h =

r?—?—7"

(Lvxi +\r+w

R-/f^V

d = lattice constant X = wavelength of incident
rotation

Figure 3.8 Ewald sphere-reciprocal lattice construction.
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TABLE 3.1

PLANES CONTRIBUTING TO THE FORMATION OF CIRCLES
(Vicario et al,

5 1971)

Indices



J-- (h
2 + k

2
+ s

2
)

(h
2

+ k
2

+ i
2

) - d
2 (I) 2

(h
2
+ k

2
+ i

2
)

= d
2

(h
2

+ k
2

)

where d = the plane spacing

Vi carlo's experimental conditions give the following results:

X = 7.0711 x 10' 2
A"

1

h = .1849 A"
1

R = 2.2892 A
-1

(h
2

+ k
2

+ i
2

) = 152.98

In Table 3.1, the value of ( a - e) passes through zero between

(h
2

+ k
2

+ a
2

) = 147 and (h
2

+ k
2

+ i
2

)
= 163. The circle corresponding

7 7 7
to (h + k + % ) = 152.98 has been drawn in Figure 3.7. Points lying

near this circle here a z 9
B

, and those having ( a - e
B

) < -1° will have

one edge of their band visible as fine structure at the pole center. Of

the planes listed in Table 3.1, seven groups consisting of 52 planes will

have structure in the center.

The center structure may be plotted directly on top of the first

order Laue zone. An arbitrary angular scale is selected, centered on

(000). For a given group of planes, a circle of radius (a - e
B

) is

drawn. All planes in this family must be tangent to this circle and

perpendicular to a line connecting the origin and the point representing

the plane. If (a - 9
B

) is > 0, the tangent is drawn on the same side as

the point. If (a - 6
B

) < 0, the line is drawn on the opposite side.

The first and zero order zones do not lie in the same plane, and thus

the line connecting the origin and the point representing the
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plane is not in the plane of the paper used for the construction, the

points are farenough from the center that the error involved is small. This

procedure is repeated for all values of (a-6
B

) until all planes have been drawn.

Data at 35 kV for the (001) pole are shown in Figure 3.9. Figure

3.7 has the circle of intersection for 35 kV also drawn. It's radius

corresponds to (h
2

+ k
2

+ I
2

) = 165.27. Although the radius has changed

little from the 30 kV accelerating potential, the values of e
B

have

changed enough to cause a noticeable change in the fine structure.

Since the distance between points in reciprocal space depends only on

the crystal structure and lattice constant of the material, values for

a do not change with accelerating potential.

Points producing fine structure at 35 kV in an [001] crystal of

silicon are given in Table 3.2. The plotted fine structure is shown in

Figure 3.10. The 44 planes are within 1° of the [001] pole; thus, the

intricate structure. Not all of the lines have the same intensity.

Calculation of the intensity of zero order Laue zone lines in an ECP

from theory is only semi-quantitative, and the calculations are involved

and laborious. Intensities of lines lying in the first .order zone •':.v\

are another step beyond, and were not attempted.

The graphical method of determining fine structure has the advantage

that once the geometry of the first order zone has been determined, the

Miller indices of the planes which approximate the a ~ 9
R
condition, i.e.,

those which lie close to the circle formed by the intersection of the

Ewald sphere and the first order zone, is obvious. A strictly mathematical

analysis gives only the values of (h
2

+ k
2

+ £
2
). It is tedious to deter-

mine, for example, that (h
2

+ k
2

+ I
2

) = 195 is a plane of type (13 5 1>,

especially when not all values of (h
2

+ k
2

+ I
2

) have integer indices for
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Figure 3.9 Fine structure near the (001) pole at 35 kV.
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TABLE 3.2

PLANES IN THE FINE STRUCTURE AROUND THE
[001] AXIS OF SILICON AT 35 kV

Indices
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8 {11 5 1} planes

4 {9 9 1} planes

8 {11 7 1} planes

8 {13 1 1} planes

8 {13 3 1} planes

8 {13 5 1} planes

Figure 3.10 Calculated fine structure near the (100) pole of
silicon at 35 kV.
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h, k and i, and that even when integer values do exist, they may be

excluded by the structure factor. Plotting of Vicario's data reveals

that planes of type {13 5 1 }: have been omitted. They have been added

to Table 3.1 and Figure 3.7.

The analysis of the [001] pole is simplified by the fact that

membership in the first order zone is relatively easily determined,

i.e., the last index must be one, the other two must be odd. For

higher index poles it is not as obvious.

As a second example, the [111] pole of silicon will be analyzed.

The large angle ECP is shown in Figure 3.2 and the fine structure in

Figure 3.1. By measuring the width (in centimeters) of the 220 type

bands in Figure 3.2, calculating the Bragg angle for a {220} plane

and remembering that the width of a band in an ECP is 2e
B

, a conversion

factor from cm to degrees can be determined. The radius of the circle

centered on the pole may then be measured.

9
B

{220} = .98°

width of {220} planes = .82 cm

1 cm = 2.39°

Average diameter of circle = 5.7 cm

radius of circle = 6.8°

The first order Laue zone for the [111] pole may be drawn as

described previously. The result is shown in Figure 3.11. Calculations

give the following values:

A = 6.5465 x 10" 2
A"

1

h = .10674 A"
1

k = 1.8027 A
-1

h
2

+ k
2

+ I
2

= 95.4
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Points in zero order Laue zone.

Points in first order Laue zone.

Points in first order Laue zone that
contribute to fine structure.

Figure 3.11 First order Laue zone for (111) silicon. Circle
is the intersection of the Ewald sphere with the
first order zone at 35 kV.
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To calculate the radius of the circle of intersection, we must

first note that its radius is 2e
B

(Figure 3.8).

si n20
B

= *- = RX

26
B

= 6.78°

This is in very good agreement with the experimentally determined value.

Table 3.3 lists the planes forming the fine structure. Only planes

of the form h + k + £ = 1 appear. Thus, for the family of planes {375},

only (375), (735), (357), (573), (537) and (753) appear. There are only

24 planes within 1° of the center as opposed to 44 planes for the [001]

axis at the same beam energy. This is due to the lower density of points

in reciprocal space and the lower symmetry (three-fold) of the [111] pole

compared to the [001] (four-fold). The planes are plotted in Figure 3.12.

The effect of a change in accelerating potential on the overall

channeling pattern is basically one of magnification due to changes in

8
B

. The fine structure should change in geometry rather than in size.

Since crystal lattice parameters are known to several significant figures

from x-ray diffraction, the geometry of the fine structure could be used

to calculate accurate values of accelerating potential. As an example,

Figure 3.13 shows the entire channeling pattern and the fine structure

for the (111) pole at 30 kV. This compares with Figures 3.1 and 3.2.

The ECP changes very little, but the fine structure changes noticeably.
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TABLE 3.3

PLANES IN THE FINE STRUCTURE AROUND THE [111] POLE IN SILICON AT 35 kV

Indices*
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Figure 3.12 Calculated fine structure for (111) silicon at 35 kV.
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Figure 3.13 ECP (a) and fine structure (b) of the 111 pole at 30 kV.
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3.3 Changes to Fine Structure During Elastic Strain

The geometry of the fine structure near pole centers is dependent

on a and e
B
over the 10 u area from which channeling patterns are being

obtained. Elastic strain causes uniform long-range changes in the dis-

tances between atoms which then change a and 9g, and thus the geometry

of the fine structure. Plastic flow, which is characterized by disloca-

tions and local, non-uniform changes in the distances between the atoms,

should perhaps cause a decrease in contrast due to lattice disarray, but

no changes in geometry. The disappearance of fine lines at high levels

of plastic strain has been reported by Schulson et al . (1969).

Although the analysis of the effects of strain on fine structure

could be performed on any pole, it is simplified by selecting a pole with

relatively few lines, i.e., the (111) pole in the case of silicon, and is

further simplified by looking only at a limited number of lines. In the

fine structure of the (111) pole shown in Figure 3.12, the 357, 735 and

573 lines were analyzed. These lines form a triangle.

The effects of strain can be qualitatively assessed as follows:

Compressive strain causes a decrease in lattice spacing (d) along the

strain axis. From the Bragg equation, A = 2dsine
B

, a decrease in d means

an increase in e
B

. Looking at Figure 3.6, a decrease in d means an increase

in 1/d. Since a is the angle between a line perpendicular to 1/d and the

major pole, an increase in 1/d results in a decrease in a. The difference

(a - e
B ) must decrease. Thus, for a compressive strain, the line in the

fine structure would move closer to the pole.

Of course, a compressive strain also causes an increase in d spacing

in directions orthogonal to the strain directions due to the Poisson effect,
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and this would shift lines away from the pole. To assess the changes

in the fine structure, the location of a point in reciprocal space must

be resolved into components along the coordinate axes based on the direc-

tion of the applied strain. The case of a (111) crystal strained in the

[022] direction is shown in Figure 3.14. The important components are

a, e and f, since these lie along the coordinate axes. The magnitude

of these components can be determined by the following equations:

2,,.2. n 2
Y = angle between (hk&) and (022)

/hi+k^ , .

2k-2
1 COSY = —

3 =

/ ? ? ? /h
2
+k

2+£2 SB
a
o
, g = bsin y

e = bcos y

sina = £ /"jj 2
b f =/g^_a'

1

The results for the 357, 735 and 573 planes at 35 kV are given in

Table 3.4.

Refer, to Figure 3.14 and 3.15. If a compressive strain is applied

along the X axis, remembering that we are dealing with reciprocal space,

and assume a value of Poisson's ratio for (111) silicon of .342 (Rungan,

1965): e' = e (j-—)

a' *(rh-J
f "

= f (r4—

)

I + ve'

where primes (') indicate values after straining.
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_ D _Q _°
.5 3 9 7 19 9 19

9 9 1 7 7 I

O O _ O _ ° _
919 739 559 379

Figure 3.14 Strain axes in reciprocal lattice. 2% compressive
strain was applied along the X axis.
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(573)

(357)
(735)

Figure 3.15 Geometry of reciprocal lattice used in strain
calculations.
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TABLE 3.4

COMPONENTS OF THE {753} PLANES AT 35 kV

357 735 573_

a (A
-1

) .10674 .10674 .10674

b (A
-1

) 1.6843 1.69483 1.6843

c (A
-1

) 1.6909 1.6809 1.6809

a (°) 3.6334 3.6334 3.6334

Y (°) 21.3489 89.9301 140.909

g (A
-1

) .6132 1.66388 1.0620

e (A
-1

) 1.5687 .2615 1.3073

f (A
-1

) .6038 1.6605 1.0567
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The following values may then be calculated:

(c')
2

= (e
1

)

2
+ (f

)

2

(b
1

)

2
= (c')

2
+ (a

1

)

2
= (e

1

)

2 + (f) 2 + (g')
2

V -= sin"

tan *&]

The values for a 2% compressive strain are given in Table 3.5.

These data are plotted in Figure 3.16. The actual shifting of

points in the (111) reciprocal space is relatively small. The maximum

shift for the (111) plane, shown in Figure 3.11, is less than 1 mm.

Thus, the major effects are the changes ina and e
B

, and the triangle

formed by the 357, 735 and 573 lines will remain a triangle but the

length of the sides will change. If bending moments are introduced,

the lines forming the triangles could become curved.

To investigate the effect of beam energy on strain sensitivity of

the fine structure, calculations were performed at 15 kV and at 200 kV.

15 kV can be obtained on most scanning electron microscopes and repre-

sents the beam close to the lower limit of clear patterns with current

backscattered electron detectors. 200 kV is the maximum energy available

on commerical scanning transmission electron microscopes, some of which

can be operated in a channeling mode.

The visibility of fine structure in the 111 plane is limited to

a radius of 9g( 2 20)
around the Oil) pole. The number of fine lines

visible is a result of two effects. As the voltage is decreased, the
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unstrained

2% compressive strain

* (735)

(573)

Strain axis

Figure 3.16 Calculated shifts of selected lines in the fine
structure near the (111) pole after 2% compressive
strain.
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TABLE 3.5

COORDINATE VALUES FOR 2% COMPRESSIVE STRAIN (111) POLE At 35 kV

357 735 573

a'
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radius of the circle of the intersection of the Ewald sphere and

the first order Laue zone decreases, thus decreasing the number of

points near the condition a = 9g. This decreases the number of lines.

At the same time, the radius of the visible area around the pole in-

creases, which tends to increase the number of visible lines. The first

effect predominates, and the number of visible fine lines decreases with

decreasing accelerating potential.

The fine structure at 15 kV is shown in Figure 3.7. Analysis of

this structure using the methods described previously reveals that the

isolated triangle is formed by {733} planes, specifically the (337), (733)

and (373). In general, planes with repeated indices where the remaining

index is not a 1 will form triangles around the (111) pole. The results

for a 2% compression strain for 15 kV are given in Table 3.6.

Notice that one side of the triangle lies on the X axis. All of

the changes in (a - 9g) are larger than in the 35 kV case.

For 200 kV, there are 39 planes within 9
B ( 220)

=
' 41 ° of the ( 11] )

pole. Of these, only the {7 7 13} planes will form a triangle. The

results of a 2% compressive strain are given in Table 3.7. Shifts are

smaller than at 15 kV.

Thus, although the magnitude of shift in the fine structure does

not vary greatly with accelerating potential, the shifts appear to be

enhanced at lower accelerating potentials.
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TABLE 3.6

CHANGES IN FINE STRUCTURE AROUND THE (111) POLE
FOR 2% COMPRESSIVE STRAIN AT 15 kV

337 733 373

q
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TABLE 3.7

CHANGES IN FINE STRUCTURE AROUND THE (111) POLE
FOR 2% COMPRESSIVE STRAIN AT 200 kV

77T3 7137 1377

q
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Figure 3.17 Fine structure around the (111) pole at 15 kV.
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3.4 Other Lines From the First Order Laue Zone

Figure 3.18 shows an electron channeling pattern of silicon at

15 kV. There are several lines that intersect in the center of the

bands formed by the {220} planes near the circle formed by the inter-

section of the Ewald sphere and the first order Laue zone, as shown in

Figure 3.19. These lines have approximately the same contrast as the

higher order lines of the zero order Laue zone; e.g., the {440} lines,

but their three-fold symmetry suggests an origin in the first order zone.

Unknown lines in electron channeling patterns suspected of being

in the first order zone can be indexed in the following manner:

First, a drawing of the channeling pattern is made to a convenient scale

on top of a map of the first order zone, such as Figure 3.11. The low

order planes; i.e., the {220} planes in the case of (111) pole, should

be included, along with the circle formed by the intersection of the

Ewald sphere with the first order zone. The channeling pattern may be

calibrated by measuring the width of the {220} bands or, more accurately,

by measuring the diameter of the circle formed by the intersection of

the Ewald sphere and the first order zone. The width of the {220} bands

equals 20
b ^ 22

qn, while the diameter of the circle is 2e
c

, where

e
c

= sin
-1

[RX] = 2tan
_1

'"H

from Figure 3.8. An unknown line is selected and the perpendicular

distance from the unknown line to the center of the (111) pole measured

on the channeling pattern and converted to degrees. This number must be

± (a-9
B
). The unknown line is then drawn on the drawing of the channeling



112

Figure 3.18 ECP of (111) silicon at 15 kV
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Figure 3.19 Lines in the (111) channeling pattern at 15 kV
with three-fold symmetry are shown dotted.
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pattern superimposed on the first order Laue zone. Another line is then

drawn perpendicular to the unknown line and passing through (000). The

point in the first order Laue zone representing the unknown must lie on

(or near) this line. Points near the line are selected and values for

(a - 6
B

) calculated. By comparison with the measured value for (a - 6 B )»

the indices of the plane can be determined. Other members of the same

family of planes can then be plotted and visually compared with the

experimental channelling pattern.

As an illustration of this technique, the lines in Figure 3.19 will

be analyzed. Figure 3.20 shows the zero order lines plotted on a first

order map and one of the unknown lines plotted along with a perpendicular

line running through (000). The distance measured from the center (from

Figure 3.18) was 5.2°, using a calibration of 1° = 3.58 mm determined

from measuring the diameter of the circle of intersection. It is impor-

tant to note that any {220} plane is not equivalent crystallographically

to the planes 30° on either side. Thus, orientation of the drawing of

the electron channeling pattern to the experimental pattern based only

on points in the zero order zone has a two-fold ambiguity. Although

both possibilities could be tried and the correct one selected, the

ambiguity can be eliminated by the fine structure in the center of the

(111) pole which only has three-fold symmetry. In Figure 3.17, the

triangle formed by the three {733} lines is faintly visible. If it were

not, the channeling pattern could be re-photographed with the brightness

reduced to make the center area visible, or the center area could be

temporarily magnified with the brightness suppressed. Either way, the

orientation of the triangle can be determined experimentally, and by
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4 4-

Figure 3.20 Analysis of one of the three-fold symmetry lines of
Figure 3.19. Dotted lines are zero order planes
superimposed on first order plot. Unknown line is

shown solid at bottom, with perpendicular line passing
through the origin. Scale is in degrees.
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drawing the three {733} lines on the constructed channeling pattern,

the proper orientation can be assured.

From Figure 3.18, the possible planes forming the unknown line are

179, 157, 135 and 133. Table 3.8 shows the calculated angles for those

planes.

Note that since the unknown line is not parallel on the opposite

side of (000) (see Figure 3.18) the 1~79, T57 and 1~35 planes would have

to have (a - e
B

) < 0, i.e.,- -5.2°, while the 133 would have to have

(a - 9g) = +5.2°. This eliminates all planes except the 133. The other

five {133} planes, viz, 313, 331, 313, 133 and 331, can then be drawn.

The result is shown in Figure 3.21, which is merely an indexed version

of Figure 3.19.

Why the {331} planes appear and other planes with similar values

of a and 8g, such as the {513}, do not, is unknown.

The {331} lines, like the fine structure near the pole center,

should be sensitive to strain. Calculations identical to those described

in Section 3.2 were performed on three of the {331} planes. The results

are given in Table 3.9, with primed values indicating a 2% compressive

strain.

Camparison of Table 3.9 with Table 3.6 reveals that the angular

changes caused by a 2% compressive strain are greater for the {331}

lines than the {733} lines. However, the greater magnification used when

analyzing the center structure makes the actual shift on the CRT (or the

photograph) more apparent for the {733} lines. The {331} line shifts can

be used on a standard SEM equipped for channeling, while the center struc-

ture analysis requires decreasing current to the scanning coils while in

the channeling mode to increase magnification.
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313

Figure 3.21 Indices of three-fold symmetry lines.
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TABLE 3.8

a AND
B
VALUES FOR POSSIBLE PLANES FORMING UNKNOWN LINES

IN FIGURE 3.19
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TABLE 3.9

SHIFTS IN {331} LINES FOR A 2% COMPRESSIVE STRAIN AT 1 5 kV

315 331 133

a
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3.5 Summary

Fine structure near low index poles has been observed for some

time, and although assumed that these lines were from high index planes,

no simple method for indexing these lines existed. A method for indexing

these lines based on the Ewald sphere-reciprocal lattice construction has

been proposed, where the origin of these fine lines is in the first order

Laue zone rather than the zero order Laue zone, which is the origin of

the majority of the lines in an electron channeling pattern.

In addition, there are other lines in an electron channeling pattern

located well away from the area surrounding the poles, that also originate

in the first order Laue zone. These lines had not been previously indexed.

The position of lines in the first order Laue zone are sensitive to

elastic strain. A method for calculating shifts in the fine structure

due to strain has been described.

Some lines remain absent from the fine structure for, as yet,

undetermined reasons.



CHAPTER 4

EXPERIMENTAL METHODS

4.1 Introduction

The proposed research involves changes in channeling patterns

produced by elastic and plastic strains on single crystals. Plastic

strains are produced by prior plastic deformation; and elastic strains

by use of a tensile stage in the SEM, so channeling patterns can be

obtained at various levels of elastic strain. Ideally, the plastically

strained sample would contain parallel arrays of dislocations of the

same type and Burgers vector.

Initial attempts involved the growing of thin, single crystal epi-

taxial films of gold and silver. Both materials are face-centered cubic

crystal structure and form pure edge dislocations during plastic straining.

Thin films have the advantage of needing no further preparation for trans-

mission electron microscopy and the high atomic numbers of both materials

mean a high backscattered electron coefficient. Samples could be plas-

tically strained by mounting on a TEM grid, followed by gentle squeezing

to strain the film. The extent of deformation could be determined by

observing the dislocations formed in the TEM. Elastic strain could be

obtained by placing the film over a small hole in a standard tensile

dogbone and applying tensile strain.

Attempts to grow macroscopically-sized (i.e., 1-2 mm) single crystals

proved unsuccessful with the available equipment. Preparation of these

films has been reported in the literature, but apparently requires an

exceptionally clean, dedicated vacuum system to obtain consistent results.

121
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A second material tried was single crystal aluminum. The approach

was to take thin slices of annealed bulk single crystals of Al of known

orientation, plastically deform samples by bending to a known radius,

and electrochemical thinning to allow TEM examination to determine the

character of the dislocations. Chanel ling would also be performed on

selected thinned areas of the samples. Elastic strains would be obtained

on rectangular samples epoxied to steel ends to form a composite "dogbone"

for the tensile stage of the SEM. Aluminum also forms edge dislocations

when plastically deformed.

Several problems were also encountered on the aluminum samples. Dis-

locations, although present in appreciable concentrations, were highly

mobile, especially in areas of high concentrations, and beam heating in

the TEM caused them to move. This same heating caused thinned areas of

the foil to bend and distort, thus changing the local crystal lographic

orientation. Thinned areas were also very fragile, and tended to crack

and bend with time. Channeling was impossible on thinned areas due to

local bending.

Finally, silicon was selected as a material. Silicon has the

distinct advantage of being brittle at room temperature, allowing elastic

strain experiments to be done free from dislocation formation; and ductile

at higher temperatures, allowing dislocations to be introduced by plastic

straining at high temperature and frozen in place by cooling to room tem-

perature. Silicon is also readily available in macroscopically-sized

dislocation-free, polished single crystals from the electronics industry.
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4.2 Preparation of Samples for Elastic Straining

{111} discs of electronic grade silicon two inches in diameter

by .010 inches thick were cut, by laser, into 2 mm wide strips perpen-

dicular to the (110) direction (indicated on the sample by a flat edge).

Initially, samples were epoxied to metal ends to form a composite

dogbone for testing. Shifting of the metal ends in the grips during

loading caused bending moments, and premature fracture during tensile

loading. Also, the use of ductile metal ends made strain measurement

via change in crossbead position inaccurate.

Samples were finally simply epoxied into place on the crossheads,

a procedure which made specimen removal after completion of testing more

difficult but made determination of the zero strain point much easier, and

application of moments during testing due to sample shifting was eliminated.

Crossheads were spaced at 1 cm before the sample was epoxied in place,

and a small 1000 mesh TEM grid attached to the upper surface for channeling

alignment. The crossheads had to be modified to bring the sample up to

the small (~ 9 mm) working distance required for electron channeling.

Initial tests were performed in tension, but maximum strain in this

situation was limited to < 1% before brittle fracture occurred. Testing

was switched to compressive mode, allowing ~ 2% strain before

failure. Testing was performed with fine structure on the ECPs being

recorded at 1% increment strain intervals until failure occurred.
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4 - 3 Plastically Strained Specimen Preparation

Specimens 3/8" x 1-1/2" were cut from 2" dia. x .010" silicon wafers

as shown in Figure 4.1. These were then placed between two U-shaped rods

of fused silica to form a 4-point bending jig, as shown in Figure 4.2.

A weight was placed on top of the upper U-shaped rod and the entire

assembly heated to 1025°C for 20 minutes in dry hydrogen to allow plastic

flow.

After deformation, two 1/8" wide strips from the areas immediately

beneath the inner two rods were removed by scratching with a diamond

scribe and fracturing. The remaining silicon was discarded. The two

1/8" x 3/8" strips were then attached to glass microscope slides with

melted Crystobond*. Crystobond liquifies at low temperature and turns to

a brittle solid upon cooling. Three mm discs were then cut ultrasonically

using silicon carbide abrasive. Three discs could be cut from each strip,

giving six discs per sample.

Thinning was accomplished in two stages, dimpling and final thinning.

Specimens were prepared for dimpling by coating all but a 1.0-1.5 mm area

in the center of one side of the disc with "black wax" used in the semi-

conductor industry. This was accomplished by placing the disc in a small

pool of melted black wax on the surface of a heated microscope slide and

teasing the liquid wax around the circumference with a dental pick. The

samples were then removed with forceps and allowed to cool.

Silicon wafers have only one highly polished surface, the other

being somewhat rougher. Since the irregularities in the rougher surface

require a substantial amount of etching to remove, dimpling was done on

this surface.

*Aremco Products, Inc.
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1.250

1.500

Figure 4.1 Cutting of samples for plastic straining,
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Dimpling was accomplished by grasping the edge of the sample in

locking forceps and suspending it in a magnetically stirred solution of

10% hydroflouric acid and 90% nitric acid with the sample oriented so

the stirred liquid impinges on the exposed area.

Samples were etched for 10 minutes, rinsed in distilled water,

rinsed in methanol and placed in two baths of electronic grade trichloro-

ethylene to remove the black wax. Samples were than washed in methyl

alcohol and temporarily stored in distilled water.

Final thinning was accomplished by suspending the unmasked specimens,

held by forceps as during dimpling, in the HF-HN0
3
mixture. After a two-

minute initial etch, specimens were examined at 20-second intervals under

a low-power binocular microscope to evaluate the progress of the thinning.

Thin areas of the samples transmit light at longer wavelengths and appear

red or yellow. At this point, samples were dipped in etching solution

for several seconds between observations. Etching was stopped when a

small hole had formed. The sample was given a final rinse in distilled

water and stored in absolute ethanol until observation.

A great many problems were encountered in the preparation of thin

samples suitable for electron channeling. The first was substantial

amounts of surface contamination, shown in Figure 4.3. Although this

sample would be suitable for conventional TEM due to the relatively

large distances between particles, electron channeling requires a 10 y

diameter circle, and these particles obliterate the pattern. This

problem was traced to solvent immiscibility. The original procedure

included ethanol instead of methanol washes after the trichloroethylene.

Trichloroethylene is insoluble in enthanol, and this apparently caused

the problem.
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Mi

Figure 4.3 Surface contamination from thinning.
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The second problem was rough edges around the etched hole, as shown

in Figure 4.4. This problem was never completely solved, but appears to

be related to a second phase build-up near the hole, as shown in Figure

4.5. This phase was never identified, although occasionally a second set

of spots was observed in the diffraction mode of the TEM, indicating

crystal! inity. Since the etching solution works by first oxidizing the

silicon to quartz and then dissolving the quartz in hydroflouric acid,

one possibility is that this second phase is undissolved quartz, but

changing the amount of HF in the etch did not eliminate the problem.

The problem was finally solved by etching for a slightly longer

time during the final thinning. This produced a more steeply tapered

foil but, as will be discussed shortly, a more steeply tapered foil

was necessary for another reason.

Since channeling contrast increases with decreasing specimen

thickness, one might assume that obtaining channeling patterns from thin

foils would be easy. This is not the case for the reasons shown in

Figure 4.6, which shows a trace of backscattered intensity along a scan

line approximately perpendicular to the foil edge at 35 kV at two ampli-

fier settings. The lower line was taken with the gain of the backscattered

amplifier set for saturation of the film emulsion in the saturated region.

This is at a considerably lower gain than is used for electron channeling.

The effect of increasing the gain to the level required for channeling is

shown in the upper line, which saturates at the same distance from the

foil edge as the lower line.

Thus, channeling contrast from an area is superimposed on a steeply

varying background. A typical channeling pattern obtained from the less
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Figure 4.4 Rough edges around hole in thinned area.
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Figure 4.5 Second phase near thinned hole.
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Figure 4.6 Backscattered signal intensity near tail edge at 35 kV,
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than saturated area is shown in Figure 4.7. The edges of the bright area

have visible channeling contrast. The bright and dark areas also have

channeling contrast, but superimposed on either a too high or low back-

ground.

If the beam did not wander while tilting during channeling, the

background signal in the channeling pattern would be more regular, being

brighter when the beam was angled towards the thicker areas, weaker when

angled towards the thinner sections, and weakest when normal to the foil

centerline. The irregular contrast of Figure 4.7 indicates that, in spite

of dynamic correction, the beam wandered around on the specimen surface.

By taking a uniformly tapered specimen and channeling at various levels of

D.C. suppression along two orthogonal directions, the exact path of the

beam might be determined.

Unfortunately, the only variables on the backscattered electron

amplifier are gain and D.C. suppression. The D.C. suppression subtracts

a selected constant value of D.C. voltage from the input signal before

amplification to eliminate what is, in the channeling signal from a thick

specimen, a constant background signal. Since the background signal from

a tapered film varies, D.C. suppression will provide proper contrast only

over a small region.

If channeling patterns are made on areas in the saturated region,

the foils are too thick to be visible with 200 kV on the TEM.

There are three possible ways out of this dilemma: Producing foils

of constant thickness across a 10 u area, so that no variation of back-

scattered coefficient occurs in the channeled area; use of higher voltage

in the TEM so that dislocations are visible in thicker areas of the foil;
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Figure 4.7 Electron channeling pattern from thin tapered foil

at 35 kV.
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or decreasing the beam energy for electron channeling so that backscattered

electron emission saturates at a point closer to the foil edge.

Fabrication of uniform thickness single crystal foils was deemed an

unlikely alternative due to the presence of second phase material near

the center of the dimples, where the thickness is likely to be the most

uniform, and the efficiency of establishing landmarks without a hole edge

for reference. Earlier efforts to establish landmarks with contamination

marks proved unsuccessful due to the ease with which they could be erased.

The use of a higher energy TEM was eliminated because in silicon

point defects occur at 220 kV, and these could also affect the channel ing

pattern. This effect would be especially severe since the only other

machine available to the author with beam energy greater than 200 kV is

the 1 MeV machine at Oak Ridge National Laboratories.

Thus, the method used to eliminate this problem was lowering the

energy of the beam during channeling. The lower the beam energy, the

wider the bands, and the greater the area of the pattern obscured by the

center star. This serves to limit the areas from which good intensity

profiles can be obtained. Also, as beam energy decreases, noise is

increased, and detector efficiency decreases. 15 kV was selected as a

good compromise. Figure 4.8 shows the backscattered intensity at 15 kV.

The intensity saturates at ~ 15 y from the foil edge, compared with ~ 60 y

at 35 kV (Figure 4.6) Figure 4.9 shows an ECP of the (111) pole of silicon.

As an experimental note, care was taken to insure that the black

levels of the signal in Figures 4.6 and 4.8, corresponding to the signal

when the beam is not striking the foil, was maintained at a small positive

value of detector voltage. If this were not the case, signal saturation

could be produced arbitrarily by changing D.C. suppression.
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Figure 4.8 Backscattered signal intensity near foil edge at 15 kV,
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Figure 4.9 (111) silicon ECP at 15 kV.
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In order to perform transmission electron microscopy on the same

area as electron channeling patterns, accurate determination of the

location of specific areas on the specimen surface is necessary. The

most convenient landmark is the profile of the edge of the hole in the

foil. A gradually tapered foil will produce acceptable channeling pat-

terns too far from the edge to allow accurate location of the channeled

area in the TEM. Thus, a relatively steeply tapered foil is an advantage.

This can be obtained by leaving the specimen in the final thinning etch

si ightly longer.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Plastically Strained Samples

5.1.1 Electron Channeling Patterns

Channeling patterns were obtained from chemically thinned, plastically

deformed silicon specimens prepared as described in the previous chapter.

An area near the hole produced by the thinning was selected and the SEM

switched to the channeling mode. The sample was moved until changes in

the channeling pattern were noticed. The location of the channeling area

was recorded by double exposures in the image/SAI mode. The channeling

pattern was recorded along with intensity profiles along selected scan

lines. In general, two scans were taken from each {220} band, one on

either side of the (111) pole at the point where the {422} bands crossed,

as shown in Figure 5.1. Scanning on both sides of the (111) pole was

necessary because two of the {331} planes intersect at different points,

as explained in Section 3.3, and this affects the intensity profiles.

The necessity of scanning at the same crystal! ographic location is

shown in Figures 5.2, 5.3 and 5.4, which show multiple scans from a {220}

plane on a bulk dislocation-free silicon sample. Although major features

are symmetrical, the minor peaks are different on either side of the center.

The width, contrast and shape of the {220} bands varies with distance from

the center (i.e., the (111) pole).

The area immediately around the {220} plane in Figures 5.3 and 5.4

are shown in Figure 5.5 and 5.6. This is the same horizontal scale that
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Type A

Type B

Figure 5.1 Location of intensity scans for typical {220} plane
at 15 kV.
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Figure 5.2 Scan lines for intensity profiles in Figures 5.3 and
5.4. Lines stopping short of the right edge are an
electronic artifact.



142

1 1 1 1 i 1 1 1 1 i 1 1 i i 1 1 1 1 1 i i i i

Beam Angle

Figure 5.3 Upper four intensity profiles from Figure 5.2.
Central pair of peaks is the {220} plane.
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Beam Angle

Figure 5.4 Lower four intensity profiles from Figure 5.2. Central
pair of peaks is the {220} plane.
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Figure 5.5 Area around the {220} plane from Figure 5.3.



145

Beam Angle

Figure 5.6 Areas around the {220} plane from Figure 5.4.
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scans were taken of deformed silicon. The differences in peaks in the

{220} planes are more apparent.

In plastically deformed samples, the SEM was operated in the chan-

neling mode and the area near the hole left by the thinning was mechani-

cally searched for locations that produced the greatest changes in the

electron channeling pattern. Areas producing large visible changes in

the ECPs, as compared to a dislocation-free ECP, were recorded, along

with an area that produced no visible changes to serve as a control.

Locations of these areas were recorded photographically by double exposures

in the image and SAI modes. Patterns were obtained close enough to the

edge of the hole to be located at 1300X (1000X indicated*) using the

edge as a reference. This was necessary so the same area could be loca-

ted again if needed for generation of additional channeling patterns and

so that the same area could be located for examination by transmission

electron microscopy. The areas are shown on a low magnification photo-

graph of the hole in Figure 5.7(a). Locations of the three areas are

shown at 1300X in Figures 5.7(b), 5.8(a) and (b). Features of each area

are summarized in Table 5.1.

On areas I and II, two scans were made on each {220} plane, one on

either side of the (111) pole, for a total of six scans. For convenience,

intensity scans for the same planes on opposite sides of center are desig-

nated type A and type B, as shown in Figure 5.1. Type B scans are from

the half of the plane in which the two {331} lines cross farther from the

(111) pole than the point where the {422} planes cross, while type A scans

are those where the {440} and {331} planes cross coincidentally.

*see Acknowledgements.
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Figure 5.7 (a) hole with arrows marked, (b) Area I.
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Figure 5.8 (a) Area II. (b) Area III.



149

TABLE 5.1

AREAS OF INTEREST IN THE PLASTICALLY DEFORMED SAMPLE

CharacteristicsDesignation
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On area III, all higher order lines and lines from the first order

Laue zone were obliterated by the distortion of the pattern and the (111)

pole was displaced from the center of the pattern so that only a single

scan on one side of the pole was made of each plane. It was not possible

to tell if individual scans were type A or B.

Thin films on channeled surfaces also decrease the contrast of ECPs,

as discussed in Chapter 1. Contaminants can be formed on the surface of

specimens due to the interaction of the electron beam, the specimen surface,

and residual gases in the vacuum system (e.g., diffusion pump oil). The

loss of contrast from contamination build-up could be erroneously inter-

preted as strain.

To eliminate this possibility, the specimen was slightly shifted

after the area II intensity profiles were recorded to determine if the

contrast of the ECP might be further reduced, i.e., if the location of

area II was truly a minimum in ECP contrast. If the loss in constrast

of the ECP from area II was due to contamination, any shift should in-

crease contrast, since the contamination would occur only near where

the electron beam struck the specimen surface. Any shifts to further

minimize contrast would be small, since area II was selected for low

contrast, i.e., any further minimization would be "fine tuning." As it

turned out, a slight reduction in contrast was noticed by a shift in the

channeled area to an area overlapping, but not coincident with, area II.

This area was labelled area IIR and is shown in Figure 5.9, along with

the location of area II. Six intensity profiles were determined from

this area.
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Figure 5.9 Area I IR with Area II indicated.
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Intensity profiles from all areas are presented in Figure 5.10

through 5.31. A summary is given in Table 5.2. Individual scan lines

were given numbers for reference.

Since type A and type B intensity scans do not compare directly,

all of the intensity profile data was replotted with all the same type

of scans for a given ECP plotted together. These plots are summarized

in Table 5.3. Scans from area III are not included since there were

only three scans.

Obtaining satisfactory intensity levels on a channeling pattern is

a compromise between two factors: D.C. suppression and gain. To minimize

electronically induced differences between intensity profiles, the gain

was held constant at its maximum value and the D.C. suppression adjusted

to produce an acceptable signal level.

5.1.2 Transmission Electron Microscope Studies

The same areas which were channeled were examined by transmission

electron microscopy (TEM). The analysis was complicated by the high degree

of taper of the specimens, which was necessary to produce areas that could

be used for reference, as discussed in Chapter 4. This produced a large

variation in intensity across the micrograph. Two-beam conditions were

established to make dislocations visible by use of a double tilt specimen

holder. All micrographs are at 5000X, all diffraction patterns at 82 cm

camera length.

Analysis of area I was straightforward. A typical micrograph for

area I and the corresponding diffraction pattern are shown in Figure 5.38.

The area had few dislocations.
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TABLE 5.2

SUMMARY OF INTENSITY PROFILE DATA

Figure Area Description

Unrotated ECP for scans 64-59

Rotated ECP for scans 64-65

Rotated ECP for scans 66-67

Rotated ECP for scans 68-69

Intensity profiles 64(A) and 65(B)

Intensity profiles 66(B) and 67(A)

Intensity profiles 68(B) and 69(A)

Unrotated ECP for scans 58-63

Rotated ECP for scans 58-54

Rotated ECP for scans 60-61

Rotated ECP for scans 62-63

Intensity profiles 58(A) and 59(B)

Intensity profiles 60(B) and 61(A)

Intensity profiles 62(B) and 63(A)

Unrotated ECP for scans 76-78

Intensity profile for scan 76

Rotated ECP for scan 76

Intensity profile for scan 77

Rotated ECP for scan 77

Intensity profile for scan 78

Rotated ECP for scan 78

5.10
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Figure
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Figure 5.10 Unrotated ECP for scans 64-69, Area I.
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Figure 5.11 Rotated ECP for scans 64-65 (a), and 66-67 (b).
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Figure 5.12 Rotated ECP for scans 68-69.
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Beam Angle
64

Beam Angle
65

Figure 5.13 Intensity profiles from Figure 5.11, Area I,
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Beam Anqle
66

Beam Angle
67

Figure 5.14 Intensity profiles from Figrue 5.11(b), Area I,
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Beam Angle
68

Beam Angle
69

Figure 5.15 Intensity profiles from Figure 5.12, Area I
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60-61 58-59 62-63

Figure 5.16 Unrotated ECP for scans 58-63, Area II
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(a)

Figure 5.17 Rotated ECP for scans 58-59 (a) and 60-61 (b)
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Figure 5.18 Rotated ECP for scans 62-63.
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Figure 5.19 Intensity profiles for Figure 5.17(a), Area II.
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Beam Angle
60

Beam Angle
61

Figure 5.20 Intensity profiles from Figure 17(b), Area II

.
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Figure 5.21 Intensity profile from Figure 5.18, Area II.
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Figure 5.22 Unrotated ECPs for scans 76-78.



168

1 UU ' I I l I I I I I I . . .
f

. I 111! t I . . , . I

(a)
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Figure b.23 (a) Intensity crofile and (b) rotated ECP for scan 76,
Area III.
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Beam Angle

Figure 5.24 (a) Intensity profile and (b) rotated ECP for scan 77,
Area III.
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(a)

Beam Angle

(b)

Figure 5.25 (a) Intensity profile and

Area III.

'b) rotated ECP for scan 78,
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Figure 5.26 Unrotated ECP for scans 70-75, Area IIR.
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Figure 5.27 Rotated ECP for scans 70-71 (a), 72-73 (b)
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Figure 5.28 Rotated ECP for scans 74-75.
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Figure 5.29 Intensity profiles for Figure 5.27(a), Area IIR.
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Beam Angle
73

Figure 5.30 Intensity profiles for Figure 5.27(b), Area IIR.



176

''''''''''''•>''''
Beam Angle

74

Beam Angle
75

Figure 5.31 Intensity profiles for Figure 5.28, Area IIR.
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TABLE 5.3

REARRANGEMENT OF INTENSITY PROFILE DATA

Figure Area Intensity Scans

64, 67, 69 (Type A

65, 66, 68 (Type B

58, 61 , 63 (Type A

59, 60, 62 (Type B

70, 73, 75 (Type A

71, 72, 74 (Type B

5.32
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Beam Angle

Figure 5.32 Type A intensity profiles from Area I,



179

Beam Angle

Figure 5.33 Type B intensity profiles from Area I,
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Beam Angle

Figure 5.34 Type A intensity profiles from Area II,
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Beam Angle

Figure 5.35 Type B intensity profiles from Area II.
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Beam Angle

Figure 5.36 Type A intensity profiles from Area IIR.
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Beam Angle

Figure 5.37 Type B intensity profiles from Area IIR,
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Figure 5.38 TEM micrograph and diffraction pattern from Area I.
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Area III was highly bent, as shown from the curves in the bend con-

tours in Figure 5.39. The bending is also apparent in the topographic

SEM image in Figure 5.8(b). There are some dislocations present, although

their magnitude cannot be assessed because the.warped lattice produces a

two-beam condition only over very narrow regions of the micrograph; dis-

locations outside the two-beam region would, in general, not be visible.

No subgrain boundaries were visible.

Visibility of dislocations in a two-beam condition depends on which

diffracting beam is used for imaging. If g" is the diffracting vector and

b the Burgers vector for a dislocation, the dislocation will be invisible

(or at least nearly so) when g • ft = 0. Since ft is fixed for an individual

dislocation, its value may be determined by changing g (i.e., by tilting

the sample) and observing whether the dislocation is visible or not.

If a field of dislocations all had the same Burgers vector, the entire

field would disappear for an appropriate value of g. This was the approach

used to analyze area II. Once the area was located, the sample was tilted

to a variety of two beam conditions and photographed. The analysis was

complicated by the fact that the sample holder tilts eucentrically along

only one axis, and tilt about the second axis is accompanied by a transla-

tion. This makes holding one area of the specimen under the beam difficult,

and higher tilts change the edge profile and shorten distances enough to

further complicate image interpretation.

In two separate investigations on area II no mass disappearance of

dislocation images were observed. From this one may conclude that the dis-

locations are of mixed character. A typical image and diffraction pattern

are shown in Figure 5.40. Even though the Burgers vector was not determined,
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Figure 5.39 TEM micrograph from Area III,
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Figure 5.40 TEM micrograph and diffraction pattern from Area II.



several things can be learned about the dislocations from these micro-

graphs. The line directions have a definite orientation. The direction

of this orientation may be determined by use of a rotation calibration

between the image and diffraction pattern. Such a calibration is neces-

sary because the lenses in the TEM have different currents in the image

and diffraction modes, and thus each lens rotates the image a different

amount. This calibration is performed with an orthorhombic crystal, M0O3,

as described by Eddington (1975).

Figure 5.41 shows the image and diffraction pattern of the edge of

the sample in the vicinity of areas II and IIR. The profile of the edge

in Figure 5.41. may be seen in the upper left corner in Figures 5.8(a)

and 5.9. The diffraction pattern in Figure 5.41 has been rotated the

calibrated amount to correspond with the image. The sample was only

translated, not rotated, between Figures 5.40 and 5.41. Thus, crystallo-

graphic directions are consistent in both micrographs.

In the TEM no evidence of specimen contamination was observed from

the channeling previously performed in the SEM. Additional examination

in the SEM in the topographic mode using backscattered and secondary

electrons from imaging also revealed no contamination.

5.1.3 Discussion

Comparison of the six intensity profiles from the low dislocation

area (area I), shown in Figure 5.32 and 5.33, reveals great similarity,

as one would expect from an undistorted lattice. The type A planes have

the {331} planes intersecting the {422} planes very near where the inten-

sity profiles were being determined, as shown in Figure 5.1. The scan
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Figure 5.41 TEM micrograph and diffraction pattern for sample edge

near area II. Diffraction pattern has been rotated to

correspond to the image.
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line was selected visually and small errors in placement alter the inter-

section with the {331} lines enough that the intensity profile near the

center of the {220} peaks varies substantially. This is the difference

between scans 64, 67 and 69. Type B planes, with the {331} intersection,

located further from the scan line used for the intensity profile, are

not as sensitive to line position and show greater uniformity.

Looking now are areas II and IIR, the channeling patterns, Figures

5.16 and 5.26, the topographic SEM images, Figures 5.8(a) and 5.9, the

TEM micrograph of the edge, Figure 5.41, and the TEM micrograph of the

dislocations, Figure 5.40, may be compared to determine the line direc-

tion of the dislocations in relation to the channeling patterns. This

is accomplished by using the profile of the edge as a reference point

and remembering that: 1) the channeling patterns must be rotated 180°

to correspond to the SEM topographic images, as explained in Chapter 2,

and 2) the spots on the diffraction pattern correspond to points in

reciprocal space in the zero order Laue zone, and the planes from which

the spots originate are perpendicular to a line connecting the spots

with the origin, i.e., the transmitted beam. The results of this analy-

sis are shown in Figure 5.42.

Dislocations in silicon are mixed edge and screw, with the line

direction and Burgers vector along the <110> directions 60° apart (Morin

et al., 1979). Assuming the specimen has a (111) plane normal and the

line direction to be (011), the Burgers vector may lie along the [Toi]

or [110] directions, as shown in Figure 5.43.

The Burgers vector of these dislocations can be broken down into

two components, one edge with the Burgers vector perpendicular to the
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58-59

62-63

Area II

70-71

74-75 72-73

Area IIR

Figure 5.42 Analysis of line direction of TEMs on channeling
patterns from area II and IIR. Line directions
are dotted.
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Figure 5.43 Dislocation analysis for Area II and IIR.

direction of dislocation.
L = line
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line direction and the other screw with the Burgers vectors parallel to

the line direction.

The peak broadening and loss of contrast in intensity profiles is

the result of lattice distortions which cause changes in the Bragg angle.

Looking at the Bragg equation

A = 2dsin
B

Changes in the Bragg angle can occur from tensile or compressive strain

induced changes in plane spacing (d) or from shear strain induced changes

in the relative angles of planes that are initially perpendicular or

nearly perpendicular to the beam. Shear strains serve to shift the value

of 6n locally without changing plane spacing.

Strain fields for both edge and screw dislocations are well known

(e.g., Weertman and Weertman, 1964). Screw dislocations produce shear

strain but no tensile strains on planes parallel to or orthogonal to the

dislocation line. Edge dislocations produce a state of plane strain in

planes orthogonal to the dislocation line.

For the dislocations of interest, i.e., in the (111) plane with a

[Oil] line direction, and assuming a coordinate system of

X = [211]

Y = [111]

Z = [Oil]
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the only parameters that will displace o
g

are du/dy and dvi/dy. These

are angular displacements, and may be calculated from the equations of

Weertman and Weertman (1964). The only strains affecting d-spacing will

be exx
and e

zz
; d changes in the y direction will be be detected.

The equations for the displacements for a screw dislocation are:

u =

v =

w
b
tan"

1 *
2it x

for an edge dislocation:

-si*"-1 *!&:&

w =

where u,v,w = displacements in the x, y and z directions

C = arbitrary constant

y,X = Lame constants.

From these displacements, parameters affecting d and e
B

can be

calculated. They are summarized in Table 5.4.

Quantitative results are difficult to obtain, because the level of

strain required to produce changes to the channeling pattern is unknown.

Quantitative studies by others have proved only partially successful

(Davidson and Booker, 1971). Some generalizations are possible, however.

Referring to Figures 5.42 and 5.43, the screw component of the disloca-

tions will be greatest on the (022) plane, profiles 60 and 64 for area II
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TABLE 5.4

SUMMARY OF PARAMETERS AFFECTING 6 D DUE TO DISLOCATIONS

Parameter Affecti
Line on ECP
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and profiles 72 and 73 from area IIR. The effects of the edge disloca-

tion will be seen equally on the remaining {220} planes, the (202) and

(220). They would be maximum on the (422) plane and should be zero on

the (022) plane. (Perpendicular and parallel to the line direction,

respectively.)

Looking at the intensity profiles from Figures 5.34 and 5.35 in the

type A planes, scan 61 shows more contrast than 58 or 63. In the type B

planes, there was less difference. In both cases, lines 62 and 63 had

the least contrast. This would suggest other dislocations with differ-

ent Burgers vectors were present as well.

The intensity profiles from area IIR all had lower intensity than

the profiles from area II. This is due to increased numbers of disloca-

tions, since if it were a contamination build-up it would have been

greatest at the exact superposition of the channeled area. This further

confirms the earlier observation that contamination build-up is not

causing contrast loss.

The relative intensities of scans from area IIR are the same as

area II. Scan 73 has higher contrast than scan 70 or 75 in the type A

scans. Scans 71, 72 and 74 do not show the same differences; scans 74

and 75 had the least contrast.

In both areas II and IIR, the type A planes showed more sensitivity

to strain, i.e., more loss in contrast than type B scans. This is possibly

due to the presence of two more lines (the {331} planes) in the vicinity

of the scans, whose loss of contrast would increase the total loss of

contrast in the intensity profile.
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In examining the channeling patterns from areas II and IIR, it is

obvious that the beam has wandered slightly across the sample surface

while the pattern was recorded, i.e., the dynamic correction was not

perfect. This imperfection is also noticeable as dark areas around

the edges where the beam has moved to an area of the sample thin enough

that the maximum intensity is less than the D.C. value subtracted from

the signal before amplification. Dark areas do not indicate that the

beam has wandered off the edge of the hole, which is located some dis-

tance away. Thus, some of the variation in contrast in the intensity

profiles may be due to a slightly different area of the sample being

channeled while each of the intensity profiles was being gathered.

Such movement has been proposed by Spencer et al . (1974). Any movement

of the beam was undoubtedly enhanced by the electronic scan rotation

necessary to record intensity profiles. Activation of the scan rotation

system while a grid was being used for dynamic correction, as described

in Chapter 2, showed an adverse effect on the dynamic correction.

Unfortunately, the path followed by the dynamically corrected beam

is not easily determined. Studies by Booker and Stickler (1972) and Joy

and Baker (1973) were for lenses without dynamic correction.

The depth from which channeling contrast arises is approximately

1000 K at 25-35 kV. At 15 kV it is undoubtedly less, and is also sub-

stantially less than the sample thickness. Although the TEM micrographs

reveal the dislocations, it is not possible in a cursory analysis to

determine which end of the dislocation line is on the top surface, and

thus affects channeling patterns, and to determine which are on the

bottom surface. In dislocations that are nearly parallel to the foil
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surface, any fraction of the dislocation may be near the upper surface.

It is conceivable that any area that has a high dislocation concentration

may produce minimal effects on the electron channeling pattern if the

dislocations were near the bottom surface of the foil.

Area III contains a highly bent foil with a large amount of elastic

strain in the lattice. This was apparently a result of a non-equilibrium

resulting from removal of dislocations of predominantly one sign during

the thinning process. The cracks visible in Figure 5.8(b) did not appear

until several days after the sample was thinned, which is why it does not

appear in Figure 5.7(a). The bending of planes in the channeling pattern

corresponds to large amounts of elastic strain with relatively few dislo-

cations, as evidenced by the bent Kikuchi lines in Figure 5.39. This is

a second source of the line bending attributed to subgrain formation by

Spencer et al . (1974) and Joy and Newberry (1971).

Although the intensity profiles are very broad, they have relatively

high contrast compared with the profiles from areas II and IIR. This is

because the lattice is less randomly distorted than in the case for large

numbers of dislocations.

5.2 Elastically Strained Samples

Fine structure from the (111) pole at 35 kV for strain-free and 2%

compressive strain are shown in Figure 5.44. Although these two patterns

appear identical, differences exist that can be seen if they are super-

imposed, as shown in Figure 5.45 for three of the {735} lines. This

compares with the theoretical calculation of Chapter 3.
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Figure 5.44 Fine structure around the (111) pole at (a) 10% and

(b) 2% compressive strain.
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unstrained

2% strain

Figure 5.45 Superposition of enlargements of the fine structures
from Figure 5.44. Arrows indicate lines arbitrarily
made coincident. Movement of lines away from center
indicates tensile strain.
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The fact that the lines shift to points farther from the center

indicates a tensile strain rather than compressive. This was due to

bending by the sample upon application of the compressive displacement.

The ratio of length to thickness on these samples was 39, well above

the ratio required to eliminate bending (~ 10). This bending also made

strain levels impossible to calculate.

Elastic strain is a long-range, uniform change in the the periodi-

city of the lattice, while plastic strain is characterized by the pres-

ence of dislocations, which cause short-range, non-uniform strains in

the lattice. Here, long range means over the diameter of the channeled

area, i.e., - 10 ym, while short range means producing measureable elec-

o

tron diffraction from lattice distortions, typically ~ 200 A (as measured

in a TEM). Both kinds of strain could exist in the same sample. For

example, a silicon sample plastically deformed at high temperature could

be cooled and subjected to elastic strain. This elastic strain could be

measured if the fine structure is still visible. Figure 5.46 shows the

fine structure of a thick area of the sample used for plastic deformation

studies, shown in Figure 5.7, containing an unknown concentration of dis-

locations. The fine structure is still visible, but at reduced contrast

due to the more random lattice spacing caused by the dislocations. Obvi-

ously, there will be a point where the dislocations eliminate the fine

structure, as reported by Schulson et al . (1969).



202

Figure 5.46 Fine structure near the (111) pole from silicon
sample containing dislocations at 35 kV.



203

5.3 Summary

Areas of a thin, plastically deformed silicon specimen that produced

visible changes to electron channeling patterns were identified, along

with an area that had essentially the same channeling pattern as a dis-

location-free silicon sample. Intensity profiles were obtained where

possible, in the same location on both sides of the (111) pole for each

of the three {220} planes. The areas were also examined by transmission

electron microscopy for type and density of dislocations.

The control area had few dislocations. A second, highly bent area

of the sample had relatively low dislocation density but these were

apparently all of the same sign. The Kikuchi lines and the channeling

pattern were very distorted due to lattice plane bending. A third area

contained mixed dislocations with a common line direction. This area

resulted in constrast loss in the ECP but no plane bending. The lack

of bending was due to the mixed nature of the dislocations.

Plastic strain measurements in compression on a thin silicon sample

resulted in shifting of the fine lines near the (111) pole, but the direc-

tion of the shift indicated a tensile load rather than compressive.

This was due to sample bending. Measurement of the amount of elastic

strain present by crosshead displacement was not possible.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER STUDY

6.1 Conclusions

Initially, this research was undertaken to learn more of the

details of the effect of plastic strain on electron channeling patterns,

and specifically to see if the Burgers vector had an effect on intensity

profiles from planes of the same type. Several other phenomena were

discovered along the way relating to the origin of some of the fine lines

on the electron channeling pattern, those near the pole centers, and the

measurement of elastic strain.

A. In the understanding of the geometry of electron channeling

patterns, the following points were learned:

1) Fine structure exists at the center of low index poles, e.g.,

the poles of the {100} and {111} planes. These lines appear

only singly, as opposed to most other lines on an electron

channeling pattern, which occur in pairs. The origin of these

lines is the first order Laue zone in the reciprocal lattice-

Ewald sphere construction used for electron and x-ray diffrac-

tion, with the additional criteria that lines appearing in the

fine structure must have |a - 6j < 1.-1.5° (depending on the

energy of the electron beam) where a is the angle the plane makes

with the pole and 9
B

is the Bragg angle.

204
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2) The circle centered on the (111) pole represents the inter-

section of the first order Laue zone and the Ewald sphere.

3) Other lines arise from the first order Laue zone that are

located well away from the (111) pole, e.g., at 15 kV, the

{331} lines appear. These lines can be distinguished from

the lines arising from the zero order Laue zone by their sym-

metry. Reciprocal lattice points in the zero order zone have

six-fold symmetry, while reciprocal lattice points in the first

order zone are three-fold symmetric. Why some lines appear and

others do not is unknown, but is surely related to the contrast

forming mechanism. Lines that do appear can be indexed by using

the Ewald sphere-reciprocal lattice construction.

4) Lines originating from the first order zone shift appreciably

with changes in accelerating potential compared with the small

changes in band widths which occur in lines originating from

the zero order zone. For points lying near the pole centers,

this is displayed as a shift in the lines forming the fine

structure.

B. Elastic strain, i.e., long-range uniform changes in the lattice

symmetry, also cause measureable changes in the fine structure around the

pole centers. This was demonstrated experimentally for the (111) pole

at 35 kV for tensile strain resulting from bending. The following points

were demonstrated on the measurement of elastic strain:

1) Shifts in the fine structure can be predicted analytically by

calculating shifts of the points in the reciprocal lattice,

assuming values for Poisson's ratio are known.
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2) The sensitivity of the shifts with beam energy is low, with a

slight increase in line shifts being observed at lower beam

energies. Lower beam energies also have the advantage that

fewer lines appear in the fine structure, thus simplifying

analysis.

3) Other lines in the electron channeling pattern that arise from

the first order Laue zone that are located further from the pole

centers should also shift with elastic strain. The magnitude of

these shifts was calculated for the {331} planes at 15 kV but

have not been experimentally measured as yet.

4) Fine structure can be detected in crystals containing disloca-

tions. Thus, elastic strain can be measured in samples previous-

ly plastically strained, as long as the dislocation concentration

is not high enough to eliminate the fine structure entirely.

C. For the measurement of plastic strain, i.e., the non-uniform

short range changes in lattice periodicity caused by the presence of dis-

locations by the shape of intensity profiles, the following observations

were made.

1) Intensity profiles must be made in the same location for compar-

isons; band width and contrast vary substantially with position

along the band formed by a single plane.

2) In a channeling pattern from a (111) crystal at 15 kV, points

from {220} bands equally distant but on opposite sides of the

(111) pole can be shown not to be crystallographically equiva-

lent. Intensity profiles on opposite sides of the (111) pole

show different sensitivities to lattice strains arising from
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dislocations, with half of the {220} band with the {331} planes

intersecting further from the center, being slighly less sensi-

tive than the half of the {220} band with the {331} planes inter-

secting nearer the center.

3) In a field of dislocations with a predominant, but not entirely

uniform line direction, small differences in intensity profiles

could be seen that might be related to the Burgers vector,

assuming a mixed 60° dislocation in silicon.

4) Areas of a sample that have relatively low concentrations of

dislocations, probably of the same sign, produce a severe lat-

tice bending locally without subgrain formation, that is reflec-

ted by severely distorted bands in the channeling pattern.

These distorted bands still have relatively high contrast.

When dislocations of the same sign occur over large areas within

samples, lattice bending occurs, which in turn causes bending of bands

in the channeling (and Kikuchi) patterns. This occurs at dislocation

densities below the level at which strains from the dislocations would

cause differences in contrast from the same type of planes in different

orientations. Areas that show contrast loss in planes of the same type

have mixed dislocations of the type that keep the sample flat but also

tend to eliminate the directional nature of the strains. Thus, Burgers

vector effects on channeling patterns will only be apparent when large

areas of the surface of bulk samples have dislocations of the same sign

where the remaining sample volume is great enough to keep the sample un-

distorted. Alternatively, if a smaller channeling beam were used, a

smaller array of dislocations would be needed, and the strains tending

to bend the lattice would be lower.
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6.2 Recommendations for Further Study

Additional work on the effects of dislocations would be easier if

GaAs or InAs were used as samples, since they also have a diamond cubic

structure but a much higher backscattering coefficient due to their

higher atomic weight. An interesting experiment would be to create an

array of screw dislocations of the same sign, since their strain would

affect channeling patterns in a single direction.

For determination of the effects of Burgers vector on channeling

contrast, an interesting experiment would be a parallel array of screw

dislocations, since they would not bend the foil and should produce

strain that would affect the channeling patterns in only one direction.

The effects of elastic strain on electron channeling patterns could

be investigated more thoroughly by use of in situ deformations such as

four point bending, diametric compression and biaxial stresses. Slightly

more complex geometries, such as a flat plate containing a hole loaded in

tension or compression might prove interesting.

The phenomenon of fine lines away from the central pole need to be

investigated further. The physics of the non-existence of some lines that

are allowed by the structure factor, viz, the {351} lines for the (111)

pole is unknown. The circle formed by the intersection of the Ewald

sphere and the first order Laue zone appears in the (111) pole in silicon,

but not on the (100) or (110) pole, although its existence for the (100)

pole has been reported by Vicario et al. (1971).

Finally, the geometry of the fine structure near higher order poles

needs to be determined. This would allow measurements of elastic strain
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in a polycrystalline sample with randomly oriented grains, assuming that

fine structure lines exist throughout the stereographic triangle.
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