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ABSTRACT

Single crystal wafers of n-type silicon in the (001) orienta
tion have been implanted with either boron or silicon ions to a dose
15
2
of 10
ions/cm , and subsequently annealed in dry nitrogen at 600,
800, or 1000°C.

Prior to implantation the wafers were randomly

abraded with 0.5nm diamond paste and oxidized for either 5 or 40 min
at 1050°C in a steam ambient.

This treatment produced extrinsic

7
2
stacking faults, in densities of approximately 10 /cm , lying on all
four {ill}-type planes, and intersecting the top surface of the wafer.
Transmission electron microscopy (TEM) was used to analyze the microstructures of these ion-implanted and annealed wafers containing preinduced stacking faults (PISF's).
In the case of the boron-implanted specimens, TEM observations
show that secondary defects in the damage layer begin to form at
annealing temperatures as low as 600°C, with the appearance of linear
features approximately parallel to (llO) directions.

After annealing

the boron-implanted specimens at 800°C the microstructures consisted
of faulted loops on (ill} planes, perfect loops on {ill} and {110}
planes, and 'rod-like' defects parallel to the six (llO) directions.
An analysis of loop-types for these specimens has shown that all loops,
both perfect and faulted, are of interstitial type.

The 'rod-like'

defects are considered to be very narrow loops lying on {00l} planes.
Annealing the boron-implanted specimens at 1000°C caused both perfect

xi

xii
and faulted loops to grow in size while their densities remained
essentially constant.

The 'rod-like' defects disappeared completely.

Recrystallization of the silicon-implanted specimens began
with the appearance of tiny, dot-like features in the microstructure
after annealing at 600°C.

Annealing at 800°C resulted in the formation

of numerous dislocation loops as well as rod-like defects parallel to
(llO) directions.

The microstructures of specimens annealed at 1000°C

consisted of a stable network of perfect a/2 (llO) dislocations.
In both the boron and silicon-implanted specimens annealed
at 1000°C there was a considerable reduction in the density of PISF's,
the faults being replaced by perfect dislocations.

This behavior is

attributed to an unfaulting reaction.
The presence of PISF's is shown to be extremely valuable in
interpreting the microstructures of ion-implanted and annealed silicon
crystals.

During tilting in the TEM, contrast changes of faulted

loops in the damage layer were found to be identical with those of
the PISF's, thus facilitating identification of faulted loops and
allowing accurate measurement of faulted-loop densities.

In addition,

the PISF's may be used to determine foil thickness, and are an aid in
interpreting stereo-pair micrographs.
In a second, and related area of investigation, this study has
elucidated the mechanism for the nucleation of stacking faults in
damaged silicon crystals.

A study of the very early stages of the

oxidation process in both randomly and directionally abraded wafers was
undertaken.

TEM results show that Lomer prismatic dislocations are

produced during the abrasion process, and that these dislocations are

present after short oxidation times.

It is shown that the Lomer dis

locations dissociate during the oxidation process to produce a Frank
partial dislocation bounding a stacking fault, and a Shockley partial
dislocation which glides out of the crystal surface.

CHAPTER 1

INTRODUCTION

Science is a first-rate piece of furniture for a man's
upper-chamber, if he has commonsense on.the ground floor
(Oliver Wendell Holmes, The Poet at the Breakfast Table).

Semiconductor devices derive their unique electrical properties
from the presence of small concentrations of impurities deliberately
added to the pure starting material by a process known as doping.
Single crystal silicon is normally initially doped by adding the desired
impurity directly to the molten silicon in the crystal growth furnace.
Subsequent doping may be done by diffusion, epitaxial growth, or ion
implantation.
Diffusion and epitaxial growth are the doping methods used for
the majority of semiconductor devices produced.

Ion implantation is the

newest of the doping techniques, and offers several important advantages
over other methods.
The concept of introducing dopants into semiconductors by means
of highly energetic particles was first discussed in 1954 by Shockley in
a patent describing the "Forming of Semiconductor Devices by Ionic
Bombardment."

As semiconductor technology has matured requiring

shallower device structures, ion implantation as a doping technique has
become an extremely important tool.
Two factors are responsible for the rapid growth of ion implan
tation.

First, it is highly compatible with existing processing

1

2
techniques.

Second, it has several advantages over other doping tech

niques which make it extremely desirable.
One of the most important features of ion implantation is the
accurate control of the total amount of impurity, or dose, transferred
to the wafer.
wafer.
cm

2

This is accomplished by measuring the ion current to the

It allows for accurate dose control from as high as 10^ ions/
1

to less than 10

1

2

ions/cm .

This is several orders of magnitude

lower than can be controlled by diffusion.
Another important feature of ion implantation is that of profile
control.

Ion implantation profiles are highly reproducible and profile

shape and position can be controlled independently of the total number
of impurity atoms or the thermal cycling.

Dopants may be placed at

different depths by choice of different accelerating potentials.

For

devices designed primarily for high frequency operation such as IMPATT
diodes, varactors, and bipolar transistors, precise control over total
dose and dopant profile are extremely important, and ion implantation is
very well suited to these applications.
Another advantage of ion implantation is that it is often easier
to obtain an ion beam of a particular impurity element than it is to
find a diffusion source for the same element.

This is especially true

for compound semiconductors, but is also the case with silicon where
arsenic diffusion technology is difficult and hazardous while ion
implantation is relatively simple.
Ion implantation machines are subject to differing configura
tions depending upon requirements such as beam current, ion energy, and
f

wafer capacity.

Basically, however, an ion implantation machine

3
consists of a source with an ionization chamber and extraction elements,
an accelerator, a mass separator, a scanner, and a target chamber.
The most common ionization method in use is electron bombard
ment.

Electrons emitted from an incandescent filament gain enough

energy in an electric field to remove the outer orbital electron of the
species to be ionized which may be admitted to the ionization chamber in
gaseous form or be supplied internally by the vaporization of solids
in an oven.
The usual methods of accelerating heavy dopant ions to the 20200 keV energies required for implantation utilize the potential drop
acceleration principle.

The accelerating force results from the action

of an electrostatic field applied to the ion in a high vacuum environ
ment.

The energy (in electron volts) imparted to an ion in a potential

drop accelerator is given by the product of the potential drop (volts)
and the number of electrons stripped from the atom of the source.

The

most abundant ions in the beams produced by most ion sources are singly
charged positive having been stripped of one electron.
Mass separation of the output beam is essential since any
impurities or components of the source charge material may be observed
in the beam.

Magnetic analyzers are most common.

Here the accelerated

ion beam travels through a uniform magnetic field and is deflected in a
plane perpendicular to the field.

Within the field, the ions move in

different circular paths with the radius of curvature for a given ion
species determined by its momentum and charge state and the magnitude of
the magnetic field.

If the ions in the incident beam all have the same

4
energy the magnetic field can be varied to select those ions having the
desired mass-to-charge ratio.
It is very difficult to obtain a uniform current density with
ion beams of large cross-sectional area.

For this reason it is best to

scan a well-focused spot over the sample surface.

Either electrostatic

or magnetic deflection may be used, with the former normally preferred
for high energy beams.
When a highly energetic ion beam is incident upon a crystalline
target there is radiation damage produced in the target material from
collisions in which energy is transferred to target atoms.

The nature

and extent of this radiation damage are sensitive functions of ion
species, ion energy, ion dose, and implantation temperature.
The damage produced from these collisions may consist of 'simple'
defects such as vacancies, vacancy-interstitial pairs, vacancy-impurity
pairs, and divacancies (Gibbons, 1972); or, with increasing dose and
energy, spikes of heavy disorder and amorphous zones are formed.

With a

sufficient dose these amorphous zones being to overlap eventually
creating a completely amorphous layer.

The radiation damage produced

by ion implantation is often referred to as 'primary' damage in order
to distinguish it from defects present after annealing of implanted
crystal wafersSubsequent to ion implantation of silicon crystals an annealing
treatment is required.

This treatment serves two purposes.

First, the

dopant atoms must be incorporated into electrically active, substitu
tional lattice sites in the crystal.

Second, damage produced during the

implantation must be reduced to a level where carrier mobilities and

5
lifetimes are usefully large.
poses.

Annealing accomplishes these two pur

The annealing of ion-implanted silicon wafers may be done as a

separate processing step, or may be accomplished at a later time as a
part of other wafer processing steps such as diffusion or oxidation.
During annealing it is found that carrier concentrations in
crease while resistivity decreases until essentially all of the im
planted species is electrically active.

The annealing temperature re

quired to provide 100 per cent electrical activity depends upon the
implantation conditions of dose, energy, and implantation temperature.
These factors determine the degree of amorphism present in the asimplanted crystal which determines to a large extent the level of
electrical activity after annealing (Blamries, Mathews, and Nelson,
1968).
If the implanted dose is sufficient to drive the silicon
amorphous to a depth that includes most of the implanted species in the
amorphous layer, the subsequent annealing is found to incorporate a
larger proportion of the implanted ions into electrically active sites
than is the case when amorphism is incomplete.

It is for this reason

that pre-implantation or post-implantation of a neutral ion is often
used to produce a completely amorphous layer in cases where the active
ion dose is insufficient to produce complete amorphism.
During annealing a large number of so-called 'secondary' de
fects are formed in the surface layers of ion-implanted silicon
crystals.

The character, size, and distribution of these defects may

vary widely depending upon ion species, dose, implantation temperature
and conditions, as well as annealing temperature and time.

Dislocation

6
loops of various sizes and types, dislocation dipoles, dislocation
networks, and linear or rod-like defects may be produced in densities
3
in16/
up to 1U
/cm .

The secondary defects formed after annealing of ion-implanted
crystal wafers may have a deleterious effect upon electrical properties.
The poor electrical activity of phosphorus implants, for doses less than
than necessary to form a completely amorphous layer, has been attributed
to precipitation near dislocation loops (Davidson and Booker, 1970),

In

the case of boron implantation, a 'reverse annealing' stage is seen
after annealing in the range 500-600°C (Seidel and MacRae, 1971).

Here

substitutional boron concentrations decrease markedly and sheet resis
tivity increases.

Gibbons (1971) suggests that dislocation lines and

loops formed during annealing may provide sites for the preferential
adsorption of implanted ions, especially when there is a significant
size mismatch between the implanted and the host ions.
An understanding of the electrical effects of secondary defects
should begin with some knowledge of their crystallographic character
istics and distribution through the implanted layer.

In the case of

boron implantation many investigators have studied the defects present
after annealing and their effect upon electrical properties.

As will be

seen there is considerable disagreement over the character of some of
the secondary defects formed in boron-implanted-and-annealed silicon
crystal wafers as determined by transmission electron microscopy.
The problem of transmission electron microscope (TEM) charac
terization of secondary implantation defects is complicated by the
large variety, small size, and high density of defects normally present.

7
The electron microscopy procedures involved in the characterization of
dislocation loops are both painstaking and time consuming, and do not
lend themselves to the rapid characterization of large numbers of
defects simultaneously.
The present experiments were directed toward discovering a
method for characterizing more easily and rapidly at least some of the
defects present in boron-implanted-and-annealed silicon as well as in
silicon-implanted-and-annealed silicon.

An ongoing investigation of

stacking faults in silicon suggested the possibility of utilizing these
planar crystallographic defects as an aid in interpreting the microstructures of ion-implanted-and-annealed silicon crystals.

The largest

portion of this thesis will thus be devoted to demonstrating how
stacking faults generated in silicon crystals prior to ioA implantation
may be used to greatly facilitate TEM studies of ion implantation in
silicon.
A second, related area of investigation is presented in this
thesis as well.

During the course of the investigation much was learned

as to the nature of stacking faults in silicon.

Damage-induced stacking

faults in silicon have been the subject of many papers in recent years,
with some of them directed at elucidating the specific mechanism by
which these defects are nucleated during the oxidation of silicon.
number of models have been proposed but none has been accompanied by
convincing experimental evidence to support it.

The present study

offers direct experimental evidence supporting one of the proposed
models for stacking fault nucleation.

A

CHAPTER 2

THEORETICAL BACKGROUND

Ion Ranges and Primary Damage
The stopping of energetic ions in a solid is a very complex
process involving several different energy exchange mechanisms.

For

this reason no single theory has been developed to describe the general
case.
The original theory is by Lindhart, Scharff, and Shi?Stt (1963)
who formulated the integro-differential equations which describe the
stopping of ions with energies normally encountered in semiconductor ion
implantation.

This LSS theory has been refined and extended by Johnson

and Gibbons (1970) and by Brice (1972).

Brice (1975) has published

tables of ion ranges and energy deposition distributions for a total of
156 ion-target combinations.

These tables provide the user with pro

jected range distributions as well as normalized damage densities as a
function of ion energy and depth in the target.

The range coordinates

for implanted ions are illustrated in Fig. 1.
The character of the primary or radiation damage produced during
ion implantation is different for light and heavy ions.

In the case of

a light ion, such as boron, implanted at 100 keV, electronic stopping
dominates the stopping process until the energy of the ion has been
reduced to about 20 keV.

Thus there is little lattice disorder or

damage produced in the early portion of the ion trajectory.
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Fig. 1.

TARGET

Range coordinates for implanted ions.
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end of its range, the nuclear stopping power for the boron ion begins to
dominate the stopping process and primary recoil collisions take place.
Nuclear stopping plays a much more important role in heavy ion
implantation.

For 100 keV antimony ions the collisions occur earlier in

the trajectory than for boron implantation and are considerably more
energetic.

The recoil atoms may travel a considerable distance and may

themselves produce significant damage.

Figure 2 illustrates schematic

ally the damage clusters produced by light and heavy ions.
The range of a light ion, such as boron, is much greater than
the size of the largest collision cascade produced by a primary recoil.
Heavy ion damage clusters are shorter and wider with damage initiating
much earlier in the ion trajectory.
The damage produced by ions of intermediate mass, such as
silicon, has characteristics that are intermediate between those of
light and heavy ions.

Kinchen and Pease (1955) show that for a 100 keV

silicon atom implanted into silicon the total energy deposited into
nuclear processes is about 60 keV producing approximately 2000 initial
displacements.

The range of 100 keV silicon in a silicon target is

approximately 1300 & giving an average displacement of about 2 atoms
per lattice plane.
The Kinchen-Pease estimate for the number of displaced target
atoms in the case of 100 keV boron is 700 with the majority of the dis
placements occurring near the end of the trajectory.

For 100 keV

antimony ions the estimate is for approximately 3000 total displace
ments.
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(b)
Fig. 2.

Damage clusters for (a) light and (b) heavy ions — After
Gibbons (1972).

Structure of Damage—Amorphous Zone Formation
The detailed structure of the damage cluster caused by ion
implantation is not completely clear.

In the case of boron implantation

only a relatively small fraction of displaced atoms are created along
the ion trajectory (Nelson, 1970).

There are thus a series of isolated

defects left along the incident-ion track with little likelihood of
amorphous-zone formation.

Photoconductivity measurements made by

Netange, Cherki, and Baruch (1972) show the presence of divacancies and
interstitial boron atoms after 100 keV B+ implantation to a dose of
14
2
approximately 10 ions/cm .

These and simple Frenkel defects, as re

ported by Vook and Stein (1971), seem to constitute the damage clusters
for low-dose boron implantation.

The density of these defects increases

to a substantial value near the end of the track, although calculations
by Brice (1971) and measurements by Stein, Vook, and Borders (1970)
have shown that the damage distribution caused by boron implantation
is closer to the surface than the distribution of implanted ions.
The build-up of damage with increasing dose for boron implanta
tion is dependent upon target temperature and dose rate, as shown by the
proton-backscattering measurements of Eisen and Welch (1971).

In their

experiments, (llO)-oriented silicon slices were implanted with 200 keV
11,,
,
.
, 2
ml5 .
, 2
c
in14
B ions to doses from 4 x 10
ions/cm to 8 x 10
ions/cm at room
temperature, -50°C, and -120°C, using current densities in the range
from 0.06 p,A/cm

2

2
to 15 |j,A/cm .

In the -120°C case there was little or

no dose-rate dependence of the degree of disorder parameter, m, but a
linear dependence of m on dose, indicating that defect mobility was low
enough that defects were 'frozen in' and could not annihilate at the
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implantation temperature.

At room temperature the dose rate became an

important factor with disorder becoming strongly dependent upon dose
15
2
rate at doses above approximately 4 x 10
ions/cm .

These authors

concluded that the flux dependence may occur because, with the higher
instantaneous defect densities present during the higher flux implanta
tions, the formation of stable defect clusters should be more probable.
As the dose increases, stable defect clusters form and grow in
size.

These clusters may either spontaneously transform to an amorphous

phase or relax by defect diffusion to yield a variety of defects that
may lie some distance from the ion track.

Stein et al. (1971) have used

infrared absorption techniques to show that for 400 keV room temperature
2
boron implants in silicon (dose rate 0.1 p,A/cm ) the defect clusters
that form have little or no amorphous content until a dose of 2 x lO^"*
/ 2.
ions/cm
The production of a continuous amorphous layer during boron
implantation at room temperature is possible but requires either a high
dose or a high dose rate.

Eisen and Welch (1971) showed that, at a dose

2
15
2
rate of 15 jxA/cm , a dose of only 10
boron ions/cm formed an amorphous
layer in silicon, whereas a dose of approximately 10

17

ions/cm

2

was

2
required if the dose rate was reduced to 0.2 p,A/cm .
In the case of silicon implantation into silicon, electron
microscope studies by Mathews (1971) found that at doses less than
14
2
approximately 5 x 10
ions/cm there was little evidence of amorphism.
Above this dose, electron diffraction patterns became more diffuse,
indicating the onset of amorphism.

The depth distribution of primary ion implantation damage is
normally measured using the scanning electron microscope to generate
electron channeling patterns (ECP).

The ECP arises from the first few

hundred angstroms of the sample surface.

By anodically stripping the

silicon (Barber, Lo, and Jones, 1976), pattern quality as a function of
depth in the implanted layer may be studied.

ECP results for damage

layer depths are found to agree very well with calculated damage distri
butions.

Annealing of Ion-Implantation Damage
In considering annealing effects in ion-implanted silicon it is
important to distinguish between situations corresponding to ion doses
which do, and do not, result in complete amorphism.

In instances where

the disordered zones have not overlapped and produced an amorphous
layer, the damage, as stated earlier, consists mainly of vacancy pairs
and Frenkel defects within small disordered regions, and isolated point
defects in the essentially crystalline material.

When annealing begins,

vacancies 'boil off' from the disordered zones in the form of single or
divacancies and either combine with interstitials or find their way to
the crystal surface thus leaving a net surplus of interstitials
(Dearnaley et al., 1973).

As annealing continues, interstitial

clusters begin to grow and dislocation loops form in the former dis
ordered zones.

Work by Mathews (1971) supports the idea that individual

disordered zones give dislocation loops on annealing.

When annealing is

complete, the microstructures of non-amorphous implants consist of

15
discrete dislocation loops and dipoles distributed throughout the
damaged layer (Chadderton and Eisen, 1971).
When the dose is sufficient to render the surface layers
amorphous, recrystallization occurs epitaxially on the underlying sub
strate, with a large number of dislocation loops being formed during the
recrystallization (Mazey, Nelson, and Barnes, 1968).

These authors

showed that recrystallization of the amorphous layer does not begin
until about 630°C.

Annealing of Boron Implants
The electrical properties of annealed boron implants are
strongly dependent upon the presence or absence of an amorphous layer.
This is clearly demonstrated by the work of Crowder (1971) who implanted
120 keV boron ions into both crystalline and amorphous silicon targets,
annealed the specimens at temperatures from 600 to 900°C, and then
measured carrier density and sheet resistivity.

The amorphous silicon

was obtained by pre-damaging the crystalline silicon with 300 keV
16

silicon ions to a dose of 10

2

ions/cm .

The results showed that

essentially 100 per cent electrical activity is obtained for implanta
tion into an amorphous target after a 30-minute anneal at 600°C, while a
900°C-anneal is necessary to produce the same electrical activity for
implantation in a crystalline specimen at room temperature.

Blamries

et al. (1968) found similar behavior for 40 keV boron implantation followed by 80 keV neon implantation to a dose of 10
amorphism.

16

ions/cm

2

to produce

16
The results of Ryssel, Miiller, and Schmidt (1974) confirmed that
the amorphous layer was completely recrystallized after a 650°C-anneal
for 10 minutes, and that the implanted boron was electrically active.
In their experiment, amorphism was achieved by implanting 2 x 10^ neon
ions/cm

2

at 65 keV after the boron implantation.

In the heavily damaged

but not amorphous region underneath the amorphous layer, however, the
boron was hardly electrically active after this annealing treatment.
Annealing at 900°C was required for complete electrical activation of
the implanted boron.
A thorough study of the annealing behavior of boron implants has
been conducted by Seidel and MacRae (1971).

Their experiments were

12
14
performed by implanting 150 keV boron ions at doses of 8 x 10 ,10 ,
and 10

16

ions/cm

2

into silicon at room temperature.

This was followed

by both isochronal and isothermal annealing experiments.

The results of

the isochronal annealing experiments are shown in Fig. 3, where the
2

total fractional activity (p/0 = number of holes/cm /dose) is plotted as
a function of temperature.

Annealing time was 30 minutes.

In analyzing

their data, the authors divided the temperature axis into the three
distinct regions shown in the figure.
In Region I, the increase in p with temperature was attributed
to the annealing of damage clusters.
reverse annealing.

Region II is one of negative or

Here mobility rises to bulk values but the number of

carriers decreases markedly.

In Region III all of the boron ions become

electrically active and p/0 -*• 1 for annealing temperatures in the range
900-1000°C.

The amount of negative annealing is shown to be a function
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Isochronal annealing data of Seidel and MacRae (1971).
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2
of the dose, arid for a dose of ^ 10
ions/cm , no negative annealing
occurs.
Several models have been proposed to explain the negative
annealing observed in boron implants.

North and Gibson (1971) suggested

that negative annealing is due to a Watkins replacement mechanism
(Watkins, 1965) in which the substitutional impurity is converted to an
interstitial impurity.

Here, the silicon interstitial ions that promote

the replacement are obtained from the annealing of damaged clusters.
Another explanation has been suggested by Frank and Berry (1974).
They attribute the decrease of the substitutional boron fraction to
capture by substitutional boron atoms of mono- and divacancies which
originate in part from the evaporation of large vacancy clusters.
Gibbons (1971) has proposed a model which attributes much of the
reduced electrical activity typical of negative annealing to the ad
sorption of implanted ions on dislocation loops that are produced when
the implanted layer is annealed.

According to the model this prefer

ential adsorption should become more important when there is a signifi
cant size mismatch between the implanted ion and the host atom.

This

effect could be significant for boron where the size mismatch is large.
The presence of vacancy-type loops would, however, be necessary for
adsorption to be favorable.

Secondary Defect Characterization by
Electron Microscopy
Depending on their character, the secondary defects produced
upon annealing boron-implanted specimens may or may not affect carrier
concentrations and electrical properties of the implanted layer.
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Knowledge of the type, density, and distribution of the defects is
necessary in judging their possible influence upon electrical proper
ties.

For this reason there have been a number of TEM investigations

into the nature of secondary defects in boron-implanted silicon.

Trans

mission electron microscopy is the only direct method of determining
loop types, distributions, and total defect concentrations.

In this

section the results of previous TEM investigations will be reviewed for
boron and silicon implantation.

Boron Implantation

Bicknell (1969).
wafers with 50 keV

This author implanted (lll)-oriented silicon

ions to doses from 10^ to 10^ ions/cm^.

plantations were carried out at room tempedrature and 300°C.

Im

In the

room temperature implantation some evidence of amorphism was detected in
16

electron diffraction patterns for a dose of 10

2

/cm .

carried out at temperatures between 600 and 800°C.

Annealing was

During annealing,

many loop dislocations lying on {ill} planes were observed to form.

In

the room temperature implantation specimens these were accompanied by
long straight edge dislocations running parallel to all of the <110)
directions.
in nature.

Contrast analysis of loops showed them to be interstitial
The straight dislocations lying in (110) directions were

found to extend outside the layer containing the highest density of
loops, and often gave the appearance of being very narrow loops.

In the

300°C implants, the long <110) dislocations were observed to be absent.
Loop densities for 600, 700, and 800°C annealing temperatures in the

room temperature implants were 6.3 x 10"^, 2.3 x 10"^, and 8 x 10^,
respectively.

Chadderton and Eisen (1971).

In this study 100 and 400 keV

boron ions were implanted in n-type (110)- and (lll)-oriented silicon
1a

slices to doses of 10

and 10

15

2

ions/cm .

Implantations were made at

both room temperature and liquid nitrogen temperature.

Ten-minute iso

chronal annealing treatments were performed up to 1000°C on the heating
stage of the TEM.
For annealing in the range from room temperature to 600°C the
damage was characterized by a fine (20

X. to

70

A)

spotty structure.

Growth and coarsening of complicated microstructure in the implanted at
room temperature specimens began in the vicinity of 600°C.

Loops on

{llO} and {ill} planes were seen as well as long 'rods' parallel to
<110) and (112) directions for the (111) crystal orientation.

Tilting

experiments showed the latter to be linear features with essentially a
cylindrically symmetric strain field.
Between 600 and 800°C many of these linear features disappeared
though some of them transformed into long, perfect, prismatic, dipolar
loops on {110} with b = a/2 <110).

In certain instances, it was

reported, these dipoles were pinched off into lines of circular disloca
tion loops.

Lying on {ill} planes, with b = a/3 (111), were a few

hexagonal, pure edge, Frank partial loops.

From 800 to 1000°C the room

temperature implants showed very many large crystallographic loops and
very many double loops, some of them identifiable as being of vacancy
character.
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The liquid nitrogen implants were characterized by the simplicity
of the microstructure.

The rod-like features were missing and there

were many loops characterized as pure edge dislocations on {110} planes
with b = a/2 (110).

Some similar loops were seen on {ill} planes.

Davidson and Booker (1970).

These authors implanted p-type,

(lll)-oriented silicon at room temperature with 80 keV boron ions to
13

doses from 10

16

to 10

hour in dry nitrogen.

15

Annealing was carried out for one

The first TEM results given are for annealing in

the range 700 to 800°C.
10

2

ions/cm .

In this range, and for a dose less than 5 x

2

ions/cm , a large number of rod-shaped defects parallel to the six

possible (110) directions were seen.

The inclined rods showed

oscillating black-white-black contrast.

The authors did not feel that

these defects were dipoles because they were observed to end abruptly
in the specimen and not at the surface or at another line.

It was

concluded that the rods were rows or cylinders of interstitials,
vacancies, or impurities.

The contrast was seen to disappear when the

operating g vector was parallel to the line, indicating a cylindrically
symmetric strain field.
At 900°C very few of the rod-shaped defects remained, but a
large number of dislocation loops were present.

Many of the loops were

on the {ill} plane parallel to the surface, but the planes of others
were uncertain.

It was reported that the Burgers vectors were almost

entirely of the type a/2 (110), inclined to the plane of the specimen
rather than lying in it.
extrinsic.'

The loop type was described as 'mainly

The authors concluded that the extra half plane probably

contained silicon atoms since the same loop type was seen with both
boron and neon, very different ions.

No mention was made of Frank loops

observed after annealing at 800 or 1000°C.

Tamura, Ikeda, and Tokuyama (1971).

These investigators con

ducted 100 and 150 keV boron, phosphorus, and neon implantations into
n- and p-type, (lll)-oriented silicon.

Doses were between 10^ and 10"^

2

ions/cm , and implantations were made between room temperature and
750°C.

Annealing was isochronal at temperatures up to 1200°C in a dry

nitrogen atmosphere.

No micrographs were presented for the boron im

plantation but it was reported that a dislocation loop network was
observed for annealing temperatures between 600 and 1000°C.

No mention

was made of 'linear' or 'rod-shaped' defects for the boron implants.
Defect densities in the boron implants were reported to show a maximum
near the region of the carrier concentration peak.

Bicknell and Allen (1971).

These authors carried out 40 keV

boron implantations at room temperature in n-type, (lll)-oriented
14

silicon wafers to a dose of 3 x 10

2

ions/cm .

Annealing was for 30

minutes at temperatures from 300 to 1100°C in a dry nitrogen atmosphere.
For annealing temperatures up to 500°C the micrographs showed
little detail, but electron diffraction patterns showed a large amount
of streaking parallel to (ill) directions which was attributed to the
presence of small defect clysters.

Between 500 and 600°C the (ill)

streaking disappeared and small linear defects less than 50 A long were
seen.

From 600 to 725°C these linear defects, which were parallel to

all of the (110) directions, grew rapidly to lengths up to 3p,m.

Some

small dislocation loops were seen as well.

Between 725 and 825°C the

linear defects disappeared rapidly and many more loop defects appeared.
Some of the linear defects were reported to condense into elongated
loops or dipoles parallel to the {ill} plane of the foil, while the
inclined linear defects tended to disappear rapidly.

In the range 825

to 1025°C the number of loops was seen to decrease steadily.
The linear defects produced in the 600 to 725°C range were
speculatively identified as boron precipitates.

The loop defects were

not thought to be boron platelets, but mainly prismatic dislocation
loops.

The authors did not characterize the loops as vacancy or inter

stitial.

Pelous, Lecrosnier, and Henoc (1974).

These investigators

implanted 1 MeV boron ions into (lll)-oriented silicon slices at room
15
2
temperature to a dose of 10
ions/cm .

Annealing was for 30 minutes at

1000°C in a nitgrogen ambient.
In their TEM results the authors reported that the predominant
defects present were perfect dislocation loops lying on {ill} planes
with b = a/2 (110).

These loops were identified as vacancy loops with

the defect density showing a maximum at the peak of the boron ion dis
tribution.

Long rod-shaped defects were seen as well, an observation

not previously reported for the 1000°C annealing temperature.

No Frank

loops were observed.

With regard to the rod-like defects which form in the early
stages of annealing, several investigators (Karatsyuba et al., 1972;
Bicknell, 1971; Madden and Davidson, 1972) have suggested that these

defects are associated with boron precipitation.

The appearance of the

defects concurrent with a decrease in carrier concentration, followed at
higher temperature by an increase in carrier concentration along with
the disappearance of the rods, seems to support this suggestion.

Madden

and Davidson (1972) identify the rods as elongated, faulted dislocation
loops, extrinsic in character, with b =• a/k <100).
Grilhe, Seshan, and Washburn (1975) argue that interstitials
could cluster to form narrow faulted loops with Burgers vectors a/6
(114).

They note that while such defects have been observed in

phosphorus implanted silicon, they are rarely observed without the
presence of boron.

Seshan and Washburn (1972) report that the rod-like

defects are absent in phosphorus-implanted n-type silicon.

Silicon Implantation
Because of its light mass, extremely large doses of boron (> 3 x
.16

10'

2

ions/cm ) are required to produce the amorphous layer which permits

the use of low annealing temperatures to attain full electrical activa
tion.

For this reason implantation with non-dopant ions such as neon

and silicon has been used (Mayer et al., 1967) to introduce damage and
thereby enhance the electrical activity of the implanted species.
There are very few reported results of TEM studies of silicon
implantation in silicon.

Mazey et al. (1968) implanted thinned TEM

13
15
2
specimens with neon and silicon to doses of 10
to 10
ions/cm .
energies were between 10 and 90 keV.

Ion

They found that recrystallization

of an amorphous layer begins at about 630°C.

When the implantation was

done in a region where the specimen thickness was greater than the ion
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range the recrystallization occurred epitaxially on the underlying sub
strate with a large number of dislocation loops and dipoles being
formed.

When the ion range was greater than the specimen thickness,

recrystallization of the amorphous material produced a large number of
randomly oriented crystallites.

The diffraction pattern for this case

showed numerous spots in well-defined rings.
Davidson (1970) irradiated (lll)-oriented, n- and p-type silicon
14
wafers-with ions of B, Al, N, P, Sb, and Si to doses between 10
and
1^

4 x 10

2

ions/cm .

Ion energies were between 40 and 100 keV.

Annealing

was carried out at temperatures between 600 and 1000°C in a nitrogen
atmosphere.

Unfortunately, no micrographs were presented for the

silicon implantation experiments, the observed microstructures only
being described by the author.

15

For a dose of 2 x 10

Si ions/cm

'highly irregular structure' was formed upon annealing at 800°C.

2

a

This

was defined as a polycrystalline structure with small misorientations
(r-2'1) between grains.

Stacking Faults in Silicon
In this study, stacking faults generated in the starting
material were used in various ways to help interpret the microstructures
of ion implanted and annealed specimens.

Numerous TEM observations of

stacking faults during the course of this study have led to some sig
nificant conclusions regarding the mechanism for stacking fault nucleation in the surface layers of damaged silicon wafers.
are presented in this thesis.

These results

For this reason a brief review of some

of the previous work in this area is presented.

A complete and detailed

review of the problem of stacking faults in silicon has been given by
Chang (1977).
Stacking faults in silicon single crystals are generated during
high temperature oxidation.

There are essentially two types of condi

tions which lead to the formation of these so-called oxidation-induced
stacking faults.

First is thermal oxidation of crystals whose surfaces

have been scratched or otherwise mechanically damaged (Thomas, 1963),
Second is the occurrence of stacking faults in oxidized, damage-free
crystals containing a distribution of non-crystallographic defects known
as swirl.

These defects are considered to be clusters of vacancies and

impurity atoms formed during crystal growth (Ravi and Varker, 1974).
In both of these cases the stacking faults have been shown to be
extrinsic, bounded by a/3 (111) Frank partial dislocations (Booker and
Tunstall, 1966; Ravi and Varker, 1974).

Calculations by Hu (1974) sug

gest that during oxidation the stacking faults grow by climb through the
addition of silicon self-interstitials generated by incomplete oxidation
of the silicon.

In the case of stacking faults nucleated at swirl

defects, the faults are distributed throughout the thickness of the
crystal.

For stacking faults nucleated at locations of surface damage,

the faults intersect the damaged surface and may grow on all four sets
of {ill} planes.

It is these damage-nucleated faults which will be

specifically considered in this study.
There have been numerous investigations carried out into the
nature of damage-induced stacking faults, and several models have been
proposed for the mechanism of fault nucleation.

Out of these investi

gations a very clear picture has arisen with respect to the faults
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themselves; that is, their growth rate, sizes, and conditions affecting
growth.

However, no general agreement has been reached with respect to

the nucleation mechanism.

In no case has convincing experimental evi

dence been offered for any of the proposed mechanisms.
Booker and Stickler (1965) suggested that the damage-induced
stacking faults in silicon nucleate by a dislocation mechanism first
proposed by Hirsch (1962), and invoked by Silcock and Tunstall (1964) to
explain NbC precipitation in stainless steels.

According to this

mechanism a perfect a/2 (110) dislocation in a sessile, pure edge
orientation could dissociate to form a Shockley partial dislocation and
a Frank partial dislocation according to the reaction a/2 (110) ->• a/6
(112) + a/3 (111).

The Frank partial is the dislocation bounding a

stacking fault which may subsequently grow by climb.

The Shockley dis

location, being glissile, is presumed to glide out of the crystal sur
face.

No experimental evidence has so far been presented to support

this suggested mechanism.
Lawrence (1969) proposed that damage introduced into the surface
of a crystal by diamond polishing produces crevices.
become sources of dislocations during annealing.

These crevices

Subsequent dislocation

interactions can produce the imperfect dislocation which surrounds a
stacking fault.

The author suggested that initially the faults are

intrinsic, becoming extrinsic at a later stage when SiO^ precipitates
are available as vacancy sinks.

No experimental proof for the proposed

mechanism was offered.
Prussin (1972) suggested a different model for stacking fault
nucleation in damaged crystals.

He proposed that debris from the
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polishing procedure becomes lodged in microcracks generated in the
silicon crystal surface.
moment in the wafer.

This situation would act to produce a bending

Tensile stress would exist at the roots of the

cracks and this, combined with the vacancy undersaturation created
during oxidation, could stabilize extrinsic Frank loops that the author
contends are continually generated by the collapse of disks of interstitials.

These loops, nucleated in regions of high tensile stress,

would then grow by vacancy emission.

Again, no experimental evidence

of the proposed mechanism was presented.
Ravi and Varker (1974), while not proposing a specific model to
explain stacking fault nucleation in the presence of mechanical damage,
stated that there was no evidence that dislocation reactions played any
part in the nucleation process.
More recently, Coppus, Shevlin, and Demer (1978) carried out an
investigation of directional abrasion of (lOO)-oriented silicon wafers
using optical and electron microscopy.

In this study surface damage was

introduced into (lOO)-oriented n-type silicon wafers by two methods.

In

one method a cotton-tipped applicator impregnated with 0.5jj,m diamond
paste was drawn across the crystal surface in a direction close to
either (110) or (100).

The second method involved directional scratching

using a Wilson Tukon micro-hardness tester fitted with a Knoop indenter.
Loads were 1, 2, 5, and 10 grams.

Following the introduction of damage,

specimens were oxidized in a steam ambient for various times at either
1050 or 1150°C.

Wafers were then either etched for optical microscopy

or chemically thinned for electron microscopy.
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Briefly summarizing the most important results of this study,
it was found in the case of directional abrasion that stacking faults
nucleate and grow along the scratches in a non-random manner.

This

effect is illustrated in Fig. 4 which is a TEM bright-field micrograph
of stacking faults which formed along a scratch produced by 0.5jj,m
diamond paste applied in a <110) direction.
oxidation for 5 minutes at 1050°C.

This was followed by steam

It is significant that while there

are four sets of {ill} planes available for stacking fault growth,
faults have only grown on one set.

This type of behavior was noted for

directional abrasion both with diamond paste and with the micro-hardness
tester.

The conclusion drawn from this observation was that the

stacking fault nucleation mechanism itself operates in a non-random
manner, producing faults on only certain {ill} depending on the scratch
direction.
A model based upon certain dislocation reactions and dissocia
tions was formulated to explain the observed behavior.

This model,

based in part upon the work of Booker and Stickler (1965), who suggested
stacking fault nucleation by the dissociation reaction previously de
scribed, and in part upon a treatment by Dyer (1965) of dislocation
reactions in the neighborhood of ball indentations in copper, may be
summarized as follows:
1.

Glissile a/2 (110) dislocations produced during abrasion, and
lying on {ill} planes, may glide and interact at the inter
sections of different {ill} slip planes.

One such reaction

results in the formation of Lomer prismatic dislocations.
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2.

The Lomer prismatic dislocation, lying near the wafer surface,
may dissociate into a Shockley partial dislocation and a Frank
partial with associated stacking fault.

3.

The Shockley partial may glide out of the surface leaving the
Frank dislocation and stacking fault nucleus.

A.

Under oxidizing conditions the Frank dislocation can climb into
the interior of the crystal on a {ill} plane by the absorption
of the excess interstitials available at the Si-SiC^ interface.

The experimental support for this model presented by Coppus et
al. (1978) is largely circumstantial:

the observation of non-random

fault growth along certain scratches.

The present study presents direct

experimental evidence for the presence of Lomer dislocations and their
subsequent dissociation to produce stacking faults.

CHAPTER 3

OBJECTIVES OF THE PRESENT INVESTIGATION

In the area of secondary ion implantation defects the objectives
of this study were:
1.

To use pre-induced stacking faults as an aid in interpreting the
defect structure of boron and silicon implanted and annealed
silicon crystals.

2.

To develop a method for rapidly distinguishing faulted from
unfaulted loops in ion-implanted and annealed silicon over
relatively large specimen areas.

3.

To observe any interactions occurring between secondary ion
implantation defects and stacking faults pre-induced in the
wafer surface.

In the area of stacking fault nucleation in the presence of
surface damage the objective was to present and interpret new experi
mental evidence for the nucleation model first proposed by Booker and
Stickler (1965) and extended by Coppus et al. (1978).
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CHAPTER 4

EXPERIMENTAL PROCEDURES
Part A—Implantation Studies
Starting Material
The starting material used in the ion implantation damage
portion of this investigation was (OOl)-oriented, n-type, phosphorusdoped, silicon single crystal wafers.

Resistivities were 1-3 ft cm.

These wafers were sliced from a dislocation-free single crystal grown
by the Czochralski method.

After slicing, the wafers were mechanically

polished, then chemically polished with an alkaline silica slurry to
remove all surface damage.

Wafers were 2 inches in diameter and 0.012

inch thick.

Generation of Pre-Induced Stacking Faults
Of the total of 32 wafers used in these experiments, 24 were
treated to produce stacking faults in the front (polished) surface of
the wafer.

In order to do this the wafers were first abraded with 0.5

p,m diamond paste on the front surface.

Abrasion was carried out on a

wafer polishing wheel for 15 seconds using a calibrated load of 20 lbs.
Pre-induced stacking faults of two different sizes were desired:
shallow faults, ending to the neighborhood of the peak of the implantedion distribution, and deeper faults penetrating well past the implanted
layer but shallow enough to be imaged easily in the TEM at an operating
voltage of 150 kV.

In order to determine the oxidation time required to

grow faults of a given size, a set of trial wafers was oxidized for
33
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various times at 1050°C.

The depths of the stacking faults produced

were then measured from electron micrographs.

Figure 5 shows a curve

of fault depth as a function of oxidation time drawn from the data for
the trial wafers.
For the ion implantation accelerating voltages used (boron—
35 keV, silicon—100 keV) shallow faults were generated by oxidation of
randomly abraded wafers for 5 minutes at 1050°C giving fault depths
between 1.2 and 1.7|j,m.

This is slightly deeper than the projected range

for 35 keV boron which is 1.1p.m.

Oxidation for 40 minutes at 1050°C was

chosen to produce the deeper faults, giving fault depths of approximately 0.6|j,m.

8

2

Stacking fault densities were typically 5 x 10 /cm .

Oxidations were carried out in a Lindberg torch oxidation
furnace at 1050°C.

The oxidizing ambient was oxygen mixed with steam by

bubbling through boiling water.

Wafers were introduced into the hot

zone of the furnace by the 'slow push-pull' method.

With this method a

quartz boat carrying the wafers in the vertical position is pushed into
the furnace at the rate of 0.2 in/sec and later removed at the same rate.
After oxidation the oxide layer was removed by dipping the
wafers in 1:1 H^OiHF.

The wafers were then washed in distilled water

and spun dry.

Ion Implantation and Annealing
Ion implantation was carried out using an Accelerators, Inc.,
MP 200 ion implanter.

Schematic side and top views of this implanter

are shown in Figs. 6 and 7, respectively.

This implanter has a 200 kV
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Fig. 5.

Stacking fault depth vs. 1050°C (steam) oxidation time for (OOl)-oriented silicon slices.
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•maximum accelerating voltage and approximately lp,A maximum beam current.
Electromagnetic beam scanning is used.
Boron implantation was carried out at room temperature at 35
15 11
2
keV to a dose of 10
B ions/cm .

Beam current was ^ l(iA.

were tilted 7° off of [001] to avoid channeling.
a source for boron was boron trifloride (BF^).

Wafers

The parent gas used as

The accelerating voltage

used gave a projected range for the boron ions of

= 0.11|j,m with the

height of the damage distribution at 0.67R^ or 0.073|im (Brice, 1975).
In the case of the wafers containing stacking faults, the im
plantation was into the surface containing the faults.

Four wafers

containing shallow (5 min oxidation) faults, eight wafers containing
deep (40 min oxidation) faults, and four control wafers without preinduced stacking faults were boron implanted in this manner.

The target

chamber of the ion implanter utilized a rotating cassette with a capacity
of 12 wafers, which held the wafers in the vertical position while the
ion beam was scanned across the wafer surface.
ions/cm

2

When the dose of 10^""*

was reached (approximately 15 min), the cassette was indexed

to bring the next wafer into position for implantation.
Silicon implantation was carried out at room temperature at 100
15 28
2
keV 7° off of [001] to a dose of 10
Si ions/:cm .
again ^ lp,A.

Beam current was

The parent gas used for the silicon implantation was di-

chlorosilene (Sil^C^).

Rp for silicon at this voltage is 0.133|j,in, and

the height of the damage distribution is at 0.078jxm.

Again four wafers

containing shallow faults, eight containing deep faults, and four
control wafers without faults were implanted.
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For both the boron and the silicon implants there were thus
three experimental conditions:
(no faults).

shallow faults, deep faults, and control

One wafer from each of these conditions was reserved for

TEM examination of the as-implanted microstructure.

Two other wafers,

one boron implanted and one silicon implanted, both with deep stacking
faults, were reserved for surface etching and optical microscopy of
the as-implanted condition.
Annealing of the remaining wafers was carried out in a Lindberg
torch oxidation furnace in a dry nitrogen atmosphere.

For each of the

six experimental conditions, three annealing temperatures were used:
600, 800, and 1000°C.

Annealing time was 15 minutes.

Figure 8 sum

marizes the experiments conducted.
After annealing, all of the wafers to be examined by TEM were
back-lapped to 0.06 in on a wafer lapping wheel.

Back-lapping facili

tates the preparation of thin specimens for electron microscopy.

Transmission Electron Microscopy

Specimen Preparation.

TEM specimens were prepared using a

modified version of the jet polishing method suggested by Booker and
Stickler (1962).
Fig. 9.

The jet polishing setup is shown schematically in

The polishing solution used was 1 part HF (48%) and 4 parts

HNO^ (60%).

This solution is extremely corrosive necessitating

plastic materials for all parts of the system that come in contact
with the solution.
Wafers were scribed with a diamond point parallel to the two

(110) directions and then broken along the scribe marks to form squares

32 (001) n-type
1-3 f2 cm Silicon Wafers
Ion Implantations

Boron

24
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Anneal
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Fig. 8.
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Schematic drawing of jet polishing apparatus.

3mm on a side.

These squares were then mounted on glass microscope

slides, being held with the front surface against the glass by trans
parent wax.

The edges of each specimen were then coated with apeazon

wax leaving the back surface exposed for jet polishing.
from the jet orifice to the specimen was 1mm.

The distance

The arm holding the

glass slide with the specimens attached was motor driven through an
eccentric causing the chemical jet to oscillate slightly over the
crystal surface.
microscopy.

This insured large thin areas suitable for electron

A light source was mounted in the base of the jet assembly.

The color of the light transmitted by the thin portion of the specimen
during polishing was used to judge when the specimen was sufficiently
thin for electron microscopy.

Thinned specimens were removed from the

microscope slides by immersing in hot trichlorethylene.

Cleaning was

accomplished by alternate dipping in acetone and absolute alcohol.

Electron Microscopy.

Electron microscope observations were

made at 150 kV using an Hitachi HU 200E electron microscope.

This

instrument is equipped with a tilting angle stage allowing 10° of tilt
with an azimuth rotation of 180°.

Dark-field observations were made

using electromagnetic beam tilting.

Optical Microscopy
For both the boron- and silicon-implanted wafers containing
deep stacking faults, surface etching and optical microscopy were
carried out.

Wafers containing shallow stacking faults were not util

ized for optical microscopy since the faults were too small to be seen
in the optical microscope.

The etchant used for surface etching was that developed by
Jenkins (1977).

This etchant has a very uniform etch rate and reveals

stacking faults clearly on (001) and (111) orientations for both pand n-type silicon.

Etching times were approximately one minute.

Observations were made on a Zeiss metallograph.

Part B—Stacking Fault Nucleation Study
The stacking fault nucleation study was concerned with extremely
short thermal oxidation treatments applied to both randomly and directionally abraded wafers.

The silicon wafers used in this phase of the

investigation were from the same lot as those used in the implantation
study.
The (OOl)-oriented wafers were directionally abraded by drawing
a cotton-tipped applicator impregnated with 0.5(j,m diamond paste across
the wafer surface in the direction desired.

Since the abrasion step

was done manually, the abrasion was rarely exactly parallel to the
desired direction.

Both (110) and (001) directions were used.

The

abrasion was accomplished by one swipe of the cotton tipped applicator
in an effort to avoid the complicating influence of intersecting
scratches.
Oxidation times from 15 seconds to 5 minutes at 1050°C were
used on the abraded specimens in order to study the early stages of
the fault nucleation process.

A fast push-pull system of introducing

and removing the wafers from the oxidation furnace was found to be
necessary for these short oxidation times.
were examined as well.

Some as-abraded wafers

TEM specimens were prepared as described previously.
tions were made at 150 kV.

Observa

CHAPTER 5

RESULTS AND DISCUSSION—ION IMPLANTATION STUDY

The results of the ion implantation study wilL be presented in
order of the annealing schedule used for the implanted specimens.

Thus

for both the boron and silicon implants the as-implanted microstructures
will first be discussed, followed by the results for the 600, 800, and
1000°C post-implantation annealing treatments.
For each of the treatments used, electron micrographs typical of
the observed microstructures are presented.

Each micrograph is accom

panied by a micron marker and a line drawing of the Thompson tetrahedron
oriented such that the plane of the micrograph is (001), and the
direction [100] is toward the observer.
plane of the paper.

[100] is thus directed into the

Furthermore, the direction [110], lying in the

plane of each micrograph, is indicated on the tetrahedron.

The method

used for assigning the specific direction is given in detail in
Appendix A.
The direction and indices of the operating g vector(s) are also
shown on each micrograph.

In some cases the pertinent, indexed dif

fraction pattern is shown in a corner of the micrograph.

Boron Implantation
As-Implanted Condition
Figure 10 is a two-beam, bright-field micrograph (g= 220) of the
microstructure typical of the as-implanted boron specimens.
45

The

10.

Two-beam, bright-field micrograph (g - 220) showing the
microstructure typical of the as-implanted boron specimens
containing deep (40-min oxidation) PTSF's.
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specimen contained large pre-induced stacking faults (PISF's) generated
by abrasion and steam oxidation for 40 min at 1050°C prior to implanta
tion.

The straight edge of each PISF corresponds to the intersection of

the fault with the top (implanted) surface of the wafer, and is parallel
to one of the (110) directions lying in the foil surface.

In the

figure, faults on only two sets of {lll}-type planes are in contrast.
Those on the remaining two sets of {lll}-type planes are invisible for
g = 220, although the characteristic dotted contrast where the bounding
Frank partial intersects the surface reveals their location.
The slightly mottled or roughened appearance of the background
areas in Fig. 10 is due to the primary (radiation) damage.

The rela

tively sharp and undisturbed appearance of the PISF's confirms that the
15
.
2
dose of 10
boron ions/cm is far too low to produce any appreciable
degree of amorphism.
The microstructures of the specimens containing shallow PISF's
(5 min oxidation) and of the control specimens, without PISF's, were
similar.

In no case could details of the radiation damage be resolved.

600°C Annealing Treatment
Figure 11 is a two-beam, bright-field micrograph (g = 220)
showing a microstructure typical of the boron-implanted wafers after
annealing for 15 min at 600°C in dry N£.
two sets of {ill} planes are in contrast.

Again, deep PISF's on only
The effect of the annealing

treatment has been to somewhat coarsen the matrix, or background areas
of the micrograph.

In certain areas of the micrograph (indicated by

arrows), the damage has taken on a somewhat linear appearance.

In some

48

rig.

11.

Two-beam, bright-field micrograph (g = 220) of boron-implanted
specimen after annealing at 600°C — Specimen contained deep
PISF's.
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cases this linear arrangement is roughly parallel to (110) directions,
while in other areas it is wavy.

Discrete, recognizable, secondary

defects are not in evidence after the 600°C anneal.

It is possible that

the linear arrangement is a very early stage in the formation of the rod
like defects which are visible after annealing at 800°C.

Another possi

bility is that the tiny, semi-amorphous zones produced during implanta
tion begin to recrystallize in rows along (110) directions.

The circu

lar, 'empty' appearing areas in the central portion of the micrograph
are thought to be regions which have not yet begun to recrystallize.

800°C Annealing Treatment
As discussed earlier, annealing of boron implants in the 800°C
range results in the growth and coarsening of an extremely complicated
microstructure.
countered.

Figure 12 shows an example of the microstructures en

This specimen contained shallow PISF's generated by a 5-min

oxidation treatment.

Two of these shallow faults are visible in the

micrograph.
The microstructure is characterized by rod-like or linear
defects parallel to the six (110) directions, as well as a variety of
loops, both perfect and faulted, in the size range ^ 1000

Faulted Loops—800°C Annealing Treatment.

A.

With regard to the

presence of faulted loops, it should be noted that these loops are too
small in the 800°C annealed specimens to exhibit the fringes character
istic of inclined stacking faults.
The PISF's present in the microstructure were found to be
extremely useful in identifying faulted loops in these specimens as well

50

/

I

Fig. 12.

0.5 Mm

I

Two-beam, bright-field micrograph (g = 220) of a boronimplanted specimen annealed at 800°C and containing shallow
PISF's (5 min oxidation) — Faulted loops (indicated by
arrows) lying on (111) and (111) are in strong contrast
along with PISF's.

as in those annealed at 1000°C.

It was found that as PISF's on two of

the {lll}-type planes were tilted into strong contrast in the two-beam
condition with g = (220), the small faulted loops in the secondary
damage layer, and lying on the same two sets of {ill} planes, also came
into strong contrast.

Further tilting in the TEM demonstrated that the

faulted loops appeared and disappeared simultaneously with the PISF's.
Thus a micrograph taken with the PISF's in strong contrast, such as Fig.
12 (g = 220), reveals the location of the faulted loops present on two
{ill} planes.

These loops are indicated by arrows in the figure and

show a line of no-contrast perpendicular to the operating g vector.

The

similarity in contrast between faulted loops and PISF's is particularly.
striking in the specimens annealed at 1000°C, to be discussed later.
In the 800°C-annealed specimens the presence of the rod-like defects and
many other tiny loops somewhat complicates the identification of the
faulted loops.

In Fig. 12 the density of faulted loops identified in
8

2

this manner is 3.6 x 10 /cm .

Here the number of faulted loops in the

figure was multiplied by 2 to account for faulted loops lying on (111)
and (111), and out of contrast for g = 220.

This procedure was checked

by taking two micrographs of the same area with g = 220 and 220,
respectively, in order to image all faulted loops.
In this way faulted loop densities for six different areas in
three different specimens annealed at 800°C were measured.

The results

are shown in Table 1.
All of the areas considered in Table 1 contained shallow PISF's
for comparison with the faulted loops.

These PISF's were approximately

0.5|j,m long while the faulted loops in the damage layer are between
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Table 1.

Faulted Loop Densities for Boron-Implanted Specimens Annealed
at 800°C

Specimen

Faulted Loop Density cm-2

Area

1

A

2.4 x 108

1

B (Fig. 12)

3.6 x 108

2

A

2.8 x 108

2

B

2.0 x 108

3

A

1.6 x 108

3

B

2.4 x 108
g
2.4 x 10

Average

400 A and 800 A in diameter with an average diameter of approximately

600 L

Loop Analysis—800°C Annealing Treatment.

The analysis of dis

location loops follows the treatment given by Foil and Wilkens (1975).
The details of this method, and a complete description of its applica
tion in this study, are given in Appendix A.
The objective

of the loop analysis was to determine the Burgers

vectors and natures (interstitial or vacancy) of loops observed in the
800°C-annealed specimens.

Necessary to the analysis is a knowledge of

the loop habit plane normal n, the Burgers vector b, and the diffraction
conditions (g and the sign of the excitation vector s) under which a
given loop exhibits inside or outside contrast.

Then, using the

definitions and procedures detailed in Appendix A, the nature of a loop
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may be unambiguously determined.

The method is not applicable in the

limiting cases of pure shear loops with b lying in the plane of the
loop, or for loops viewed edge-on, for which the inside-outside contrast
method does not apply.
Figure 13 shows an area in a boron-implanted specimen annealed
at 800°C and containing shallow PISF's.
lower left of the figure for g = 220.

One PISF is in contrast in the

The loops considered in the

analysis are numbered 1-20 in the figure.
Habit planes of loops were determined by use of the cubic
projectograph and stereo-pair micrographs, as detailed in Appenix A.
Figure 14 shows the stereo-pairs used in the analysis.
same area as shown in Fig. 13.

They cover the

Total tilt between the two stereo-pairs

is 14°, and g = 2220 in both micrographs.

The stereo-pairs were made by

rotating the azimuth of the tilting stage of the TEM by 180° between
exposures.

The stereo-pairs in Fig. 14 are properly aligned for viewing

and the tilt axis is as shown.

When the area under consideration con

tains a PISF, as in Fig. 14, the top (implanted) surface of the foil is
readily identified in stereo viewing by observing the intersection of
the PISF with the foil surface.
Figure 15 shows ± g pairs for the same area shown in Figs. 13
and 14.

These micrographs were taken in g = 220, 220; 220, 220; 400,

400; 040, 040 as shown in the micrographs.

In each case, s > 0.

These

micrographs were used both to determine the axis of b and for the
inside-outside contrast analysis.
The results of the Foll-Wilkens analysis for the loops indicated
in Fig. 13 are presented in Table 2.

This table shows the loop Burgers
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0.25|jm

Fig. 13.

Two-beam, bright-field micrograph (g = 220) showing the area
used for the Fo I 1 / W:I 1 kens loop analysis for the boron implant
annealed at 800°C — For analysis of numbered loops see
Table 2.
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Stereo-pairs (g = 220) used for Foll/Wilkens analysis of 800°C annealed boron implant
— Same area as Fig. 13. (a) tilt = 7°, azimuth = 13°. (b) tilt = 7°, azimuth = 190c
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Table 2.

Results of Loop Analysis for Boron Implant Annealed at 800°C

Loop No.
2,
3, 4

12, 13
14, 15

16, 17

{lll)-l

{111}-1

{111}-1

{100}

(III)

(111)

(111)

{ill}

(001)

[III]

[111]

[111]

1,

5, 6

7, 8

Habit Plane Type (llO)-l

{ll0}-2

Habit Plane
Indices

(loi)

Habit Plane
Normal, n

[101]

9

10

11

{ll0}-2

{lll}-2

{lll}-2

(011)

(Oil)

(111)

[011]

[011]

[111]

Faulted
Unfaulted

X

Axis of b

iiol]

Deviation s
Inside
Contrast
g =
Outside

18, 19, 20

[001]

X

X

X

X

X

X

X

[101]

[Oil]
[Oil]

[Oil]
[Oil]

[Oil]
[011]

[101]
[101]

[101]
[101]

[111]
[ill]

[ill]
[111]

(101)
<101)

+

+

+

+

+

+

+

+

+

400

400

220
400

220

400

> 0

220

220

220

X

X

X

X

(g • b) • s
<
Direction of b
_
n • b

0

X

X

X

[Oil]

[101]

[Oil]

[Oil]

X

X

X

X

[101]

[10l]

[111]

[III]

X

X

X

X

> 0

< 0

X

?

Table 2.—Continued
Loop No.
1, 2
3, 4

5, 6

7, 8

9

10

11

12, 13
14, 15

16, 17

Vacancy
Type of
Loop
Interstitial xxxxxxxx

18, 19, 20

vectors and types (vacancy or interstitial), habit plane normal, n, as
well as all of the steps required in the determination.

In the table,

loops with all identical characteristics are grouped together.

Thus,

although Loops 5 and 6, and Loops 7 and 8 are all perfect interstitial
loops on {llO}-type planes, the habit plane for Loops 5 and 6 is (Oil)
while that for Loops 7 and 8 is (Oil).
Table 2 shows that all of the loops analyzed are interstitial in
nature, with the exception of Loops 18, 19, and 20 which were indeter
minate.

This was true regardless of the loop habit plane or whether the

loops are faulted (Frank) or unfaulted.
Loops 18, 19, and 20 have (001) as their habit plane.

This was

deduced from the fact that there is no change in the width of these
loops in the stereo-pair micrographs, where the total difference in tilt
is 14°.

This was checked by taking a second pair of stereo micrographs

(not shown) in g = 220 where the tilt axis is nearly parallel to the
long axis of Loops 19 and 20.
loops was discernible.

Again no change in the width of these

The reason that the nature of these loops could

not be determined was that b could not be uniquely determined.

If it is

assumed that these loops have perfect (110) Burgers vectors then the
possible axes of b are either (101) or (101) since the loops are in
visible in both g = 040 and 040.

There are thus four possibilities for

the direction of b for these loops and the Foll-iVilkens analysis may not
be carried out to give a unique result for the interstitial or vacancy
character of the loops.

Note that with all other loops considered the

direction of b could be reduced to two possible directions at which
point the (g • 5) • s criterion may be applied.

It may be that the

direction of b for Loops 18, 19, and 20 is either [001] or [001] which
is the case of a pure edge loop with b normal to the foil surface.

In

this case, however, the loops should exhibit some contrast in g = 040 or
040 due to the displacement normal to the slip plane (Hirsh et al.,
1965).
The faulted loop density for the area considered in the loop
8

2

analysis (Fig. 13) is 2.8 x 10 /cm .

The density of unfaulted loops,

not including Loops 18, 19, and 20, whose habit plane is (001), is 7.0
8
2
x in
10 /
/cm .

Rod-Like Defects—800°C Annealing Treatment.

The rod-like

defects present in the boron implants annealed at 800°C pose a very
difficult problem in electron microscopy.

In the present work no

exhaustive study of TEM contrast effects associated with these defects
was made.

Such a study has been conducted by Madden and Davidson (1972)

who implanted (111) and (110) silicon wafers with 40 keV boron ions in
15 2
a dose of 10 cm .
30 min.

Annealing was in a nitrogen atmosphere at 750°C for

A brief summary of these authors' results seems to be in order,

as the experimental conditions (except for wafer orientation) were
similar to those in the present study.
The rods were found to lie parallel to the six (110) directions.
Rods parallel to the surface averaged 8000 & in length while inclined
rods averaged 4000 A in length.

The authors state that the only con

sistent complete contrast disappearance was obtained with g parallel to
the rod axis.

Rods in contrast appeared as a single dark line or as a

pair of split lines.

The possibility of the rods being cylinders or
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rows of interstitials was rejected on the basis of the asymmetric nature
of the contrast observed in ± g and the explanation that the rods are
really elognated dislocation loops was taken up.

These loops are con

sidered to be extremely narrow because tilting by + 30° failed to reveal
any significant change in image width.

The authors consider the loops

to be faulted, and, having studied both (111) and (110) foils, are able
to rule out {110} as the habit plane.

They conclude that the loops are

pure edge in character with a/k (100) as the Burgers vector.
Many of the observations and results of the study summarized
above apply to the present work as well.

These will be discussed with

reference to Fig. 13 and to Fig. 16, which is a two-beam, bright-field
micrograph (g = 220) of a boron-implanted specimen annealed at 800°C.
As may be seen in these figures, the rods do lie parallel to the
six (110) directions.

The lengths of the inclined rods varies from 1500

°

o

to 6000 A, with the average approximately 4000 A.

For the (001)-

oriented wafers used in this study the inclined rods never go completely
out of contrast, but are weakest in those (400) reflections in which g
is parallel to the projected rod direction.

From stereo-pair observa

tions it is seen that the inclined rods do not intersect the surfaces of
the crystal and thus cannot be non-loop dislocations.

Furthermore, the

inclined rods never give the appearance of being narrow loops.
In considering the rods parallel to the surface it .is important
not to confuse them with other types of defects.

As noted earlier, with

reference to Fig. 13, there are perfect loops lying on {ill} present in
the 800°C annealed boron implants.

These are usually elongated parallel

to one of the (110) directions lying in the surface, and may be confused
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Two-beam, bright-field micrograpli (g = 220) of boron-implanted
specimen annealed at 1000°C — See text for details.

with the rod-like defects.

There are also narrow, elongated loops lying

on (001) present in the 800°C annealed microstructures (Loops 18, 19,
and 20 in Fig. 13).

A further problem is that the images of the rods

which lie parallel to the surface are depth dependent (Seshan and
Washburn, 1972), and while some may show strong contrast for a given g
vector, other, parallel rods, at different depths, show only weak or no
contrast in the same reflection.

This appears to be the case when

comparing Rods A and B in Fig. 16, with that at C.
The rods parallel to the surface are generally seen to be out of
contrast when g is parallel to the rod axis.

This brings into question

the character of the rod or narrow loop at D in Fig. 16, which is in
strong contrast for g =• 220.

The parallel rod at E is out of contrast

in this reflection, but appears as a narrow loop in g = 220 (not shown).
To further complicate matters the rod at F, which is out of contrast for
g = 220, is also out of contrast for g = 220.
If the rods are truly narrow loops on {100} then the (001) foil
orientation used in the present study should show them at their maximum
width for the (001) habit plane.

This could explain why the inclined

rods never appear as loops.
Before attempting to draw any conclusions about the nature of
the rod-like defects present in the 800°C-annealed implants, it is
important to consider the microstructures of the boron implants annealed
at 1000°C.

By comparing the defects present after these two annealing

treatments, some tentative conclusions may be drawn.
is given in a later section.

This correlation

64
1000°C Annealing Treatment
The boron-implanted specimens annealed at 1000°C in dry ^
exhibit considerably simpler microstructures than those observed for the
800°C annealing treatment.

Rod-like defects have completely disappeared,

and the loops observed are generally more equiaxed than those seen for
the 800°C anneal.

Faulted Loops—1000°C Annealing Treatment.

The method of

identifying faulted loops in the damage layer by comparing their con
trast with that of PISF's was quite successful for the 1000°C annealed
specimens.

Figure 17 demonstrates the striking similarity in contrast

between faulted loops and the PISF's when the PISF's are tilted into
strong contrast. Figures 17(a) and (b) show different areas of the same
specimen imaged in g = 220 and 220, respectively.

The PISF's are

approximately 0.5|j,m long and the faulted loops are between 500 and 2000
X in diameter.

The average loop diameter is approximately 1500

A.

This

indicates that the faulted loops have grown considerably in size between
800 and 1000°C.
8

2

The density of faulted loops for Fig. 17 is 2.7 x 10 /cm .
8

is very close to the average value of 2.4 x 10 /cm

2

This

determined for the

800°C annealed specimens.
Figure 18 demonstrates the similarity in contrast between
faulted loops and PISF's for a single area imaged in (a) g = 220 and (b)
g = 220. In Fig. 18(a) the PISF at A is in strong contrast for g = 220,
while the PISF at B is out of contrast in the same reflection.

The

faulted loops which lie on (111) and (111) are also in strong contrast.
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Fig. 17.

Two-beam, bright-Field micrographs of boron-implanted specimen
annealed at 1000°C and containing shallow PISF's —_^a) 8 =
220. (b) different area of same specimen with g = 220.
Faulted loops are in contrast along with PISF's. Faultedloop density =2.7 x L0^/cm^.

Fig. 18.

Two-beam, bright-field micrographs of a single area of boron-implanted specimen annealed
at 1000°C and containing shallow PISF's — (a) small faulted loops show same contrast
as PISF at A (g = 220). (b) same area with g = 220. A new set of faulted loops has
appeared in strong contrast along with the PISF at B. Faulted loop density =
2.6 x 10 /cm .
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Two beam, bright field micrographs of a single area ol boron—imp.1 anted specimen annealed
at 1000°C and containing shallow PTSF's.
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In (b) the PISF at B is in strong contrast for g = 220, while that at A
is out of contrast.

Here the faulted loops lying on (111) and (111) have

appeared in strong contrast.

The faulted loop density for the area
8

2

represented by Fig. 18 is 2.8 x 10 /cm .
Figure 19 shows an area in a boron-implanted specimen annealed
at 1000°C which contained deep PISF's.

In (a) the faulted loops in the

damage layer are in strong contrast for g = 220 along with the PISF at
A.

In (b) other faulted loops have come into strong contrast for g =

220 along with the PISF at B.

The faulted loop density for the area
8

2

shown in the figure is 2.6 x 10 /cm .

Since the deep PISF's were often

found to intersect both surfaces of the foil, and their habit plane is
known to be {ill}, the foil thickness may be determined from the pro
jected depth of the fault.

Doing this for the PISF at A in Fig. 19

gives a foil thickness of 0.65|j,m.

Knowing the foil thickness allows the

faulted loop density to be expressed in terms of volume, and for the
12
3
area shown is 4.0 x 10 /cm .
Until this point it has been assumed that since the faulted
loops in the damage layer display contrast changes identical with those
of the PISF's, they are indeed faulted and lie on {ill}.
of these loops is normally less than 1000

A,

As the size

the fringes character

istic of inclined faulted loops are difficult or impossible to resolve
with conventional bright-field microscopy.

Furthermore, the shape of

these loops is of interest, especially in determining the loop habit
plane, and cannot be readily determined using strong, two-beam condi
tions in either bright- or dark-field.

This is due to the fact that

strong, strain-dominated contrast from small lattice distortions such as

Fig. 19.

Two-beam, bright-field micrographs of boron-implanted specimen annealed at 1000°C —
Deep PISF's (40 min^oxidation) intersect both surfaces of the foil. (a) g = 220.
(b) same area with g = 220. Foil thickness is 0.64txm and the faulted loop density is
4 x lO-'-^/cm^.
ON
00

tiny loops cause the minimum image width of dislocations to be limited
to approximately 0.4 E,g where £g is the extinction distance.

For {220}-

type reflections in silicon, the minimum width for dislocation images is
approximately 200

A

(Bicknell, 1973).

When considering loops 400 or

500 A in diameter it is clear that details of loop geometry and stacking
fault fringes will be most indistinct using strong, two-beam techniques.
In order to determine the geometry and confirm the faulted
nature of the loops, the technique of weak-beam microscopy was utilized
(Cockayne, Ray, and Whelan, 1969).
are shown schematically in Fig. 20.

The diffraction conditions employed
Using this technique crystals are

imaged in dark-field using a very large deviation parameter s.

Under

these conditions extremely high contrast is realized and dislocation
images are very narrow, r>' 100 K.

One problem with the weak-beam tech

nique is that absolute intensities are quite low and focusing is diffi
cult.

This problem was overcome by using the electromagnetic beam

tilting controls of the TEM to switch from dark-field to bright-field
for focusing.
A typical weak-beam micrograph showing the faulted loops present
in a 1000°C-annealed, boron-implanted specimen is shown in Fig. 21.
Here a shallow PISF is visible in the lower center portion of the micro
graph.

A number of faulted loops showing distinct fringes are visible

as well.

In order to confirm the geometry of the faulted loops, the

loop at A was projected onto the plane (111).

The projected loop is

shown at B and is circular.
This result confirms that the loops are faulted and circular,
lying on {ill} planes.

The technique of using PISF's as an 'internal

70

220

000

weak beam

Fig. 20.

2 20

Diffraction conditions for weak-beam 220 microscopy.

(0). ?pMl

Fig. 21.

Weak-beam micrograph (g = 220) showing faulted loops in a
boron-implanted spue imen annealed at 1000°C — Loop at A
is projected onto (111) to demonstrate circular shape of
faulted loops.
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standard' by which small faulted loops may be rapidly identified in
bright-field, without resorting to weak-beam techniques, has thus been
shown to be valid.

An advantage of this technique is that low magnifi

cation, bright-field images may be used to rapidly.obtain accurate
faulted loop densities.

Loop Analysis—1000°C Annealing Treatment.

The analysis of dis

location loops present in the boron implants after annealing at 1000°C
is based upon the treatment given by Foil and Wilkens (1975) which is
detailed in Appendix A,
Figures 22(a) and (b) show the area chosen for the complete loop
analysis.

The area has been imaged in both g = 220 and g = 220 in order

to show all of the defects present.
contrast in (a) for g = 220.

A shallow PISF is present in strong

Each of the loops considered in the

analysis has been numbered in the figure.

A total of 47 loops has been

analyzed.
Figure 23(a) and (b) are the stereo-pair micrographs of the
area of the loop analysis, used in the determination of loop habit
planes.

The stereo-pairs are oriented properly for stereoscopic viewing

and the tilt axis is as shown.
Figure 24(a) through (h) are the + g pairs (s+) used to deter
mine the axis of b, and for the inside-outside contrast analysis.

The

operating g vector is indicated on each micrograph.
The results of the analysis are given in Table 3 which is
arranged in the same manner as Table 2; that is, loops with all identi
cal characteristics (i.e., n and b) grouped together.

As was the case
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Table 3.

Results of Loop Analysis for Boron Implant Annealed at 1000°C

Loop No.
7, 8
14, 16

17, 18

{ll0}-2

{ll0}-2

{111}-1

{111M

{lll}-2

{111}.

Habit Plane Indices (101)

(011)

(011)

(111)

(111)

(111)

(Ill)

Habit Plane
Normal, n

[101]

[011]

[Oil]

[ill]

[111]

[111]

[III]

X

X

X

X

X

X

X

[101]
[101]

[011]
[Oil]

[Oil]
[Oil]

[110]
[110]

[Oil]
[Oil]

[101]
[101]

[101]
[101]

+

+

+

+

+

+

+

Habit Plane Type

1-6

9-13

{110}-1

19

20

21

Faulted
Unfaulted
Axis of b
Deviation s
Inside
Contrast
g =
Outside

040
400

040

040

> 0
(g • b) • s
< 0

X

X

Direction of b

[101]

[Oil]

_> 0
n • b
< 0

X

Vacancy
Type of
Loop
Interstitial

x

400
220

400

X

X

X

X

X
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[110]
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[lox]

[101]

X

X

X

X

X

X

x

x

x

x

x

x

r-n
Ml
M X
O

o
•P»l
o

L. 1

,
o
Ml
Ml

p

to
IO
O

X

'—1

, ,

Ml
O
Ml

•PO
O

X

1—1

r—i

M
O
Ml

'—1

r—i

I—I

Ml
Ml
Ml
L—1

Ml
M
M

UJ

r~n i

M Ml
O
+ O
M Ml
i—11—i

M
M
M
i—j

r i r—I

r—i

o
JN +
o

X

ho
to
o

X

UJ

r—i i—i
oo
+ MIM
MIM
b__J t__J

to
to +
o

X

Ml
M
Ml
i«—i

M
Ml
M

MIM
o + OO
o
M Ml
.—11—i

*

M
Ml
Ml
i_—i

r—i r—1i
MIM
M Ml
+ O
O
l_^ UJ

Ml
Ml
M

1—'

, ,

, ,, ,

M Ml
MIM
MIM
I_I I_I

Ml
M
M
I—I

f—1 r—i

I—»

Ml M
M Ml
MIM
i—i i—i

M
Ml
M
i_i

, ,, ,
MIM

+ MIM
MIM

r—i

X

I—I I—I

M
M
M
UJ

/-N

/—

M M
Ml M
M M
1
M

r-^n
Ml M
M M
M M
N—•
1
M

M
M
Ml
I—I

X

to
to +
o

, ,, ,

M Ml
M Ml
MIM
T—I I—I

r—i

X

Ml
Ml
M
I_I

M

00

£
3
n>
p
M
ro
CL
P3

/—S

/-N

M
M
M

/-\

M
M
M
1
N5

/-s

Ml M
M h-»
M M
'-r-'
1
M
r-i

M M
Ml M
M M
V-/ '-T-'
1
M
\

M
M
M
V

•—N

rt

O
O
O
o
n

to
O

r-*-v

Ml M
Ml M
M M
v-/
i1
hO

/-s

M
v£>

i—i—i

ro
M

U1

ro
ON
l
ro
vO

O
1
U)
vO

r-n

-p*
o

Ml M
Ml M
M
M
s>/
'1

N)

M
0
0
nd
S*
O

to
tO
1
ro

M
M
M
'-r-'
1
N5

, ,

0
>d
M
Pi
P
rt

M

LO

->

M
-O

Perfect loops lying on (110)

Perfect loops
indeterminate, loop twisted about axis

ro
I
-P*
-P*
Ul
1

•>

««4
o>

77
for the 800°C annealing treatment, all loops analyzed are of inter
stitial type.

A summary of the loop types encountered is shown in

Table 4.

Table 4.

Summary of Loop Types Present in Boron Implant Annealed at
1000°C

Loop Type

Quantity (Fig. 21)

Perfect on {110}

19

Perfect on {ill}

5

Perfect, n indeterminate

3

Faulted on {ill}

20

It should be noted that three loops, 42, 43, and 44 could not be
completely analyzed as they lie on (110) which is perpendicular to the
foil surface.

With the maximum tilt of 10° available, the inside-

outside contrast analysis could not be carried out.

Three other loops,

45, 46, and 47, although determined to be perfect, could not be com
pletely analyzed because they appeared to be severely twisted on their
glide cylinders when viewed stereoscopically.
n, was therefore indeterminate.

The loop-plane normal,

No loops lying on {001} planes were

observed in the 1000°C-annealed specimens.
8

2

The density of faulted loops in Fig. 21 is 2,7 x 10 /cm .
8

2

density of unfaulted loops is 7.1 x 10 /cm .

The

Observations of stereo-pair micrographs for the 1000°C-annealed
boron implants indicate that most of the faulted loops are located close
to the bottom (unimplanted) surface of the foil.

Unfaulted loops appear

evenly distributed throughout the foil cross-section except for the
O
region approximately 1000 A thick near the implanted surface, which is
free of defects.
Figure 25 is a weak-beam (g = 220) micrograph which shows two of
the faulted loops which intersect the bottom surface of the foil.

The

bottom edges of these loops have been removed by the jet polishing
operation.

Bicknell (1973) has made a similar observation for (111)-

14
oriented silicon implanted with 20 keV boron ions to a dose of 3 x 10
ions/cm

2

and annealed at 1300°K.

He concludes that since most of the

faulted loops are located near the bottom surface of the foil, faulted
loops originally near the top (implanted) surface have unfaulted during
annealing due to their close proximity to the surface, thereby denuding
the surface region of faulted loops.
The results of the present study indicate that this is not the
case.

The faulted loop density remains essentially constant between the

800°C and 1000°C annealing treatments.

Any significant degree of un-

faulting would be reflected in a decreased faulted loop density after
annealing at 1000°C.

The fact that the faulted loops grow between 800

and 1000°C is another indication that unfaulting of faulted loops is not
occurring.

This is because the total energy of the faults is still low

enough that the faults are stable with respect to the unfaulting
reaction and may continue to grow.

Fig. 25.

Weak-beam micrograph (g = 220) of boron implant annealed
1000°C showing intersection of faulted loops with bottom
surface of foil.

80
Unfaulting of PISF's—1000°C Annealing Treatment.

In the boron

implants annealed at 1000°C there was a significant decrease in the
density of deep PISF's as compared to the control (unimplanted) speci
mens and the specimens containing shallow PISF's.

This effect is

demonstrated in Fig. 26 which shows optical micrographs of (a) an un
implanted area containing deep PISF's and annealed at 1000°C in dry
and (b) a boron-implanted area annealed at 1000°C in dry

•

These

specimens were surface etched in the Wright etch solution for 1 minute.
7
2
The density of PISF's in Fig. 26(a) is 1.3 x 10 /cm , while that in
Fig. 26(b) is 2.9 x 10^/cm^.
The explanation for this behavior is that the increased strain
energy in the crystal due to the ion implantation damage is sufficient
to nucleate an unfaulting reaction in which a Shockley partial disloca
tion sweeps across the stacking fault and removes it, leaving a perfect
dislocation in the position formerly occupied by the Frank partial dis
location which bounded the stacking fault.

This reaction, using

general indices, is given by
a/3 <111) + a/6 <112)

a/2 <110).

Eq. 1

Confirmation that the decrease in PISF density is due to the
unfaulting reaction and not some other cause such as fault shrinkage is
given by Fig. 27.

This is a two-beam, bright-field micrograph (g = 400)

showing an area in a boron-implanted specimen containing deep PISF's
and annealed at 1000°C.

Several perfect dislocations left by the un

faulting of PISF's are visible.

Some of these are seen to retain the

curvature of the Frank partial dislocation which originally bounded the

Fig. 26.

Optical micrographs of Wright-etched wafers containing deep
PISF's — (a) no implantation, annealed for 15 min at 1000°C
in dry N£. PISF density = 1.3 x lO^/cm^. (b) implanted with
1015 boron ions/cm^ and annealed for 15 min at 1000°C in dry
N2- PISF density = 2.9 x 10^/cm .
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Optical micrographs of Wright-etched wafers containing deep.
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Two-beam, bright-field micrograph (g = 400) showing perfect
dislocations produced by unfaulting of PISF's in boron
implant annealed at 1000°C.
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fault.

Determination of the Burgers vector of these dislocations is not

shown here but is given in the discussion of the silicon-implanted
specimens in which the same behavior was observed.

Correlation of Results for 800°C and
1000°C Annealing Treatments
The most important factor to be considered when comparing the
800°C and 1000°C annealed boron implants is that there is essentially no
change in the density of either faulted or unfaulted loops between the
two annealing temperatures.

This means that while the rod-like defects

do disappear between 800°C and 1000°C, they do not grow, or change, in
any way to become any defect visible in the 1000°C annealed microstructure.
There are also no loops on (001) in the 1000°C annealed speci
mens.

This has been confirmed by careful examination of stereo-pair

micrographs.

There are elongated loops on (001) in the 800°C annealed

microstructure (Loops 18, 19, and 20 in Fig. 13).

While the exact

nature of the (001) loops in the 800°C annealed specimens could not be
determined, there is little doubt as to their habit plane.

Furthermore,

the loops on (001) disappear completely after annealing at 1000°C as do
the rod-like defects.
The conclusion drawn from these observations is that the (001)
loops visible in the 800°C annealed microstructure are really 'rods'
whose width in the (001) plane is sufficient to confirm their true loop
character.

The inclined 'rods' would then lie on (010) and (100) and

never appear as loops because the habit plane is perpendicular to the
foil surface.
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It may well be that these loops are faulted as suggested by
Madden and Davidson (1972) and in a recent paper by Lambert and Dobson
(1978), although this could not be directly determined in the present
study.

Some evidence that they may be faulted is, however, available

from an examination of the loop ('rod') morphology.

Generally the more

elongated the loop appears, the narrower is its width in (001).

Shorter

loops, such as A and B in Fig. 16 and 18, 19, and 20 in Fig. 13, are
wider and more easily distinguishable as true loops.

This would prob

ably be the case if the loops were faulted since the total energy of the
fault enclosed by the loop would be determined by the total area of the
loop.

Assuming that most of the loops nucleate at approximately the same

time, and grow at approximately the same rate, then the total area en
closed by short, wide loops should be approximately the same as that
enclosed by long, narrow loops.

This appears to be the case for at

least some of the loops studied.

Silicon Implantation

As-Implanted Condition
Figure 28 demonstrates the microstructure typical of the as15
2
implanted silicon specimens (100 keV, 10
ions/cm ).
contained deep PISF's.

This specimen

As was the case in the as-implanted boron

specimens, there is little detail visible in the microstructure.

The

background areas in the micrograph exhibit a somewhat roughened or
disturbed appearance brought about by the implantation.

Diffraction

patterns show no evidence of amorphism and this is confirmed by the
relatively sharp, undisturbed appearance of the PISF's.
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Fig. 28.

Two-beam, bright-field micrograph (g = 220) of a siliconimplanted specimen in the as-implanted condition and con
taining deep PISF's.

4
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600°C Annealing Treatment
Figure 29 shows the microstructure common to the silicon-,
implanted specimens annealed at 600°C.
taining deep PISF's.

Again the specimen was one con

No details are visible in the damage layer al

though small, dot-like features have replaced the more uniform damage
visible in the as-implanted specimens.

Note that the upper fringes of

the PISF's are considerably more distinct than those from the lower
portion of the crystal.

This is thought to be an indication of the

depth in the crystal at which the secondary damage layer is forming.

800°C Annealing Treatment
Figure 30(a) and (b) are two-beam, bright-field micrographs
showing the microstructure of the silicon implant annealed at 800°C.
The specimen contained deep PISF's.

Note that there are indications of

the formation of rod-like defects in both micrographs.

In Fig. 30(b)

a fairly well-defined rod is visible in the lower portion of the micro
graph.

Close examination (with a lens) reveals the presence of well-

defined dislocation loops in the size range 100-500

A

in both micro

graphs.
Figure 31(a) and (b) are two-beam, bright-field micrographs
showing the microstructure of a silicon-implanted control specimen,
without PISF's, annealed at 800°C.

Here the rod-like defects are quite

well defined and are parallel to the six (110) directions in the crystal.
Numerous, small dislocation loops may be seen in the micrographs as
well.

(a)

(b)
Fig. 29.

Two-beam, bright-field micrograph (g = 220) of a siliconimplanted specimen containing deep PISF's and annealed at
600°C.
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Fig. 30.

Two-beam, bright-field micrographs (g = 220) of two different
areas in the same silicon-implanted specimen annealed at
800°C and containing deep PTSF's.
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Fig. 31.

(a) Two-beam, bright-field micrograpli (g = 220) of a siliconimplanted control specimen (without PISF's) annealed at
800°C; (b) different area of same specimen, g = 220.
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It is not certain why the defects in the control specimen appear
to be more well-developed than those in the specimen containing PISF's
(Fig. 30).

It seems doubtful that the PISF's play any role in this.

More probably some variation in furnace temperature is the cause.
Rod-like defects in n-type silicon implanted with silicon ions
have apparently not been reported before.

Davidson and Booker (1970)

have reported rod-like defects in neon-implanted silicon and Nes and
Washburn (1971) have reported rods in electron-irradiated silicon.
Seshan and Washburn (1972) have reported linear or rod-like defects in

+

p-type (boron doped) foils implanted with P

+

or Si

ions.

They conclude

that the presence of boron is essential for the formation of rod-like
defects.

The results of the present investigation indicate that this

is not the case.

1000°C Annealing Treatment
Figure 32 shows one bright-field, and four dark-field, micro
graphs, all of the same area, in a silicon-implanted specimen containing
deep PISF's, and annealed at 1000°C.

The linear defects have disappeared

and the microstructure consists of a network of dislocations as well as
some dislocation loops.
Some segments of the dislocation network are slightly curved but
most segments are approximately parallel to (110) directions.

The dark-

field micrographs show that approximately half of the dislocation net
work is invisible in g = 220 (Fig. 32b), while the other half is in
visible in g = 220 (Fig. 32c).

All segments are visible in both g = 040

(Fig. 32d) and g = 040 (Fig. 32e).

Thus the Burgers vector of the

Fig. 32.

Burgers vector determination for dislocation network in
silicon implanted specimen annealed at 1000°C and containing
deep PISF's — (a) two-beam, bright-field microgragh, g =
220. (b) dark-field micrograph of same area, g = 220.
(c) dark-field, g = 220. (d) dark-field, g = 040. (e) darkfield, g = 040. Foil thickness is 0.4p.m.
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Fig. 32.

Burgers vector determination for dislocation network in
silicon implanted specimen annealed at 1000°C and containing
deep PISF's.
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portion of the network visible in Fig. 32(b) is parallel to [110],
suggesting that the dislocations are perfect, with b = a/2 [110] or a/2
[110].

For the portion of the network visible in Fig. 32(c), b = a/2

[110] or a/2 [I10]-

Since in both of these figures b is rarely either

perpendicular or parallel to a dislocation line, the dislocations may
be characterized as perfect a/2 (110) dislocations of mixed character.
The particular area shown in Fig. 32 was chosen because there
was a PISF present in the area.

As was mentioned earlier, there was

considerable PISF unfaulting in the silicon implants annealed at 1000°C,
and an area still containing a PISF was difficult to locate.

More

typical microstructures, to be discussed later, contained numerous dis
locations produced by the unfaulting of PISF's.
Several of the loops in Fig. 32 were characterized using the
Foll-Wilkens method.

These loops are numbered 1-5 in Fig. 32(a) and the

results of the analysis are shown in Table 5.

The analysis of Loop 4,

whose habit plane is (001), could not be completed as b could not be
unambiguously determined.

Loops 1, 2, 3, and 5 are perfect loops on

[111].
Figure 33 is a two-beam, bright-field micrograph typical of the
silicon-implanted control specimens (without PISF's) annealed at 1000°C.
The dislocation network is quite similar to that seen in Fig. 32.

Unfaulting of PISF's—1000°C Annealing Treatment.

There was

considerably more PISF annihilation in the silicon implants annealed at
1000°C than in the comparable boron-implanted specimens.

Figures 34(a)

and (b) are optical micrographs of Wright-etched wafers containing deep
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Table 5.

Results of Foll/Wilkens Loop Analysis for Silicon Implant
Annealed at 1000°C
Loop No.
1-3, 5

4

• (111)

{001}

Habit Plane Indices

(111)

(001)

Habit Plane Normal, n

[111]

[001]

X

X

Habit Plane Type

Faulted
Unfaulted
Axis of b

Deviation s
Inside
Contrast
g =
Outside

[Oil]
[Oil]

> CL0l>
• <101>

+

+
220

220

> 0

X

(g • b) • s
X

Direction of b
[Oil]
_
n • b

>

0

< 0
Vacancy
Type of
Loop
Interstitial

X

X

[loi]
[101]
Indeterminate

< 0
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Fig. 33.

Two-beam, bright-field micrograph (g = 220) of a siliconimplanted control specimen (without PISF's) annealed at
1000°C.
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(a)

J 10 pm
(b)
Fig. 34.

Optical micrographs of Wright-etched wafers containing deep
PISF's — (a) no implantation, annealed for 15 min at 1000°C
in.dry Ng. PT.SF density = 1.3 x lO^/cm". (b) implanted with
10
silicon ions/cm and annealed for 15 min at 1000°C in
dry N2. PISF density = 3.8 x 105/cm2.
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PISF's.

The microstructure shown in Fig. 34(a) is that of an unim-

planted wafer annealed at 1000°C in dry N£.
7
2
10 /cm .

The PISF density is 1.3 x

Figure 34(b) shows the microstructure of a specimen implanted

15
2
with 10
Si ions/cm and annealed at 1000°C in dry N^.

The PISF

5
2
density is 3.8 x 10 /cm , a decrease of almost two orders of magnitude
from the unimplanted condition.
Electron microscopy reveals the presence of numerous curved dis
locations in the microstructures of silicon-implanted specimens which
have undergone substantial PISF removal after annealing at 1000°C.
Figure 35 shows the microstructure typical of such a specimen.

The

curved dislocations resulting from the unfaulting of PISF's are indi
cated by arrows and are clearly distinguishable from the dislocation
network produced by the recrystallization of the ion-implantation
damage.

Not all of these dislocations are in contrast in Fig. 35(a) for

g = 220.

Two dislocations resulting from unfaulting of PISF's on (111)

or (111), and almost completely out of contrast, are indicated at A and
B.
Figures 35(b) through (e) are dark-field micrographs of the same
area as Fig. 35(a) taken in g = 220, 220, 400, and 040, respectively.
These micrographs are sufficient to determine that the dislocations
produced by the unfaulting of the PISF's are perfect with b = a/2
(110), and are nearly pure edge in character.

Many of them intersect

the top surface of the foil at their ends (as did the Frank partial
dislocation bounding the original PISF) and must, therefore, be con
sidered half-loops.

Since they are pure edge in character, they must be

Lomer prismatic dislocations produced by the unfaulting reaction

Fig. 35.

Perfect dislocations (indicated by arrows) produced by the
unfaulting of deep PISF's in silicon implant annealed at
1000°C — (a) two-beam, bright-field micrography g = 220.
(b) dark-field, g = 220. (c) dark-field, g_= 220. (d)
dark-field, g = 400. (e) dark-field, g = 040.
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Fig. 35.

Perfect dislocations (indicated by arrows) produced by the
unfaulting of deep PISF's in silicon implant annealed at
1000°C.
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(Eq. 1).

They are located approximately at the boundary of the

previously existing PISF's.

CHAPTER 6

RESULTS AND DISCUSSION—STUDY OF STACKING
FAULT NUCLEATION

Interest in the nucleation mechanism for stacking faults in
damaged silicon wafers began when it was observed that faults appeared
to have grown in a non-random manner in directionally abraded and
oxidized, (OOl)-oriented silicon wafers.

As mentioned previously,

random abrasion of (OOl)-oriented silicon wafers with 0.5|j,m diamond
paste, such as may be produced on a wafer polishing wheel, followed by
steam oxidation at 1050°C, results in the growth of extrinsic stacking
faults on all four sets of {lll}-type planes.

A micrograph demon

strating this behavior is shown in Fig. 36, which is a two-beam, brightfield micrograph (g = 400) of an (OOl)-oriented silicon wafer randomly
abraded with 0.5(j,m diamond paste and oxidized for 30 min at 1050°C in
a steam ambient.

Stacking faults intersecting the top (abraded) surface

of the foil parallel to [110] and [110] directions have grown on all
four sets of {lll}-type planes.
Figure 37 shows the behavior typical of directionally-abraded,
(OOl)-oriented wafers.

In Fig. 37(a) the wafer was abraded in a near-

[110] direction with one swipe of a cotton tipped applicator impregnated
with 0.5(j,m diamond paste.
1050°C in a steam ambient.

This was followed by oxidation for 5 min at
Here numerous, overlapping stacking faults

have grown along the sites of two scratches.

Note that faults have

grown on only one of the four available sets of {lll}-type planes.

It
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Fig. 36.

Two-beam, bright-field micrograph (g = 400) of a randomly
abraded (OOl)-oriented silicon wafer oxidized for 30 min at
1050°C in a steam ambient — Stacking faults have grown on
all four sets of {ill} planes.
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Fig. 37.

Effect of directional abrasion followed by steam oxidation on
stacking fault growth — (a) near [110] abrasion followed by
5 min steam oxidation at 1050°C (g = 220). (b) near [010]
abrasion followed by the same oxidation treatment (g - 220).
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should be pointed out that this area was examined carefully under
various diffraction conditions to determine if some other faults might
be present, but out of contrast..

Not one was observed.

Figure 37(b) is a two-beam, bright-field micrograph which
demonstrates similar behavior in a near-[0l0] abraded wafer, also steam
oxidized for 5 min at 1050°C.
still visible in some areas.

In this micrograph the scratches are
Stacking faults located along the

scratches have grown on only two of the four available sets of {ill}
planes.
[110].

Note that the zone axis for these two sets of {ill} planes is
No faults have grown on (111) or (111), whose zone axis, and

direction of intersection with the surface, is [110].
The extraordinary behavior demonstrated by the micrographs of
Fig. 37 suggests that the mechanism for stacking fault nucleation does
not operate in a random manner.

If it did, faults could be expected to

grow on all {ill} planes regardless of the abrasion direction.
Since the faults are almost always seen to grow on or near a
scratch, it was felt that the particular characteristics of the damage
associated with a given scratch must be the determining factor in the
fault nucleation process.

Furthermore, since with directional abrasion,

fault growth is non-random, the damage along scratches should show some
common or systematic pattern which could be linked to the observed
preferred-plane fault growth.
For these reasons a study of the as-abraded microstructures of
some (OOl)-oriented wafers was undertaken.

Many specimens, both

randomly and directionally abraded were examined.

A difficulty with TEM

observations of scratches in silicon is that normally the microstructure
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of a scratch is extremely complicated.

Some cracks and/or fracturing is

observed since material has been removed.

Some fracture debris and tiny

particles of abrasive may further complicate the interpretation of
observed contrast effects.

In most specimens, however, defects identi

fiable as dislocations could be detected along scratches.
of dislocations in as-abraded wafers are shown in Fig. 38.

Two examples
These wafers

were randomly abraded with O.S^m diamond paste on a wafer polishing
wheel.

In Fig. 38(a) a large scratch runs diagonally across the micro

graph.

Within the scratch, and lying parallel to [110], are numerous,

short dislocations which are approximately equally spaced.

Tilting in

the TEM caused these defects to go in and out of contrast.

In Fig. 38(b)

another example of dislocations (indicated by arrows) along a scratch is
shown for a randomly abraded specimen.

Attempts to determine the

Burgers vectors of these dislocations were unsuccessful mainly because
slight movements of the stage during tilting in the TEM at the high
magnifications necessary to resolve the defect resulted in losing the
area of interest.

The fact that evenly spaced dislocations are present

in some of the scratches after room temperature abrasion is, however,
thought to be significant in terms of the mechanism for stacking fault
nucleation.
Further insights into the fault nucleation mechanism were sought
by studying directionally abraded specimens which had been oxidized for
very short times.

In this way, it was thought that the early stages of

the fault nucleation process could be observed.
Figure 39 shows micrographs of a wafer abraded with one swipe in
a near-[110] direction and steam oxidized for 1 min at 1050°C. This
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(b)
Fig. 38.

Dislocations observed in as-abraded (OOl)-oriented silicon
wafers, randomly abraded with 0.5^m diamond paste — (a)
three-beam, bright-fie.ld micrograph. (b) two-beam, brightfield micrograph, g = 220.

(d)
Fig. 39.

(e)

Lomer dislocations observed in a [110]-abraded specimen
steam oxidized for_l min at 1050°C — (a) two-beam, brightfield micrographz_g = 220. (b) dark-field^ g = 220. (c)
dark-field, g = 220. (d) dark-field, g = 400. (e) darkfield, g = 040.
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treatment has produced long, straight dislocations parallel to [110]
along the scratch sites.
of the scratches.

Also seen are some shorter defects along some

Figures 39(b) through (e) are dark-field micrographs

of the same area shown in Fig. 39(a) taken in g = 220, 220, 400, and
040, respectively.

These micrographs are sufficient to show that the

long, straight dislocations are pure edge in character.

Since they

cannot end in the crystal, they must be shallow; half-loops which
intersect the surface at their ends.
Although the dislocations are pure edge in character, the g * b =
0 criterion will not, in this case, distinguish a perfect, prismatic,
edge (Lomer) dislocation with b = a/2 [110], from a Frank partial dis
location with b = a/3 [111],

This is because g • b = 0 for both of

these Burgers vectors for g = 220, the reflection in which the disloca
tions are invisible.
If the dislocations are Frank partials, then they bound a
stacking fault on {ill} which should display visible fringe contrast in
the region between the surface and the bounding dislocation.

Stacking

fault fringes were, however, never seen associated with the long,
straight dislocations in this manner.

In spite of this it may still be

argued that the dislocations are really Frank partial dislocations which
are so close to the surface that no fringe contrast can be observed.
This ambiguity in the determination of the Burgers vectors of
the long dislocations was finally resolved beyond any doubt with the
observation of the microstructure shown in Fig. 40(a).

This specimen'

was abraded with 0.5p,m diamond paste using one swipe parallel to [110]
and steam oxidized for 4 min at 1050°C.

The micrograph shows that a
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0.5ym

(a)

0.5pm |

(b)
(a) Two-beam, bright-Field micrograph (g = 220) of a [110]abraded specimen steam oxidized for 4 min at 1050°C; (b) twobeam, bright-field micrograph (g = 220) of a randomly abraded
specimen steam oxidized for 5 min at ]050°C.
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long, shallow stacking fault has grown parallel to [110].
faults may also be seen.

Some shorter

The large stacking fault is 5(j,m long and

varies in depth from approximately 850 to 1800

A.

Even at locations

where this fault is extremely shallow, at least one fringe is visible
between the surface and the bounding Frank partial.

This should be

compared to Fig. 40(b) which is a two-beam, bright-field micrograph of a
randomly abraded specimen steam oxidized for 5 min at 1050°C.
of the long dislocations is present in the micrograph.

Here one

In two places

the dislocation curves well below the surface, but no fringes are
visible, as would be "the case if the dislocation was a Frank partial.
The only tenable conclusion to be drawn from these results is
that the long dislocations observed in the early stages of oxidation are
Lomer dislocations.

The Lomer dislocation is a prismatic, pure edge

dislocation in a sessile orientation, the slip plane being (001).

The

Lomer dislocations are never seen after oxidation times longer than
approximately 8-10 minutes, being replaced by numerous stacking faults.
The suggestion that stacking faults in silicon may nucleate by
the dissociation of Lomer dislocations was first proposed by Booker and
Stickler (1965) who invoked the dissociation reaction first proposed by
Hirsch (1962).

The reaction, given in general indices is:
a/2 <110) -+ a/6 <112) + a/3 <111).

(Eq. 2)

This reaction is essentially the reverse of the unfaulting reaction
(Eq. 1) in which a Frank partial dislocation dissociates into a Shockley
partial and a perfect dislocation.
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To date no experimental verification that this reaction is
responsible for stacking fault nucleation in damaged silicon crystals
has been offered.

The reason for this appears to be that there have

been no studies of the very early stages of the oxidation process.
In the present investigation, many instances of stacking fault
embryos nucleating from Lomer dislocation dissociations have been ob
served in specimens steam oxidized for very short times.

One example of

this is shown in Fig. 41, which is a three-beam, bright-field micrograph
of an (OOl)-oriented specimen, abraded parallel to [110] using 0.5p,m
diamond paste, and one-swipe abrasion.
oxidation for 1 min at 1050°C.

This was followed by steam

The micrograph shows Lomer dislocations

lying along a scratch, parallel to [110].

At various positions along

the dislocations stacking fault embryos have nucleated, appearing wider,
and in somewhat darker contrast, than the Lomer dislocations.
Another example of the dissociation reaction taking place is
shown in Fig. 42.

These bright-field micrographs show three stacking

fault embryos which have nucleated from the dissociation of a Lomer dis
location.

The appearance of these embryos varies considerably, depending

upon the contrast conditions, but at the stage of growth represented by
Fig. 42, it is proposed that the configuration is as shown schematically
in Fig. 43(a).

In this figure a Lomer dislocation has dissociated over

a portion of its length, to produce a Shockley partial dislocation and a
Frank partial dislocation.

The Frank partial has already begun to climb

into the crystal by the addition of self-interstitials generated by the
incomplete oxidation of the silicon (Sanders and Dobson, 1969; Hu,
1974).

The glissile Shockley dislocation, under the influence of image
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0.2|jm

Fig. 41.

Three-beam, bright-field micrograph showing stacking fault
nuclei resulting from the dissociation of Lomer dislocations
in a [110]-abraded silicon wafer -steam oxidized for 1 min at
1050°C.

Ill

0.2 Jim

0.2pm

Fig. 42.

Stacking fault nuclei resulting from the dissociation of a
Lomer dislocation in a [110]-abraded_silicon wafer steam
oxidized for 1 min at 1050°C — (a) g = 220. (b) same
area, g = 220.
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Fig. 43.

Schematic representation of three stages in the formation of
a stacking fault from the dissociation of a Lomer dislocation
— (a) Lomer dislocation splits, Frank dislocation begins to
climb, and Shockley dislocation glides toward surface. (b)
Shockley dislocation intersects advancing surface, Frank
dislocation continues to climb. (c) advancing surface
removes both Shockley dislocation and Lomer dislocation,
leaving the stacking fault which now intersects the surface
and continues to climb.
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forces, has slipped toward the surface, which in turn is moving downward
as the oxidation process continues.

At a later stage, as shown in Fig.

43(b), the oxide-silicon interface has intersected the Shockley dis
location, and the Frank partial has climbed further into the crystal.
In Fig. 43(c) both the Shockley dislocation and the Lomer dislocation
have been removed by the advancing oxide layer, while the Frank partial
dislocation has climbed further into the crystal, bounding a (at this
stage) recognizable stacking fault.
An interesting feature of Fig. 42 is that the stacking fault
embryos appear to be slightly rotated with respect to the Lomer dis
location.

This is because, in this case, the Lomer dislocation does not

lie exactly parallel to [110], while the fault embryo, which lies on
{ill}, must intersect the surface exactly parallel to [110].

In Fig.

40(a) the extraordinary length to which the shallow stacking fault has
grown is explainable if the original scratch, and the Lomer dislocation
from which the fault nucleated, were exactly parallel to [110].

The

abrasion was carried out manually, so the exact [110] concurrence was
completely accidental, but extremely fortuitous.

It must be assumed,

in the case of Fig. 40(a), that the Lomer dislocation was also located
at a fairly constant depth in the crystal, along its length.

This,

combined with the exact [110] alignment, allowed the Lomer dislocation
to dissociate over an extremely long portion of its length.
In many cases tiny faults are seen to grow, apparently inde
pendently, at some short distance from a scratch.

It is proposed that

during the abrasion, some portions of the cotton-tipped applicator made
only momentary contact with the crystal surface.

At these positions of

isolated damage the Lomer dislocations would be extremely short and
would disappear completely upon dissociation.

In the case of the long

Lomer dislocations, shown in Fig. 41, dissociation has presumably taken
place at those points which are closest to the surface.
It has been observed that Lomer dislocations also form in
abraded crystals that have been annealed in dry ^. Examples of this
are shown in Fig. 44.

In Fig. 44(a) the specimen was abraded parallel

to [110] and annealed for 5 min at 1050°C in dry N^.
have formed along the scratches.

Lomer dislocations

Figure 44(b) shows a micrograph of a

specimen which was abraded approximately 20° off of [010] and annealed
for 5 min at 1050°C in dry N^.
formed parallel to [110].

Here short Lomer dislocations have

Although some (very few) instances of dis

sociation of Lomer dislocations have been seen in ^ annealed specimens,
stacking faults never grow as there are insufficient silicon interstitials present for stacking fault growth.

Subsequent steam oxidation

of such abraded and nitrogen annealed specimens does not result in
stacking fault growth.

It is presumed that interstitial pinning, due

to the presence of nitrogen interstitials, prevents further dislocation
dissociation.
Some investigators have raised objections to this dissociation
reaction model for fault nucleation.

Ravi and Varker (1974) rejected

the dissociation model because the dislocation reaction, they claimed,
is never observed.

Mahajan, Rozgonyi, and Brasen (1977) object to the

dissociation reaction model on the basis that, from an energy stand
point, there is no obvious reason for a prismatic dislocation to undergo

|

0.5 Mm

|

(b)
Fig. 44.

Examples of Lomer dislocation formation in directionally
abraded specimens annealed for 5 min at 1050°C in dry N~
— (a) [110] abrasion, two-beam, bright-field micrograph,
g = 220. (b) near [010] abrasion, two-beam, bright-field
micrograph, g = 220.
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a dissociation which creates a high energy situation involving a
stacking fault.
The objection of Ravi and Varker (1974) may be dismissed on the
basis of the micrographs already presented.

As for whether or not the

dissociation reaction is energetically favorable, it is instructive to
examine the reaction more closely; first by applying Frank's energy
criterion.
a/2 [110] -*• a/6 [112] + a/3 [111]
(001)

(111)

2

2

a/2

(111)
2

a /6

a/3

b vectors
planes
energy

(Eq. 3)

As seen, application of the Frank energy criterion indicates no
energy reduction between the prismatic (Lomer) dislocation and the
reaction products.

In fact, in accord with the objection raised by

Mahajan et al. (1977), considering the additional energy of the fault
between the two partial dislocations, this dissociation would not
appear, at first consideration, to be energetically favorable.

Deter

mining dislocation energies using a more refined energy expression
(Cottrell, 1953), which takes into account the character of the dis
location, and the angle between the dislocation line and its Burgers
vector, leads to a different conclusion.

This expression for the

complete energy of a dislocation is given as:
E = E
where E

re

core

+ (n,b2/4ir)[ln(/r )](l-Vcos2a)/(1-v)
^
o

(Eq. 4)

is the core energy, , is the shear modulus, v is Poisson's
jj

ratio, a is the angle between the dislocation line and its b, r is the
outer bound of the strain energy integration, rQ is the core radius, and

b is the Burgers vector.

As with Frank's criterion, if the energy of

the resultant dislocations is greater than the energy of the reacting
dislocation, then the dissociation is energetically unfavorable.
Assuming that the Lomer dissociates over a given length, with the Frank
partial remaining at the original location of the Lomer dislocation, and
the Shockley partial glides to an angle of 30° (for convenience of
calculation) away from the Frank partial on the (111) slip plane, as
shown in Fig. 45, then calculations of the energies of each dislocation,
neglecting core energies and anisotropy, lead to the following result:
C a2/2 > C a2/3 + C 0.8a2/6,

(Eq. 5)

where C is a constant for the Lomer and the product Frank and Shockley
dislocations.

This does not include the energy of the stacking fault.

It is suggested, however, that the image forces, the attraction of the
surface for the glissile Shockley dislocation, would overcome the
attractive force between it and the Frank partial due to the increased
area of the fault.

The net result is that the dissociation reaction

would be energetically favorable.

Surface

Shockley
Lomer

Fig. 45.

Frank

Lomer

Schematic representation of dislocation configuration used
for energy calculations.
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The Lomer dislocations are thought to be present in the asabraded crystals.

Several different experimental investigations

(Kirscht et al., 1975; Kochurov et al., 1974; Miltat and Bowen, 1970;
Miltat and Christian, 1973) have resulted in observations of Lomer dis
locations in deformed silicon crystals.

Formation of a Lomer disloca

tion presumes interaction of undissociated a/2 (110) glissile dis
locations.

Interaction between the leading Shockley partials of dis

sociated slip dislocations would lead to the formation of Lomer-Cottrell
dislocations.

Since Lomer dislocations are actually observed in deformed

silicon crystals, any prior dissociated a/2 (110) dislocations are
apparently forced back together before interacting.

Utilizing an

analysis by Dyer (1965) of ball indentation damage in copper single
crystals, Coppus et al. (1978) have shown that in silicon perfect,
glissile dislocations with appropriate Burgers vectors, on intersecting
{ill} planes, may react to form Lomer dislocations.
The fact that well developed Lomer dislocations were not
observed in as-abraded crystals in this investigation is thought to be
due to the extremely complicated nature of the damage in the as-abraded
crystals.

A short period of steam oxidation is thought to remove much

of the debris present in the as-abraded crystals, leaving the welldefined Lomer dislocations shown in Figs. 39, 40, 41, and 42.

CHAPTER 7

CONCLUSIONS

The conclusions presented here are divided into three major
areas addressed in this investigation:

secondary damage in boron-

implanted wafers, secondary damage in silicon-implanted wafers, and
stacking fault nucleation in damaged silicon crystals.

In addition to

these, a section dealing with the uses of PISF's in TEM studies of
silicon is presented.

Secondary Damage—Boron Implantation
1.

Secondary defects in boron-implanted specimens begin to form at
annealing temperatures as low as 600°C with the appearance of
linear features roughly parallel to <110).

2.

The 'rod-like' defects which are present in boron-implanted
silicon after annealing at 800°C are considered to be narrow
loops on {l00} planes.

3.

Other loops observed in boron-implanted specimens annealed at
800°C are either faulted, lying on {ill} planes, with b = a/3
(ill), or perfect, lying on {ill} or {110} planes with b = a/2
(110).

8

8

2

while the density of perfect loops was 7,0 x 10 /cm ,

All

loops analyzed were interstitial in nature.
4.

2

The average density of faulted loops was 2.4 x 10 /cm ,

The densities of both faulted and unfaulted loops remain
essentially unchanged after annealing
119

the boron-implanted
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specimens at 1000°C.

Both faulted and perfect loops grow

between the annealing temperatures of 800 and 1000°C, and no unfaulting of faulted loops takes place.
5.

All loops analyzed in the boron-implanted specimens annealed at
1000°C were interstitial in nature, being either faulted and
circular on {ill}, or perfect with straight sides, on {ill} or
{llO}.

6.

No loops on {100} were seen.

The density of deep PISF's present in boron-implanted crystals
is reduced by approximately four times after annealing at 1000°C.
This is due to the unfaulting of PISF's, the reaction being
nucleated by the stored strain energy resulting from the im
plantation damage.

Secondary Damage—Silicon Implantation
1.

The early stages of the recrystallization process in siliconimplanted specimens are characterized by the appearance of tiny,
dot-like features in the microstructures, after annealing at
600°C.

2.

Annealing of silicon-implanted specimens at 600°C results in the
formation of numerous, small dislocation loops, as well as rod
like defects parallel to the six (110) directions.

As the

crystals employed in this study were n-type (phosphorus doped),
it may be concluded that the presence of boron is not essential
for the formation of rod-like defects in ion-implanted silicon.
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Annealing of silicon-implanted specimens at 1000°C produces a
recrystallized microstructure consisting of a continuous network
of perfect a/2 (110) dislocations, mostly of mixed character.
The density of deep PISF's present in silicon-implanted crystals
is reduced by approximately one order of magnitude after
annealing at 1000°C.

The PISF's are removed by an unfaulting

reaction from which a Lomer prismatic dislocation, located at
approximately the same position as the original Frank partial,
is produced.
The annihilation of the deep PISF's after annealing of implanted
specimens at 1000°C is the only significant 'interaction' noted
between the ion implantation damage and the PISF's.
The degree to which PISF's are annihilated during annealing of
implanted silicon depends upon the amount of radiation damage
produced during implantation.

This, in turn, is a function of

ion species, accelerating voltage, and dose.

Stacking Fault Nucleation in Damaged
Silicon Crystals
Lomer prismatic dislocations are present in abraded silicon
crystals subjected to very short steam oxidation treatments or
annealing in dry nitrogen.
The extrinsic stacking faults present after steam oxidation of
damaged silicon drystals nucleate by the dissociation of these
Lomer prismatic dislocations.

This dissociation produces a

Shockley partial dislocation, which glides to the surface, and
a Frank partial dislocation bounding a stacking fault.
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Uses of PISF's in TEM Studies of Silicon
1.

In (001)- and (lll)-oriented silicon crystals PISF's intersect
the top (abraded) surface of the foil parallel to (110)
directions.

This provides a convenient and exact reference for

determining crystallographic directions in silicon foils.
2.

PISF's which intersect both surfaces of a foil may be used to
accurately determine foil thickness.

This is especially useful

in studies where defect concentration measurements are important.
A PISF density of approximately 10^ insures that virtually every
area of interest in a thin foil specimen will have a PISF
available for foil thickness measurement.
3.

In the presence of deep PISF's studies of defect densities and
character as a function of depth in the crystal are facilitated.
The procedure is to take a series of micrographs of progressively
thicker regions of the foil (i.e.,- starting at the edge of a
hole and moving away), 'each containing a PISF which intersects
both surfaces of the foil.

Since the foil thickness is known for

each micrograph, the defect character and density for various
layers in the foil may be determined.
4.

When examining stereo-pair micrographs, the presence of a PISF
immediately identifies the top surface of the foil, thus
avoiding confusion as to the correct orientation of the stereopairs.

5.

Contrast changes of small faulted loops on {ill} planes are
identical with those of PISF's during tilting in the TEM.

Com

parison of the contrast shown by tiny loops with that of the
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PISF's thus

provides a rapid means of identifying small faulted

loops in bright-field at low magnification.

This permits

accurate measurements of faulted loop densities to be quickly
made.
6.

The presence of PISF's could provide a sensitive TEM method for
measuring the critical dose for the crystalline-to-amorphous
transition in ion-implanted crystals.

The complete removal of

stacking fault fringes would determine the dose for complete
amorphism.

By generating PISF's of different sizes, or by

using the method outlined in (3), TEM measurements of the depth
of the amorphous layer should be possible.

APPENDIX A

THE FOLL/WILKENS METHOD FOR ANALYSIS OF DISLOCATION
LOOPS BY MEANS OF THE INSIDE-OUTSIDE CONTRAST
ON TRANSMISSION ELECTRON MICROGRAPHS

Introduction
This discussion is based on the paper by Foil and Wilkens
(1975).

The treatment presented here details application of this

method to the case of dislocation loops in (OOl)-oriented silicon
crystal foils.

It outlines in detail each step in the analysis and

explains the mechanical procedures required in actual practice.
The objective of the analysis is to determine the Burgers vector
of a given loop and also its nature, that is, whether it is of the
vacancy or interstitial type.

Background
If the loops are large enough to give rise to a well-resolved
loop image or at least to a "double-arc" contrast figure, the analysis
may be performed by application of the so-called "inside-outside con
trast" method (1-0 method).

This method is based on the fact that under

kinematical conditions the image contrast of a dislocation loop lies
either inside or outside the true loop position as projected onto the
image plane depending upon:

(1) the type of the loop (vacancy or

interstitial), (2) its orientation with respect to the electron beam
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and the operating diffraction vector, g, and (3) the sign of the
excitation error, s.
The vacancy or interstitial loops encountered may be of the pure
edge variety (Burgers vector, 5, perpendicular to the loop plane), or
they may be non-edge loops, that is, loops with E non-perpendicular to
the loop plane, sometimes called "loops with shear components."

The

method to be described below is equally suitable for both edge and
non-edge loops.
In order to apply this method it is necessary to introduce
certain definitions and to apply various set procedures.

These will

now be presented and described.

Definitions
The crystallographic nature of a dislocation loop is fully
characterized by the normal, n, of the loop plane and the Burgers vector
vector, 5, of the loop dislocation.

Following are some definitions

which will be used later in the discussion.
1.

A given vector may be distinguished by its "axis" and by its
"direction" or "sense" along the axis.

Two vectors of opposite

direction or sense have a common axis , such as v and -v.
2.

The top or upper surface of the foil specimen may be defined as
that surface through which the electron beam enters.

The bottom

or lower surface is that from which the beam exits.
3.

The loop normal, ri, is defined as that unit vector perpendicular
to the loop plane which points upward in the electron micrograph
or toward the electron source.
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4.

A positive and negative surface of the loop area may be defined
with the positive surface showing upward.

Thus, n points from

the negative to the positive surface of the loop area.

5. The positive direction of the Burgers vector, E, of the loop is
defined as follows.

The loop is formed by shifting the negative

surface against the positive surface by a displacement 5.

Of

course, at the same time matter has to be removed or added
depending on the value of (n-5).

The schematic drawing, Fig. A.1, may aid in clarifying some of
the definitions just given.

Electron beam
4,
<V,n

)

Upper foil surface
z
t

/-Positive loop surface

Negative.^
loop surface
Lower foil surface

Fig. A. 1

Definitions of upper and lower foil surfaces, and positive
and negative loop surfaces.

From the definitions given previously it follows that:
> 0
(n-E) < 0

corresponds to a loop of a vacancy type, and
corresponds to a loop of the interstitial type.

Exceptions to Above Definitions
1.

Definition 2 (loop normal, n) fails for loops in the so-called
edge-on orientation, that is, with n perpendicular to the
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electron beam.

This is unimportant, since in this orientation

the 1-0 method is not applicable at all.
2.

For dislocation loops which are formed by clustering of point
defects, (n'B) 4 0.

On the other hand, loops with (n*E) = 0,

pure shear loops may be produced, for example, by pinching off
of a slip dislocation after passing around an impenetrable
obstacle (the "Orowan-mechanism").

In this case (of a glissile

dislocation) which will not be considered further here, the
definition of b describes the direction of shear over the
loop area.

Experimental Requirements
For application of this method of loop analysis it is necessary
to determine the axis of n.
2, given previously.

The direction of n follows from Definition

The axis of the Burgers vector, b, is usually

derived from experiments resulting in the contrast extinction condition,
(g*B) = 0.

The correct direction of b, or the sense of b, along its

axis can be deduced from inside-outside contrast experiments.

The type

of dislocation loop can be found from the (n*b) criteria stated
previously.

Determining the Axis of n
The method presented here will be that for determining the axis
of the loop plane normal, n, for a silicon crystal foil slice cut normal
to an (001) direction in a crystal.

Similar procedures could be fol

lowed for foils in a different orientation with the use of the proper
projection overlays (Projectographs) prepared for the purpose.
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The axis of n may be obtained by the use of the following:
1.

A bright-field micrograph taken at a sufficiently high magnifi
cation and/or adequate enlargement so that the details of the
loop are clear.

For convenience, the field should contain a

pre-induced stacking fault (PISF) for orientation purposes.

The

loop to be analyzed may be one of several types as indicated by
the results of other studies.
a.

For example, it might be:

Faulted and lying on a {ill} plane, and having a 5 of a/3
<111).

b.

Unfaulted and lying on a {ill} plane, but with a b of a/2
<110).

c.

Unfaulted and lying on any of six {110} planes, and either
be a pure edge loop or a non-edge loop with, in either
case, a 5 of the type a/2 (110).

2.

A rhombicuboctahedron (RCO) model of the low-indices planes of
a cubic crystal.

3.

Transparencies of a linear grid and a Projectograph.

4.

A stereopair of micrographs of the area containing the loop
under consideration, prepared with a generous tilt angle
(preferably 8-10°) and a magnification of the order of 30 KX
or more.

The method to be discussed for finding the axis of n is appro
priate for determining the axis of n in the various cases listed under
1 above, with exceptional instarfces being those where a {110} loop plane
is perpendicular to the plane of the foil.
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It may be determined later that loops may sometimes appear on
other than {ill} or {110} olanes, but such has not been noted to this
time.

If such are found, it would appear that this same general

approach might be modified in order to be used in those cases as well.
A Rhombicuboctahedron is a three-dimensional model showing the
low-indices planes in a cubic crystal.

It has faces consisting of

{100}, {110}, and {ill} planes in their proper orientation.

It has

specific indices for these planes marked on each of its 26 faces.
A cubic projec tograph (CPG) for (OOl)-orientated foils shows the
(110) and (112) directions in the {ill} and {110} planes as projected on
to the (001) plane of the foil.

The CPG is shown in Fig. A.11 (p. 152).

The scheme used is to show (110) directions in the foil plane as dashdot lines.

Certain projected directions from the {ill} and {110} planes

are shown as dotted lines on the projectograph.

All directions are

labeled with specific indices for an arbitrarily selected orientation.
The projected directions are denoted by the subscript 'p.'
As employed here, the projectograph is constructed so that the
specific [110] direction runs in a N-S direction, while the perpendic
ular [110] direction runs in a W-E direction.

The two {ill} planes

which intersect each other in the [110] direction, oriented in a N-S
direction, have been designated Type 1 {ill} planes, while those two
{ill} planes which intersect in the [110] direction running in a W-E
direction have been called Type 2 {ill} planes by arbitrary choice.
These two sets of {ill} planes may be observed and distinguished by
reference to the Thompson tetrahedron upon orienting it in proper
fashion with respect to the projectograph.
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The two oblique {110} planes which intersect the plane of the
projectograph in the (100) direction running NE-SW have been arbitrarily
designated as Type 1 {110} planes, while the two oblique {110} planes
intersecting the plane of the projectograph in a (010) direction running
NW-SE are called Type 2 {110} planes.

The other two families of {110}

planes are perpendicular to the plane of the projectograph and intersect
that plane in directions parallel to (110) directions.

The various

{110} planes and their orientations with respect to each other and to
the foil plane may be seen and distinguished readily with the aid of a
rhombicuboctahedron oriented properly with respect to the projectograph.

Specific Steps for Finding the n for
a Given Loop Plane
A positive enlarged print of the area of interest should be
used.

It should have been made with only a small tilt angle, the

smaller the better (<1°), so that the lines on oblique planes in the
foil will project with little deviation from the projected directions
made up on the projectograph, when observing loops with straight sides.
A transparent overlay of a rectilinear graph sheet may be taped to the
enlargement containing a pre-induced stacking fault so that the grid
lines run parallel and perpendicular to the intersection of the stacking
fault with the foil surface, a (110) direction.

The specific [110]

direction is made to have a component pointing toward the edge of the
micrograph containing the black mark, or to be pointing toward the right
in case the intersection of the stacking fault with the surface runs in
an E-W direction, "the right side being the E direction.
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Determining the Upper Surface of the Foil Specimen.

For this

purpose it is very useful to have a pre-induced stacking fault in the
micrograph of the area of interest.

The PISF's are introduced through

slight abrasion of the wafer surface followed by oxidation for an
appropriate time.

They extend from the polished surface of the wafer

into the bulk on {ill} planes.

With an (OOl)-oriented foil, the inter

sections of the stacking fault planes with the polished surface are in
<110) directions.

With one of the PISF's in the field of interest and

with the foil specimen tilted slightly so that the fault appears in
contrast, the orientation of the micrograph is readily obtained by
noting the straight-line intersection direction of the PISF with the
surface of the foil.
In preparing the foil specimen, the die for use in the TEM is
jet polished from the side opposite that containing the PISF's.

The

thinned die is mounted in the specimen holder of the microscope so that
the electron beam enters the highly polished side (containing the
(PISF/s) and exits from the jet-thinned side, as shown in Fig. A.2.

Electron beam

Specimen holder
Side with PISF's
SpecimenJet-thinned side
Fig. A.2

Sketch of specimen die mounted in holder
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In the analysis procedure, a positive contact print of a micro
graph, or an enlarged print made with the emulsion side of the negative
facing toward the print paper, is viewed in the same orientation as
would correspond to viewing the actual specimen from the under side,
that is, where the electron beam exits.

The upper surface of the foil

(that which the electron beam enters) is that along the straight edge of
a PISF.

In a stereopair of prints properly oriented and viewed, this

face appears most distant from the viewer's eyes.

Orientation of the Rhombicuboctahedron.

Use of the Rhombicub-

octahedron, RCO, facilitates assignment of specific indices and
directions in connection with features observed in the micrograph.

The

initial orientation of the RCO is somewhat arbitrary, but once decided
upon, it should be maintained throughout the study of all the features
in a given micrograph.

The orientation procedure chosen here is that

obtained by placing the RCO on the print so that the (001) plane is in
contact with the print.

The print plane, then, corresponds to the (001)

plane of the foil and the [001] direction points toward the viewer.
Since the positive print corresponds to viewing the actual specimen from
the under side (where the electron beam exits), then on the RCO the [001]
direction points toward the upper surface of the foil specimen (toward
the electron source), as Fig. A.3a shows.
For convenience, the [110] - [110] axis is made parallel to the
line of the PISF intersection with the upper surface of the foil speci
men.

This axis is oriented with respect to the print so that the [110]

direction has a component pointing toward the black indicator mark on
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Viewer

A

(001)

'i\\\

[1101

[001]

RCO

[111]
[110]

-Print

[110]-

(b)

i

[001]
/N

Table

Electron
beam

(a)

Fig. A.3

Orientation of the Rhombicuboctahedron with respect to the
viewer and to the micrograph print

the bottom edge of the print.

In the limiting case where the fault-

surface intersection is parallel to the bottom edge of the print, then
the [110] direction of the RCO is made to point toward the right side of
the print when the indicator mark is at the bottom edge of the print.
Sketches showing these two types of orientation of uhe fault-surface
intersection with respect to the indicator mark on the print are shown
in Fig. A.3b and c, respectively.

Determining the n of a PISF.

The upward normal, n, of the plane

of a PISF may be readily determined by inspection of the bright-field
micrograph of the area under study.

In accord with the RCO orientation

procedure adopted, it may be determined by inspection that a PISF is
lying on either of a particular pair of {ill} planes.

For example, if

the PISF is oriented in the manner shown in Fig. A.4a, then the [110]
direction would have the sense indicated.

Orienting the RCO on the

print in the manner described above, it is noted that the PISF lies in
the (111) plane and therefore has an "upward" (as defined earlier)
normal, n, of [111].

(a)
Fig. A.4

(b)

Possible orientations of PISF's with the same [110] trace
in the (001) plane

On the other hand, if the PISF had the alternate orientation, as
indicated in Fig. A.4b, then it is clear that it must be on the (111)
plane and have an upward normal of [111].

It must be remembered that

the surface of the specimen containing the PISF is taken as having an
upward (toward the electron source) normal of [001].

Determining the n of Loops Other Than a PISF.
Faulted Loops
Some of the loops appearing in a micrograph are obviously
faulted because they show fringes as do the PISF's.

In many cases these

elliptically shaped loops (not intersecting the specimen surface) go in
and out of contrast exactly as do the PISF's with change of foil tilt
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and/or azimuth, and may be expected also to lie on {ill} planes.

The

fact that with the (OOl)-oriented wafer specimens the tilt axis of the
stereopairs is nearly perpendicular to the plane of these faults when
they are in sharp contrast makes it somewhat difficult to determine the
normal to the plane of a fault by the use of the apparent projected
width of a fault upon tilting.

However

it is necessary only to dis

tinguish between two of a pair of known {ill} planes.

Comparison of the

contrast details offered by the different {ill} loops aids in this
determination.

Close examination of a stereopair of photographs while

employing a stereoscope makes it possible to distinguish between the two
possible {ill} planes.

Unfaulted Loops
In some cases, in the micrographic area under consideration,
there are unfaulted loops each with boundaries made up of straight-line
segments so as to form planar geometrical figures.

An aid in determin

ing the type of plane on which such a loop lies is to carry out a trace
analysis of the sides of the loop.

This is done by tracing the direc

tions of the sides of the loop and transferring these directions to a
stereographic standard net of an orientation corresponding to the plane
of the foil.

In this procedure a bright-field micrograph of a practic

ally untilted foil is employed, instead of one of the tilted stereoprints.

It is assumed that the sides of the loop are of low indices

directions, such as <100), <110), (111), or <112), then specific ±
directional indices may be assigned to the loop sides by noting the
poles of those indices through which the traces of the sides of the
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loop pass when transferred to an 001-standard stereographic pro
jection.
Making the assumption that the polygonal loops are likely to
fall on planes of relatively low indices, it is usually possible to
eliminate several of these families of low index planes as possible
planes for the loop by noting that such specific directions as taken by
the true (not projected) directions of the sides of the loop are not
contained in those specific families of planes.
By the -above method it was found that the unfaulted loops with
straight sides in the (001) silicon foils were either in {ill} or in
{110} planes.

To determine the upward normal, n, for a loop of this

kind it must first be determined whether the loop lies in a {ill} or a
{110} plane.

Then the inclination of the plane with respect to the

upper foil surface must be established in order to assign specific
indices to that plane.

For this determination it is convenient to

employ the Cubic Projectograph which is merely a transparent overlay on
which are marked the specific indices of projected (110) and (112)
directions of the oblique {ill} and {110} planes as they would appear
projected on to an (001) plane of the foil specimen with the CPG
oriented with respect to the PISF as described earlier.

This facili

tates the trace analyses of the loop sides and makes it possible to
determine whether a given loop lies on a {ill} or a {110}'plane.
As the CPG shows, there are two types of both {ill} or {110}
planes on which a given polygonal loop might fall, and there are two
separate possibilities for specific planes in each of these two types.
That is, the loop can actually be lying on either of.- two specific planes
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with the same type of indices which intersect the (001) plane of the
foil in a common direction.

Their normals make equal angles with the

[001] normal but are inclined in opposite directions.

Use of trace

analysis and the CPG determines whether a given loop lies on a {ill}- or
{ll0}~type plane.

Further it fixes the specific pair of possible {ill}

or {110} planes on which the loop lies as being either of Type I or
Type II, discussed earlier.
Suppose that a given loop was determined to be lying on one of
two

{llO} planes making equal angles with the foil surface, such as

those indicated in Fig. A.5.

The next step would be to make use of a

pair of stereoprints obtained by tilting about an axis which does not
lie in the same plane as the two possible normals to the loop plane.
Examination of this pair of stereoprints of the same area as that being
considered is then undertaken after orienting the RCO properly with
respect to the PISF in the area.

Careful observation is then made of

the stereoprints (by normal viewing without aid of a stereoscope) to
determine the direction of tilting which makes the loop appear broader
or narrower.

This will readily enable the proper choice to be made

between the two possible (110) directions for the axis of the loop plane
normal.
The diagrams in Fig. A.5 show the orientation of the RCO and the
print along with the possible plane normals.

The actual tilt of the

specimen used in making the stereopairs is indicated in an exaggerated
manner.

By noting in which stereoprint the view of the loop appears

broader, the specific plane on which the loop is lying may be deduced.
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Viewer

Viewer

Viewer

A

A

A

Stereoprints
RCO
Left

Right
Image plane
projected
widths

able

Tilt of specimen
used in making the
stereopair

Fig. A.5

foil
foil

Effect of foil tilting on the apparent width of a loop when
comparing stereoprint pairs.

Once the actual plane of the loop has been determined, the indices of
the upper loop plane normal, n, are thereby fixed.

Determination of the Axis of the Burgers
Vector for a Given Loop
The axis of the Burgers vector, b, of the dislocation loop is
usually derived from the results of experiments designed to determine
the condition of contrast extinction (g-B =0).

In order to make this

determination and to ascertain the specific direction of the Burgers
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vector, the microcopist at the time of making the tilted stereopair of
micrographs also obtains additional micrographs of the given area under
two-beam conditions with +g and -g operating diffraction vectors for all
of the 220 and 400 reflections possible with an (OOl)-oriented foil
specimen.
The simulated diffraction spot pattern for a foil orientation of
(001) is shown in Fig. A.6.

In order to fix the axis of the Burgers

vector, two conditions (operating g vectors) are sought where the given
feature (dislocation, stacking fault, loop) goes out of contrast.

If

this situation is realized, then the direction of the b is uniquely
determined as the cross product of the two g vectors.
feature

However, if the

loses contrast (g'b = 0) for only one direction of g, then the

direction of the b is in a plane normal to the g vector, but it does not
fix the axis of the b in that plane.

For the diffraction analysis

experiments performed with the (001) silicon foils, the g vectors used
are the ±220 and the ±400 vectors.
With many of the loops found upon annealing the ion-implanted
specimens of silicon a condition of near zero contrast was obtained for
only one of the four directions of g vectors available for use.

As a

consequence additional information is necessary to fix the axis of the
b since it could have a number of possible directions all lying in the
plane perpendicular to the g vector.
This problem may be probed by considering the possible values
for the b vectors in the FCC or diamond cubic structures.
given in Table A.l.

These are
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Fig. A.6
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Table A.l

Burgers vectors of possible dislocations in FCC

Burgers vector

Dislocation Type
Perfect Hirth

a(100)

Hirth Lock

a/3(100)

Perfect Unit

a/2<110)

Acute Stair Rod

a/3(110)

Lomer-Cottrell Lock

a/6(110)

Frank Partial

a/3<lll>

Shockley Partial

a/6(112)

Obtuse Stair Rod

a/6(301)

In the analysis of a given loop, application of the g'b = 0
criterion would eliminate certain of the b possibilities in Table A.l
from consideration.

In addition, certain others could also reasonably

be eliminated in the case of the loops resulting from annealing the
ion-implanted wafers because it seems unlikely that these loops could
have b vectors corresponding to Hirth lock, stair rod, Lomer-Cottrell
lock, or Shockly partial dislocations since these are the result of
dislocation or partial dislocation interactions.

It is to be expected

that dislocations with b's of the type of perfect Hirth, perfect unit,
or Frank partial types should form in such a case.
In Table A. 2 is given a contrast analysis chart for the three
types of dislocations last considered in the above paragraph for the
choices of operating g vectors available vrith the (001) orientation of
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Table A.2

Contrast analysis chart for various b vectors

400

040

220

220

[100]

4

0

2

2

[010]

0

4

2

2

[001]

0

0

0

0

[110]

4

4

0

4

[101]

4

0

2

2

[Oil]

0

4

2

2

[110]

4

4

4

0

[101]

4

0

2

2

[oil]

0

4

2

2

[111]

4

4

0

4

[111]

4

4

4

0

[111]

4

4

4

0

[111]

4

4

0

4

Possible b Axis

Oper. Ref1.:

the foil specimen being considered here.

In this table the fractional

coefficients of "a" are not considered for thev would not change the
relative magnitudes of the contrast figures.

It is seen that the only

b axes which satisfy the g-b = 0 criterion for the case assumed are
±[100], ±[101], and ±[101].

The next step in reducing the number of

possibilities for the axis of the b vector of the dislocation loop is to
apply the procedures for inside-outside contrast analysis.
now be discussed.

This will
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Inside-Outside Contrast Analysis.

It is a fact that the size of

the image of a dislocation loop is dependent upon the operating g
vector employed in obtaining the image.

Careful observation of this

behavior will afford additional information to aid in determining the
sense of the b along its possible axes.
If a dislocation line is imaged with an excitation error s ^ 0
the contrast line is laterally shifted with respect to its geometrically
projected position.

This lateral shift in the image depends only on the

component of the b parallel to the axis of g.

In consideration of the

1-0 method, it is convenient to use a cross-section through the loop
where the section plane (or drawing plane) is parallel to the electron
beam and parallel to g, regardless of the components of n and b perpen
dicular to the drawing plane.

Furthermore, in assigning specific

indices to the diffraction vectors we must have the [110] direction of
the reference PISF corresponding identically to that of the [110] direc
tion on the RCO properly oriented as discussed earlier.
In Fig. A.7 are considered loops of interstitial and vacancy
types in two different orientations imaged with s > 0.

The directions

of n and b are drawn according to the definitions given earlier.

In

this figure the dislocations cut by the drawing plane are characterized
by the corresponding symbols of the edge components of their Burgers
vector parallel to the drawing plane.

In the accompanying right-hand

figure for each case considered, these symbols are further reduced to
the components of b parallel to the axis of g.

The latter figures also

show the bending of the reflecting lattice planes as caused by the re
duced Burgers vectors.

It is well-known that the maximum contrast is
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Fig. A. 7

n-b > 0

Loop of vacancy type

n • b <0

Loop of interstitial type

Both inside and outside contrast conditions for interstitial
and vacancy loops using the + s diffraction condition ~
Details given in text.
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produced on that side of a dislocation on which the reflecting lattice
planes are locally bent toward the Bragg diffraction position.

It

follows, then, that in Cases 1 and 4 an inside contrast and in Cases 2
and 3 an outside contrast is produced.

In terms of g, b, and s it is

seen that in the cases of both interstitial loops and vacancy loops, the
following (g-S)-s rule may be stated:
(g*b)*s > 0 = inside contrast
(g.b)-s < 0 = outside contrast.

The k/g diffraction vector sketch for the condition of + s, as
shown in Fig. A.7 indicates that a clockwise rotation of the diffracting
planes would reduce the value of s and bring the diffracting conditions
closer to the true Bragg conditions thus increasing the contrast.

Small

curved arrows are included in the right-hand sketches for each case to
show on which side of the dislocation loops the lattice planes are bent
in clockwise rotation thereby giving rise to increased contrast, outside
or inside, depending upon the nature of the loop.

The schematic

intensity/distance sketches in each case support these contrast changes.

Special Note.

In regard to the mechanics of the analyses being

discussed here it is important to note that the microscopist can
identify directions and observe contrast of loops in one of two ways.
He can either work with the photographic negatives themselves or posi
tive prints made from them with emulsion side up, OR he can work with
positive prints made from the negatives with emulsion side down or with
enlargements made from the negatives with emulsion side down.

The
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results of these two options are that in the first case the loop appears
as viewed from above, that is, looking down on the top surface of the
foil.

In the latter case, the loop appears as viewed from below, that

is, looking from the undersurface of the foil.

If careful realization

of this situation is not achieved then considerable confusion and/or
errors may result.

The discussion given in Foil and Wilkens (1975) is

valid for a loop viewed from above, i.e., discussing photographic nega
tives.

The practice used in the present work has been to employ posi

tive prints made with the emulsion side down.

When complications arise

from the difference in procedure, notes will be made to avoid errors in
the results.

Determination of the Loop Type.

Upon the assumption that the

inclination of the loop in the foil, that is, the axis of the loop plane
normal n has been determined with sufficient accuracy, then the direc
tion of n is given by Definition 3 given earlier.

The axis of the

Burgers vector b of the loop can be determined by contrast experiments
using the g-b = 0 criterion for contrast extinction.

Then, by observing

whether the contrast is "inside" or "outside" for a particular diffrac
tion vector g and a given sign of the excitation error s, the direction
of b using the (g-b)*s rule just discussed.

Once the direction of b is

known, the loop type, vacancy or interstitial, follows from Definition
4 given earlier.

Discussion of Assumed Example.

Suppose that in the analysis of

a given loop resulting from annealing ion implanted silicon, the 1-0
contrast experiments performed using the ± g's of 220, 220, 400, and
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040, it was indicated that the strongest shift occurred with the 400/400
pair which gave very strong inside contrast with 400 as the operating g
vector.

There might also be inside contrast, but weaker, with both 220

and 220, as the operating vectors.
It will be assumed that the analysis is being made from emulsionside-down prints of the area.

The RCO may be used and placed down on

top of the print with the (001) face in contact with the print.

Care

ful alignment is made of the RCO so that the [HO] direction is parallel
to the reference line of the PISF and with the proper sense.

A sketch

may then be made of the loop plane with the g vector, 400, directed to
the right, as in the reference sketches of Fig. A.7.

It is supposed

that the apparent plane of the loop, as observed from analysis of the
stereoscopic pairs of prints makes an acute angle with the 400 diffrac
tion vector.

To make the sketch agree with those of Fig. A.7 the print

and RCO must be inverted so that the upper foil surface normal is
pointing vertically upward and the g vector is pointing to the viewer's
right.

Making a sketch of the loop plane and with the g vector, 400

directed to the right, then the upward normal of the loop plane [101]
points to the upper left.

One would consider then the axes ±[101] and

+[101] as possible axes for the b of the loop for each of these would
satisfy the g*b = 0 criterion.
It is noted in Fig. A.8 that the axis +[101] lies in the plane
of the loop which would make the loop a shear loop, a type not being
considered here.

Then it is necessary only to distinguish between the

two possibilities ±[101] as the possible sense of the b from the <110)
types.

Comparing the sketch in Fig. A.8 with the four cases shown in
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(101)

Possible b axes
being considered:

+nml

n[H)l]

Inside contrast

Fig. A.8

Determination of sense of Burgers vector

Fig. A.7 it is seen that this corresponds with Case I because of the
inside contrast and the direction of the n vector.

Then it must be that

the b of the loop has the sense [101] in order to make (g*b)-s > 0,
since g is 400.

Furthermore, since n*b < 0, i.e., [101]*[101] = -2,

then the loop must be of the interstitial type.
seen to be of the pure edge type for this b.

In addition, it is

The results, in summary,

would be that if the axis of the b for the loop is of the (110) type,
then the sense of the b is [101].
For the 220 and the 220 operating g vectors, it may be noted
that a similar diagram to that of Fig. A.8 would also be satisfied, and
that for g = 220, (g'b)-s > 0 if b =• [101] and for g = 220, (g'b)-s > 0
if b = [lol].

Thus the same results are obtained for all three ± pairs

of operating g vectors showing 1-0 contrast as outlined previously.
Turning attention to the ±[100] direction as a possible axis of
the b of the loop, reference may be made to Fig. A.9.
conditions again fit Case I of Fig. A.7.

The assumed

To satisfy the observed
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(101)
Inside contrast
(g-5)-s > 0

Fig. A.9

Determination of sense of Burgers vector

conditions, the b sense in this case would have to be [100], and since
n-b < 0, i.e., [101]"[100] = -1, then the loop would be of the inter
stitial type.

Similar results would be obtained using the operating g

vectors 220 and 220, because a similar diagram to Fig. A.9 would again
hold true, and for g = 220, (g-b)-s >0, if b = [100], and for g = 220,
(g*b)-s >0, if b = [100].

Thus, if b has an axis of the form (100),

its sense must be [100], for if it were of sense [100], this direction
would not agree with any of the cases considered.
It appears from this lengthy discussion that for the case
assumed it could be definitely determined that the loop in question lies
on the (101) plane and that it is of the interstitial type.

But one

could not really differentiate between the directions [101] and [lOO]
as possibilities for the sense of the Burgers vector of the loop.

The

basic reason for this is, of course, that contrast extinction was
achieved for only one direction of the operating g vector.

It would be

necessary to make use of supplementary information in this case to

decide between the two possible directions for the Burgers vector of the
loop.

In this instance, since the loops were formed during the annealing

annealing of ion implantation damage, it is reasonable to assume that
the formation of loops with (llO)-type Burgers vectors is more probable
than those of the (lOO)-type.

The length of the Burgers vector would

be assumed from the length of those possible in the given structure and
since it is unlikely that these would be partial dislocations than the
Burgers vector is probably of the type a/2 (110).

Aids in Making Loop

Analysis.

A convenient way of summarizing

the results of the 1-0 contrast analysis is with the use of a pole
diagram such as shown in Fig. A.10.

In this diagram a stereographic

projection of the crystallographic features of the (001) silicon wafer
specimen are shown along with the results of the 1-0 diffraction
contrast analysis for the example just discussed.

The pole of the (001)

plane is at the center of the diagram with the poles of other planes
indicated on the periphery.

For the case assumed, with the upward

normal n of the loop plane being [101] a region of n is shown as a small
area to account for tilting of the specimen in making the micrographs
with different g vectors.

For the particular case of the loop under

analysis, it is clearly seen from the inside-outside contrast results
marked for the different g vectors, why the 400/400 pair of operating
g vectors provided the greatest 1-0 image displacement while the
220/220 and the 220/220 pairs gave smaller image displacements, since
the b vector (-[101]) had the largest component in the 400/400 axis.
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Fig. A.10.

Pole diagram summarizing results of dislocation loop
analysis.
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The figure provides a condensed graphical summary of the relationships
observed for a particular loop under study.
Table A.3 provides a convenient format for recording data and
observations on the analysis of individual loops leading to the deter
mination of the character of each loop.
The rhombicuboctahedron shown in Fig. A.12 is an extremely
useful aid in loop analysis.

The RCO (shown unfolded in the figure) may

be cut out and glued together.

It is especially helpful when using

stereo-pairs for loop plane determinations.
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Table A.3.

Data Table for Use in Foll/Wilkens Loop Analysis
Loop No.

Habit Plane Type
Habit Plane Indices
Habit Plane Normal, n
Faulted
Unfaulted
Axis of b
Deviation s
Inside
Contrast
g
Outside
> 0
(g • b) • s
< 0
Direction of b
_ > 0
n • b
< 0
Vacancy
Type of
Loop
Interstitial

(Oil)
(III)

(NO)

(101)
(III)

(olo)

(llo)

(100)

(III)

(Hi)
(Oil)

(NO)

(III)

(010)

(III)

(101)

Fig. A.12

(101)

(Oil)
(III)

(110)

(100)

(III)

(Oil)

(Tol)

The Rhombicuboctahedron
Ln
Ln
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