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ABSTRACT '

Experiments were performed to correlate mechanical 
damage in silicon single crystal wafers with oxidation- 
induced stacking fault nucleation. Evidence was obtained 
which supported a dislocation-interaction-dissociation 
model. Dislocations were introduced into test wafers by 
plastic deformation at room temperature through cohtrolled- 
load scratching and static indentation. Subsequently the 
test wafers were either oxidized or annealed in nitrogen at 
1150°C, and etched to delineate stacking fault formation.
It is proposed that glissile, ̂  (110) dislocations on inter
secting {111} slip planes, generated in the strain field 
resulting from the deformation tool, interact forming 
Lomer lock sessile dislocations. Subsequent oxidation 
promotes dissociation of the lock into a Shockley partial 
dislocation, ^ (112), which glides out of the wafer surface 
and a Frank partial dislocation, ^ (111), which becomes a 
stacking fault nucleus.
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CHAPTER 1.

INTRODUCTION

In the field of physical metallurgy, the last few 
decades have seen increasing interest generated in the study 
of metal imperfections. Concurrent with this trend, the 
advances in semiconductor technology have also been quite 
extensive. Therefore, it should not be surprising that much 
work has been performed in the area of semiconductor defect 
structures and their origin. This paper is one such study.

Of interest here is the stacking fault and its 
occurrence during the processing of silicon single crystal 
wafers into monolithic electronic devices. It is now common 
knowledge that stacking faults may be present in.silicon 
wafers after Standard oxidations performed at elevated 
temperatures„ The faults thus formed may be attributed to 
swirl defects, contamination, or mechanical damage in the 
silicon wafers, but the nucleation and growth of these 
faults is not completely understood, and it is the purpose 
of this study to describe one possible mode for fault forma
tion. This mode of formation hinges upon plastic deformation 
occurring in the silicon single crystal, as a result of 
mechanical damage, accompanied by dislocation interactions 
forming Lomer locks, which ultimately result in stacking

1



2
fault nucleation. Growth of this nucleated fault is then 
suggested to occur through diffusion of silicon inter
stitials to the stacking fault site.

It seems important at this point to describe the 
relevance of this study to current industrial processing of 
semiconductor devices, During the manufacture of devices, 
the silicon single crystal is sawn into wafers which are 
subsequently lapped with a chemical slurry to provide a 
smooth, flat, and highly polished surface„ Following these 
steps, the wafer is given a final polish with chemical 
etchants to remove any residual damage left by the prior 
processes. This final polish was implemented by industry to 
reduce the chance of defects, primarily stacking faults, 
forming in subsequent processing of the wafer. Therefore, ~ 
it is apparent that industry is concerned with mechanical 
damage being detrimental to their product? but, as with so 
many industries, the problem has been solved without atten
tion to the mechanism ultimately responsible for causing 
the problem. This paper attempts, therefore, to explain 
this mechanism.

As a final note, the reader should be informed of the 
following facts concerning silicon. First of all, single 
crystal silicon forms a diamond cubic lattice which may 
ultimately be described as two interlocking FCC lattices 
which exhibit covalent bonding. Therefore, in discussing 
the occurrence of dislocations in silicon, it is permissible
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to speak of dislocations in terms of the FCC lattice and the 
Burgers vectors of dislocations which form in, this lattice. 
Secondly, germanium is also of this crystal type, and thus 
investigations of lattice damage in germanium are also 
applicable to silicon.



CHAPTER 2

REVIEW OF LITERATURE

Nature of Mechanical Damage Introduced in 
Semiconductor Single Crystals with 

Emphasis on Silicon
Throughout the literature, various techniques have 

been employed to induce controlled damage in semiconductor 
materials and subsequently evaluate the nature of the damage 
and type of effects produced. These techniques may be 
categorized as follows; (1) abrasion; (2) indentation; (3)
scratching; and (4) a "catch-all," others, which includes 
bending, general tension/compression, thermal shock, and 
impact. Discrepancies exist among the various investigators 
as to the classification of the damage produced in many of 
these areas. . Basically, three schools of thought exist: 
one which claims that only brittle fracture occurs in the 
form of cracking; another which suggests that plastic de
formation occurs, implying dislocation formation; and, 
finally, one which views the damage as a combination of 
both brittle fracture and plastic deformation. It seems 
appropriate then to discuss each of the aforementioned 
damage techniques separately, and to describe for each the 
various types of damage produced,

4



5
Abrasion

Many of the early studies concerned with the nature 
of mechanical damage '.were directed toward the effects of 
lapping during wafer manufacture. Numerous lapping tech
niques have been utilized by industry. They will be 
generally categorized under the heading of abrasion,

Some of the first investigators of abrasion effects 
in semiconductor materials promoted the theory of pure 
brittle fracture occurring, Pugh and Samuels (1961) studied 
the damaged layer produced on {111} surfaces of germanium 
by unidirectional abrasion in a (110) direction, using 
alumina and silicon carbide abrasives. They found that the 
abrasion process involved both cleavage and non
cry s ta 1 lo gr aphic fracture, and that dislocations were not 
introduced into the surface layers. Prussin (1961) utilized 
randomly abraded silicon wafers, of unspecified orientation, 
to investigate the damage abrasion produces. He, too, found 
no evidence of dislocation formation, but, rather, pure 
brittle fracture. Prussin went on to comment that abrasives 
may become entrapped in surface cracks during abrasion and, 
upon subsequent heat treatment, provide stress raisers for 
dislocation formation, A year later, Pugh and Samuels 
(1962) continued their contention that lapping produces a 
purely brittle fractured surface layer. They promoted 
metallographic taper-sectioning as the most reliable method 
for determining the depth of this damaged layer. It is
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important to note that all three of these investigations 
relied on the low resolving power of etching, followed by 
optical microscopy, to study the damage being produced„
This alone causes one to question the validity of their 
results„

Concurrent with the above studies, other investi
gators were promoting the idea of room temperature plastic 
deformation occurring in lapped semiconductor materials.
They generally state that both brittle fracture and plastic 
deformation occur simultaneously during the abrasion pro
cess. Before elaborating, it should be mentioned that none 
of these investigators concluded that there was pure plastic 
flow with an absence of cracking. This is probably best 
explained in view of the lapping procedure itself. It is 
a highly variable process in terms of the loads involved 
and the abrasive particle size and shape employed. As will 
be seen later, other forms of more controlled damage intro
duction have been used which have avoided cracking entirely.

Baker and Yemm (1957) were:among the first to report 
a combination- of both brittle fracture and plastic deforma
tion occurring during the abrasion of semiconductor mate
rials, They used suspensions of emery abrasives ranging 
in particle size from 0,5y to 20y, to lap {111} surfaces of 
single crystal germanium. Their major conclusion was that 
the damage introduced consisted of a layer of conchoidal 
surface fractures equal in depth to the abrasive particle
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size being used, and an underlying layer of dislocations in 
great numbers. The layer was relatively constant in thick
ness regardless of the abrasive particle size utilized. The 
measurement technique used was a monitoring of the effective 
diffusion distance of minority carriers as the damaged layer 
was progressively removed by etching. Stickler and Booker
(1962) reported on the unidirectional abrasion of silicon 
wafers using silicon carbide abrasives, and subsequent 
observation in a transmission electron microscope (TEM).
They also observed cracking with highly strained dislocation 
networks occurring directly below the cracked material.
What is probably their most important conclusion is that
"conventional metallographic techniques would tim most in
stances not reveal the individual dislocations of such net
works because of the small distances between the disloca
tions (<1000il) . , . such networks would etch as grooves"
(Stickler and Booker 1962, p. 744)e The impact of such a 
statement on the results of previous investigations, 
claiming purely brittle fracture, is obvious.

Thomas (1963) studied the damage produced in silicon 
tingle crystals, using alumina and diamond abrasives, 
though his main concern was the effect of annealing on the 
damage produced and not the damage itself. He, too, using 
a TEM, found cracking on the surface with underlying dis
locations occurring at the crack tips. Stickler and Booker
(1963) reported again on the unidirectional abrasion of
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silicon wafers, describing this work as an extension of 
their earlier study in 1962„ Their main conclusion of dis
location formation occurring in addition to fracture was 
verified, and further statements were made to the effect 
that "the damage varied in a progressive manner with the 
severity of the abrasion treatment, ranging from rows of 
single dislocations to bands of both dislocation networks 
and cracked material" (Stickler and Booker 1963, p „ 859) .

Pugh and Samuels (1964) unidirectionally abraded 
{111} surfaces of silicon single crystal wafers using 
various grades of silicon carbide particles„ In this report 
they totally contradicted their earlier findings concerning 
the damage produced in germanium during -lapping, and agreed 
with the 1963 findings of Stickler and Booker, That is, 
they promoted the concept of cracking and dislocation forma
tion occurring together. Reading their report, though, one 
gets the impression that this had been their contention 
throughout all their studies on germanium. From inspection 
of these earlier reports, though, this is simply not the 
case.

Finally, the last study dealing specifically with 
abrasion of semiconductor materials was made by Lawrence 
(1969). He investigated stacking faults in annealed' silicon 
wafers. Lawrence utilized abrasion as a mechanism to 
nucleate the faults under study. He stated that mechanical 
polishing can generate a "flowed"• (lattice and minute
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crevices in silicon, and that upon annealing the disloca
tions necessary for fault formation are nucleated by re
covery of the damaged surface. This article, therefore, 
also tends to be contradictory in nature. Lawrence men
tioned a "flowed" lattice, which implies plastic deformation, 
but later offered elastic recovery at high temperature as 
the mechanism for dislocation initiation.

In summary, one tends to agree with this latter group 
of investigators, basically because of the observation tech
niques they utilized. In particular, the TEM results seem 
most plausible due to the superior resolution of the instru
ment in pinpointing dislocations. It should also be noted, 
that in this review of damage of semiconductor materials due 
to abrasion, none of the investigators determined the 
Burgers vector of the dislocations generated. This can 
most likely be attributed both the state of the art in 
observation techniques at the time of investigation, and to 
the overall damage which occurs during abrasion acting to 
mask the specific details of the damage.

Indentation
Though abrasion experiments most closely resemble 

the type of damage,which occurs during the manufacture of 
semiconductor devices, researchers soon realized a need for 
better control in damage introduction to allow more precise 
analysis of the damage produced. This desired control was
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realized in the subsequent use of load-controlled indenta
tion, as may be provided from instruments such as micro
hardness testers.

As with abrasion, the investigators who utilized 
indentation to produce the desired damage are divided in 
their description of this damage. Again, some have ad
vanced brittle fracture as being the resultant form of the 
damage introduced. Dash (1960) produced indentations in 
silicon {111} and {110} surfaces and subsequently annealed 
a portion of these samples at 1000°C. Following these 
treatments, all samples were etched and inspected by optical 
microscopy. Dash (I960, p . 205) concluded from this study 
that "the brittleness of the crystals at room temperature 
prevents extensive plastic deformation . . , however,
extensive plastic deformation may occur upon heating a 
crystal from which surface damage either was not completely 
removed by etching or was produced by subsequent handling." 
Dash (1960, p. 205) continued by stating that this flow at 
elevated temperatures occurs by release of elastic energy 
stored in the indentation (cracks), and the resultant de
formation "occurs by the emission of prismatic loops along 
(111) directions" and the formation of ordinary glide dis
locations in the immediate vicinity of the indent. In this 
discussion of Dash's work, it is worth noting his choice of 
words, "extensive plastic deformation." What is exactly 
meant by this is open for speculation. One could even
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argue it as being in agreement with theories promoting 
plastic flow at room temperature,

Craig and Pugh (1964) also advocated the theory of 
brittle fracture occurring during indentation. Their study 
was prompted by the findings of Rindner and Tramposch (1963) 
who, as will be seen later in this discussion, gave results 
indicating plastic flow during indentation processes,
Craig and Pugh (1964) discount this through indentation 
experiments performed on {111} germanium wafers. They con
cluded that no dislocation formation is detectable by 
optical microscopy subsequent to room temperature indenta
tion, but rather dislocations "are generated on annealing in 
the same way as described by Dash (1960), Rindner and 
Tramposch (1965) answered this charge with charges of their 
own concerning the procedure used by Craig and Pugh (1964), 
This article will also be expanded upon later in this dis
cussion . As a final note concerning the work of Craig and 
Pugh, their aforementioned conclusion is in direct opposi
tion to an earlier finding by Pugh and Samuels (1963),in 
which local impact of germanium was found to produce dis
locations at room temperature (see section below: Others), 

Johnson (.1966) is the most recent investigator to 
suggest that purely brittle fracture occurs in semiconductor 
materials during indentation. He stated (Johnson 1966, p , 
2521) that experiments on {111} surfaces of germanium in
dented with a spherical indenter at room temperature show
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no evidence for dislocation glide, but rather "dislocation 
generation and motion during subsequent anneals occurred 
only in association with microcracks" generated during 
indenting, '

In reviewing the literature, one finds several in
vestigators, who utilized indentation as their mode of damage 
introduction, agreeing with the theory of dislocation forma
tion and not the theory of brittle fracture. Rindner and 
Tramposch (1963) performed indentation experiments on {111} 
surfaces of both silicon and germanium. Temperatures of 
indentation were varied from room temperature to 79°K, It 
was found that in the case of germanium, plastic flow 
occurred over the entire temperature range. This conclu
sion was arrived at by optically inspecting the indentation 
sites immediately after indenting and observing no crack 
formation, and by subsequent annealing and etching to 
develop dislocation etch pits which were observed to appear 
along (110) directions. It is this method of investigation 
that was questioned by Craig and Pugh (1964) . They contended 
that unless etching was done and etch pits appeared in the. 
as-indented specimen, no proof was present to support dis
location formation (i.e., dislocations could have formed 
during heating simply by release of elastic energy stored 
in submicroscopic cracks). As for the case of silicon, the 
investigators,reported "inconclusive results" because they 
found cracking to occur upon indenting in addition to
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dislocation etch pit formation after annealing treatments. 
Thus with cracking present, one could argue elastic strain 
relaxation upon annealing as the source for the dislocations 
observed, Rindner and Tramposch (1965) again published on 
this topic in answer to the previously mentioned article of 
Craig and Pugh (1964). Craig and Pugh observed cracking 
immediately after indenting {111} germanium surfaces with a 
pyramidal indenter loaded to 100 g,, and upon subsequent 
etching observed no dislocation etch pits, Rindner and 
Tramposch (1965, p, 2079) objected to this procedure though, 
because in their experiments they utilized a spherical in
denter with a light 10 g. load and stated that "the geometry 
of an indenter critically determines the stress field and 
hence the local plasticity of brittle materials,"

Alekhin et al. (1970) further advanced the theory of 
plastic deformation occurring upon "low" temperature in
dentation of silicon. Their experiments were performed over 
a wide temperature range (-196° to 550°C), and a very 
special indenting technique was utilized. This special 
indenting technique, called soft indenting, consisted of 
placing a ductile piece of metal between the indenter and 
the specimen, the purpose being to eliminate the high stress 
concentrations that occur under normal indentation proce
dures as observed in routine microhardness testing. The 
specimens used were silicon single crystals of various 
orientations, and analysis of induced damage included
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etching and both optical microscopy and TEM. The authors 
concluded from their studies that low temperature plastic 
flow did indeed occur and that it took the form of disloca
tion arrays on planes of the {111} type with Burgers vectors 
of the type (110) . An explanation was also provided for 
the earlier investigations which concluded that brittle 
fracture occurs instead of plastic flow. Alekhin et al. 
suggested that plastic flow at room temperature in silicon 
is a surface phenomenon that occurs only in what they term 
the "anomalous layer." Therefore, they proposed that many 
of the earlier studies, utilizing both abrasion and inden
tation, were performed at excessive loads, thus allowing 
penetration below the "anomalous layer" with subsequent 
fracture formation.

Hu (1975) was the most recent investigator to suggest 
pure plastic flow upon indentation of silicon. He utilized 
{10 0} wafers indented at _> 400°C to determine, through 
optical microscopy and etching, that glide occurred on {111} 
type planes. But no claim was. made as to the Burgers 
vectors of the dislocations observed or the possibility of 
room temperature flow. Therefore, no new. knowledge con
cerning damage characterization can really be extracted 
from Hu's brief study of this rather complex topic.

Finally, some investigators have found that inden
tation experiments may result in both brittle fracture and 
plastic flow of the silicon lattice. Nikitenko, Myshlyaev,
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and Eremenko (1968) used {111} silicon wafers indented at 
light loads (0.5 to 4 grams) to study the damage induced. 
They observed both microcracking and dislocation formation 
when samples were studied in a TEM. The authors noted that 
the degree of microcrack formation was reduced in going to 
lower indentation loads, and that indenter shape also had 
an effect. Indentations made with a Knoop indenter dis
played no microcracks regardless of the load (in the load 
range used). The dislocations observed were found to 
arrange themselves along the directions of the (110) and 
(112) types, but the investigators did not determine the 
Burgers vectors of these dislocations. They stated, though, 
that the dislocations riot only form at room temperature, 
but also move. Eremenko and Nikitenko (1972) again studied 
the indentation of silicon, this time using various wafer 
orientations. Unfortunately, they did not give the Burgers 
vectors of dislocations formed during room temperature in
dentation. It was stated though (Eremenko and Nikitenko 
1972, p. 319) "that thermal activation processes have no
effect on the dislocation mobility within the low- 
temperature range of deformation," and "shear formation and 
fracture occur simultaneously." Hill and Rowcliffe (1974) 
referenced the two publications discussed above and were in 
agreement with the results obtained. They went on to say 
that their TEM studies revealed slip occurring on all four 
possible {111} planes, and that all dislocations observed
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had Burgers vectors of the type ^(110)„ The geometry of 
these dislocations was only discernible in the {111} plane 
parallel to the wafer surface under study. These disloca
tions (in the {111} plane parallel to the surface) had loop 
segments lying along (112) and <110) directions which indi
cates perfect glissile dislocations> taking into account'the 
Peierls stress field in an FCC lattice generating such a 
geometry for glissile dislocations; but, since no geometry 
was suggested for dislocations in the {111} planes inclined 
to wafer surface this same description is a possibility, but 
definitely not a certainty, and therefore allows for the 
dislocation to be sessile. This uncertainty is pointed up 
by the fact that subsequent annealing did not result in 
movement of these dislocations, but rather generation of 
new ones. Finally, the authors made a rather important 
statement concerning plastic flow in silicon at room temper
ature being strictly a surface phenomenon. They contend 
that this is not at all true: ". « . we have detected dis
locations at such depths below the surface, that they are 
certainly within the bulk of the crystal" (Hill and 
Rowcliffe 1974, p. 1573).

To summarize the information set forth here con
cerning damage introduction by indentation, one tends to 
agree with investigators who suggest dislocation formation 
with, in some cases, concurrent cracking. Those researchers 
reporting purely brittle fracture appear here to be in the
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minority, and in studying■their experimental procedures, 
this is not surprising. It is obvious from all of the 
above studies that conclusive evidence concerning the nature 
of damage is only, possible through investigation of the "as- 
damaged" samples and, since dislocation mobility is greatly 
restricted at room temperature, observation through etching 
and optical microscopy will certainly lead to discrepancies 
in the description of damage induced. Therefore, the most 
recent articles utilizing TEM can be considered the most 
reliable sources for damage descriptions. Of these more 
recent reviews, the following general statements appear 
common to all:

1, Dislocations may be generated upon room temperature 
indentation of silicon,

2, The dislocations thus produced glide on the {111} 
type slip planed and have Burgers vectors of the 
-̂(110) ("perfect") type, which is to be expected 
in a pseudo FCC lattice,

3, Loading of the indenter is critical, with higher 
loads producing not only dislocations, but some 
surrounding fractured material,

4, An "anomalous layer" (Alekhin et al„ 1970) may 
possibly exist which permits surface plastic flow, 
but not bulk flow of the lattice, though disagree
ment with this thought does exist (Hill and 
Rowcliffe 1974),
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5. Indenter shape, and thus its generated stress field, 

can be critical in the type of damage produced—  
thus it would appear that an essentially hydrostatic 
stress field is required to permit pure plastic 
flow with an absence of brittle fracture.

Scratching
As Stated previously, abrasion experiments most 

closely resemble the type of damage which occurs during the 
manufacture of semiconductor devices; but in controlled 
experiments, damage introduction through indentation is much 
more reliable. Unfortunately, this latter technique is not 
representative of the mechanical damage a wafer may en
counter in semiconductor device manufacture„ To eliminate 
this discrepancy between real world situations and pure 
research techniques, a third method of controlled damage, 
introduction was utilized— controlled-load scratching.

Up to this point, the discussion of various methods 
of damage introduction and the nature of the resulting 
damage have been categorized into those researchers ob
serving purely brittle fracture, those finding purely 
plastic flow, and those suggesting a combination of the two. 
No such categorization will be presented here, basically 
because not that many articles have been published that 
deal specifically with this topic, Those that do will be 
presented plus additional articles which, though they do not
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deal with the "nature of mechanical damage induced by 
scratching" directly, do have an impact on discussions and 
conclusions presented later in this paper,

Chaudhuri, Patel, and Rubin (1962) studied disloca
tion velocities in various semiconductor materials by first 
producing scratches, at room temperature, in bars made of 
these various materials„ The scratches thus made were then 
utilized as dislocation sources in subsequent experiments 
where the bars were subjected to bending stresses at 
elevated temperatures. Knowing time and temperature at 
stress, it was then possible for the investigators," through 
etching for dislocation etch pits, to determine velocities, 
as a function of temperature, for each material studied„ 
Though these experiments were not developed to study the 
damage produced by the scratching itself, the authors do 
state a definite uncertainty as to the nucleation of the 
dislocations observed and go on to say "„ . . motion of 
dislocations commences from the scratch and does not take 
place in unscratched regions" (Chaudhuri et al„ 1962, p .
2738), Therefore, though no conclusion is presented by the 
investigators, it is a definite possibility that the dis
locations observed could have been due to room temperature 

/ plastic flow occurring during the scratching procedure.
Renninger (1972) was among the first investigators 

who dealt specifically with the damage introduced during 
the scratching of semiconductor materials. His investigation
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involved scratching single crystals of silicon (of unstated 
orientation) with a diamond stylus at loads of 500 and 750 
grams. Utilizing X-ray topography and optical microscopy, 
Renninger made several very important Observations con
cerning the resultant damage. First and foremost, he 
definitely suggested that plastic flow occurs during the 
scratching process. He termed this flow "microplasticity" 
and first noted its existence by the simple observation that 
scratches produced with tools which operate by impression 
rather than with a ploughing action produce furrows in the 
material that exhibit "soft walls," By "soft walls," 
Renninger was implying a lack of cracking. He continued 
this discussion of "soft walls" by stating that those tools 
that do operate by impression generate the "strongest and 
most extended damage and distortion fields . . (Renninger
1972, p, 168). Another important observation made was that 
the microplasticity exhibited was in.the form of a compres
sive strain perpendicular to the scratch itself, and the

2stress induced by this strain was more than 2000 Kp/cm'. 
Renninger also concluded that the velocity of scratching 
had no observable effect on the resultant damage, and that 
this in turn excluded the possibility that local heating 
occurring during scratching was ultimately responsible for 
the plastic flow observed. Finally, the author commented 
that the distortion field produced by the scratching 
process exceeded both the width and depth of the scratch
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itself by orders of magnitude. Though not suggested in the 
article, it s'eems possible that this might allow for dis
location interactions in the surrounding material,

Sunada (1974)—also studied scratches in silicon.
He utilized X-ray topography and optical microscopy as 
observational techniques„ The specimens used were {lll}- 
type wafers, and scratches were induced along a (211) 
direction using a scratch hardness tester with a diamond 
pointed scribe. The Aload range used was 75 to 300 grams. 
Sunada reported that his results suggest that either of two 
types of damage may occur,depending upon the load. In the 
range of 75 to 150 g, no microcracks were observed and only 
minute strains, in the immediate vicinity of the scratch were 
found j At loads greater than 150 g (i »e. , 150 to 300 g) , 
.microcracking occurred and lattice plane misorientation took 
place. Sunada (1974, p, 1951) continued by saying that re
gardless of which damage type was introduced, the . ,
distortion was basically reversible and elastic in char
acter." It is ironic, though, that in the same paper he 
discussed X-ray observations of scratches made in the light 
load range, which indicated that minute strains remained 
even after recovery of the wafer surface. He explained this 
result by suggesting that, indeed, plastic flow did occur 
but only in the ". . . very thin surface layer" (Sunada 
1974, p. 1951). Therefore, this article supports the room
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temperature plastic flow of silicon, even though the basic 
conclusion opposes such a theory.

Kawakami et al, (1974) continued the study of
scratch-induced damage when they investigated scratch de
formation of {111} silicon wafers using a diamond stylus to 
make scratches in the (101) '.and (121) directions. The 
scratching temperature was also varied; i.e„, both room 
temperature and liquid nitrogen temperature (-196°C) were 
utilized„ It was found, through electron microscopy, that 
at both temperatures plastic flow had taken place and dis
locations had been generated regardless of scratch direction. 
The authors continued by stating that the low temperature 
(-196°C) sample had a lower dislocation density than the 
one deformed at room temperature, and that dislocations had 
the tendency to align along certain crystallbgrapic direc
tions at this lower temperature. Also, the dislocation half 
loops observed at the scratch site in the -196°C sample were 
on {111} slip planes and had Burgers vectors of perfect FCC 
dislocations (i. e. , unit dislocations with 5" = -̂(110) ) . 
Finally, the authors suggested that these observed disloca
tions were induced by slip deformation due to the local 
excess shear stress during scratching.

Kirscht et al. (1975) also utilized scratching to 
introduce damage. They investigated the relations between 
the elastic strains caused by scratches alone and the re
sulting dislocation arrangement with subsequent annealing„
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The samples used were 1 mm thick silicon slices of {111} 
orientation, which were subjected to scratching at loads 
ranging from 0 to 100 g and subsequently annealed at either 
850° or 1000°C for 3 hours in an argon atmosphere„ Fol
lowing this treatment, the samples were studied for re
sultant ,dislocation arrangements using etching, X-ray 
topography, and electron microscopye It appears that the 
investigators support the idea that plastic flow occurs 
during the room temperature scraching procedure, but per
formed the subsequent annealing to allow the dislocations 
generated to move through relaxation of residual stresses, 
produced by the scratching process, thus making them more 
easily resolved in microscopic examination„ After this 
annealing treatment, it was found that dislocations were 
generated on all four possible {111} planes and that inter
actions could indeed take place resulting in the formation 
of Lomer lock dislocations„ It is unfortunate, with respect 
to the present work, that these conclusions were not arrived 
at after scratching (but before annealing) because one 
cannot state with certainty that the interactions forming 
the Lomer lock occurred at room temperature, but at least 
there is no evidence to the contrary„ Finally, before 
leaving this discussion of Kirscht et ale's .('1975) work, it 
is appropriate to explain what constitutes a Lomer lock, 
because from this point on it will appear throughout 
numerous portions of the text. This dislocation type has
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been described by Weertman and Weertman (1964 , p „ 93) as 
being a sessile unit dislocation that results from the 
interaction of two perfect, E = •̂ ■(llO) dislocations gliding 
on intersecting {111} type planes. When these dislocations 
react the Lomer lock is formed with E = ^-(110). The slip 
plane of this dislocation is of the {100} type, and since 
this is not a slip plane in a FCC lattice, this unit dis
location is sessile in character and may act as a barrier 
to further slip,

Gerk (1976) investigated relationships between time- 
dependent hardness measurements and scratch hardness 
measurements utilizing a {111} single crystal wafer of 
germanium, Knoop indenter, a load of 50 g , and a temperature 
of 350°C. Though no mention was given of the damage pro
duced by scratching, the results do have significance in 
comparing the results of indentation experiments with those 
of scratch experiments, Gerk (1976, p. L181) discovered 
that " . . .  the deformation processes under the indenter 
are similar in both cases," This conclusion is particularly 
valuable because one may speculate that both processes may 
produce similar dislocation structures and subsequent 
interactions.

Finally, the most recent study of scratch-induced 
damage in semiconductor materials was that of Badrick et 
al. (1977). In their experiments, slices of single crystal 
silicon in a {111} orientation were scratched by a diamond



25
microhardness indenter (mounted in a record player arm) in 
(110) and (112) directions. The load applied to this stylus 
was normally 50 g, but at times a 30 g load was also used. 
Following this scratching process, the samples were studied 
by both optical microscopy and transmission X-ray topography. 
Though the authors' main concern was ", « . to advance
understanding of the long-range residual stress field 
around scratches, and of the process of chipping" (Badrick 
et al._ 19 77, p. 197) , some valuable information was also un
covered concerning plastic flow taking place during the 
scratch process. The authors stated that there is ", , «
no evidence of large-scale upward displacement of the sur
face, such as would be expected to accompany extensive 
plastic deformation around the scratch," but there is evi
dence of plastic flow occurring, and this evidence takes 
its form in the "furrowing" observed within the scratch 
groove ("» ... parallel to its direction in those parts of 
the scratch in which chipping had not occurred" [Badrick et 
al. 1977, p, 197]) , They continue by stating that .
these apparently regular small-scale corrugations are 
usually taken to be due to some type of permanent strain 
occurring under the high hydrostatic pressure beneath the 
scratching tool" (Badrick et al, 1977, p, 197). Therefore, 
this article, with respect to plastic flow, reflects the 
feelings of most investigators that scratching a

!
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semiconductor material under proper conditions may result in 
plastic deformation of the material.

In closing, it is appropriate to summarize the 
material contained here concerning the damage that results 
upon scratching single semiconductor crystals. Unlike the 
previous section, which contains two lines of thought on the 
damage induced by indentation, this section on scratching 
demonstrates that most investigators of this topic are in 
complete agreement— dislocations do form upon scratching.
The investigators also have many theories containing common 
ground, and it is appropriate to list these "common-ground" 
ideas heres

1. As stated above, dislocations may be generated) ■ upon - 
room temperature scratching of silicon,

2. These generated dislocations glide on {111} type 
planes and have (usually) Burgers vectors of the

110) type.
3. The formation and movement of dislocations is due 

primarily to the high hydrostatic stresses that 
operate under the scratching tool and is enhanced 
when there is a lack of associated microcracking.

4. There is an apparent threshold of load below which 
plastic flow occurs and above which plastic flow and 
microcracking occur. (The determined value of this 
threshold varied with the investigator.)
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Localized heating beneath the scratching tool is 
discounted as being the initiator of plastic flow.

Others
This section, as discussed earlier, is a "catch-all" 

which covers modes of damage introduction to semiconductor 
materials that cannot be classified under the previous 
headings. These modes include bending, general tension/ 
compression, thermal shock, and impact. To aid in clarity, 
each of these will be discussed separately, and for each 
article referenced, a classification of the damage induced 
will be given (if applicable).

The first of these damage introduction techniques, 
bending, has received little attention in the literature, 
and only one article will be referenced here, Gomez and 
Hirsch (1977) studied the question of whether dislocations 
in germanium and silicon glide in the dissociated configura
tion during plastic flow, or move as constricted disloca
tions and dissociate on coming to rest (since they have 
observed that normally, stationary dislocations in these 
materials are dissociated). The authors hoped to resolve 
this question by observing directly the motion of the dis
locations in situ in the electron microscope„ The speci
mens used were prepared by bending {111} slices at an 
elevated temperature in an argon or nitrogen atmosphere and 
subsequently thinning these samples down for TEM observation.
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Once prepared in this manner, the samples were loaded into 
the TEM and image stresses provided the driving force for 
movement of the generated dislocations as temperature in
creased, The authors concluded from these experiments that 
dislocations in silicon and germanium are dissociated both 
at room and at elevated temperatures both before and after 
movement has taken place (note: this statement must be read
remembering that the original dislocation nucleation was 
performed at an elevated temperature and therefore may not 
hold true for dislocations nucleated at room temperature). 
They also conclude that small displacements of one partial 
relative to another were possible in addition to displace
ments of the dislocations as a whole, on heating to 260°C 
for Ge and _> 380°C for Si. Unfortunately, however, no 
evidence could be obtained that the dislocations glide in 
the dissociated configuration because it was not possible 
at high resolution to observe the dislocations actually in 
motion. The authors, though, do suggest this behavior, but 
one must treat this as speculation at best.•

The next mode of damage introduction to be discussed 
is general tension/compression experiments performed on 
semiconductor materials, Kochurov et al. (.19 74) investi
gated "stage II" of the work hardening phenomenon utilizing

/
silicon single crystals. The crystals were cut in such a 
manner that the axis of strain became (112) when the 
crystals were pulled in tension at 800°C. The results of
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this study pertinent to our present discussion are that when 
the crystals were placed in tension two slip systems became 
active, both of the type (110) {111J and, once activated, 
the interaction of these slip systems with each other 
resulted in the formation of a network of Lomer lock dis
locations ,, It is unfortunate that this study was not per
formed at room temperature, but this is not to say that 
these interactions are an impossibility at room temperature. 
Rather, the elevated temperature used merely simplified the 
experimental techniques required to gather the data of 
interest.

Aseev, Golobokov, and Stenin (1975) also studied the 
effects of general tension/compression on semiconductor 
single crystals at elevated temperatures. In this study, 
crystals of both germanium and silicon were strained in 
compression for &.= 0,50 to 0.95 (0 = T/T^ is the relative 
temperature where T = ambient and = melting temperature). 
It was found that in low temperature deformation (9 = 0.5 
to 0.8) dislocation glide occurred and cross slip was 
activated, which in turn resulted in interactions forming 
Lomer lock dislocations. As for higher temperature deforma
tion (0 0.8), dislocation climb was observed in addition
to glide. As with the previously mentioned authors 
(Kochurov et al. 1974), the investigators here utilized 
elevated temperatures because, in their own words, ", . .
one cannot get a picture of the dislocation process in the
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entire temperature interval of noticeable plasticity of Si 
and Ge" (Aseev et al. 1975, p. 355). Therefore, it is a 
definite possibility that their "low temperature" observa
tions may hold true even when deformation occurs at room 
temperature, •

The third method of damage introduction, under the 
heading of "Others," is thermal shock„ MiItat and Bowen 
(1970) described the effects of thermal shock on silicon 
When they scrutinized a sample originally intended for an 
experiment on the effect of diffusion treatments. During 
their diffusion treatments of. a {111} slice, they observed 
that it had become deformed by thermal shock. Therefore, 
the oxide formed by these treatments was stripped away and 
the scanning Lang technique utilized to analyze the damage 
produced. It was found that slip had occurred almost 
exclusively on the three {111} planes inclined to the 
specimen's surface and in all cases the Burgers vectors of 
the generated dislocations were of the -̂(110) type. This 
is not to say, though,,that all were determined glissile. 
Instead, it was found that in some instances reactions had 
occurred between these glissile dislocations, resulting in 
the formation of Lomer locks. Miltat and Christian (1973) 
continued the study of this sample, which had been deformed 
by thermal shock during diffusion treatments. The area of 
interest this time, though, was the dislocation pile-ups 
observed on single {111} slip planes. The authors
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attribute the pile-ups to the effective obstacles that Lomer 
locks present to slip. Thus the conclusion is the same, 
Lomer locks may form upon dislocation interactions in 
silicon. It is interesting to note though, that in one 
portion of their article they state it has been proven that 
". ,,, dislocations in silicon are actually extended, so
that the Lomer dislocations are probably Lomer-Cottrell 
type sessiles" (Miltat and Christian 1973, p e 44) , This is, 
of course, a possibility but no proof was presented to that 
effect.

The final damage introduction technique to be dis
cussed is impact.’ Though no recent articles have appeared 
in the literature discussing this particular experimental 
technique, no treatment such as presented here would be 
complete without it— especially the next article to be 
reviewed. Allen (1959) investigated the damage produced 
when single crystals of indium antimonide were subjected to 
local impact, by dropping a steel sphere of known mass onto 
the crystal's surface. The damage thus produced appeared 
initially to be cracks running from somewhere in the crystal 
interior to the surface, On closer examination, though, it 
was discovered that in fact these were not cracks at all, 
but rather walls of dislocations. Therefore, Allen gave 
these features of damage the name "dislocation cracks." 
Following this determination of the defect structure, Allen 
sought a mechanism capable of producing such an effect.
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The result of his search is as follows; upon impact of the 
crystal surface, highly localized stresses generate micro- 
cracks, and since the stress field so produced is inhomo
geneous,the material on the two sides of the crack will be 
displaced by different amounts. Subsequently, if the stress 
is removed fast enough so that none of the surrounding 
atmosphere may enter the crack, the two sides will join 
again and the crack will heal with the original displace
ments still intact. Finally, some atomic rearrangement will 
occur so that the mismatch present will be concentrated 
into dislocation lines. Of course, with the experimental 
techniques available at the time (etching and optical micro
scopy) , this proposed mechanism is sheer guesswork. But 
Allen must be commended for going against the scientific 
community, which at the time considered fracture to be the 
only possible form damage could take in semiconductor 
materials. As a final note concerning this work, Allen 
states that dislocation cracks have been observed by him 
in not only InSb, but also GaAs, GaP, and Ge, And, further
more, these defects were observed after normal handling of 
the crystals in the laboratory.

Pugh and Samuels (1963) also utilized impact to 
study dislocation formation in {111} surfaces of Ge. After 
impact, the authors found true cracks which could be 
detected optically, and also additional features which only 
became visible after etching. It was these latter features
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that were of prime importance to the authors— they hoped to 
determine whether they were submicroscopic cracks or dis
location arrays of the type proposed by Allen. After con
trolled etching experiments, they determined that, indeed, 
these features were caused, by dislocation arrays. But, the 
authors did not wholly agree with the nucleation mechanism 
proposed by Allen. Instead they suggested that dislocation 
formation was the first stage in the fracture process. 
Therefore, as the mechanism implies, dislocation arrays 
should always be associated with cracking in germanium and 
the previous work by these investigators (Pugh and Samuels 
1961) should bear this out. Since the authors did not 
observe this phenomenon in 1961, they went back and per
formed the same etching experiments on these earlier 
abrasion samples. This time it was discovered that disloca
tion cracks were in fact present. It is interesting to 
note, though, that in 1964 Craig and Pugh performed in
dentation experiments on germanium and totally reversed 
these earlier findings, stating that dislocations cannot be 
generated during room temperature damage introduction.

To complete this section of "Other" damage intro
duction techniques, it seems appropriate to bring out the 
three major conclusions arrived at by the investigations
discussed here;
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1. Dislocations may dissociate and possibly move in 

this configuration through semiconductor materials 
containing them,

2. Dislocation interactions may occur in semiconductors 
producing Lomer lock type dislocations,

3. Dislocations may be generated at room temperature 
in connection with fracture processes,

Dislocation Models of Damage Introduction 
In the previous section of this paper, it was indi

cated that plastic flow may occur in silicon at room 
temperature upon inducement through mechanical damage pro
cesses. Further, there seems to be sufficient evidence 
present that dislocations formed in this manner may ulti
mately glide and interact producing new dislocations, to be 
specific, the Lomer lock. Now, these conditions are indeed 
important as support for the theory of stacking fault forma
tion, which this paper sets forward, but in themselves they 
do not paint a clear enough picture of the actual manner in 
which the dislocations are initiated by the damaging tool, 
induced to glide, and finally restricted geometrically to 
interacting only on specific planes within the damaged 
crystal. Therefore, it is the intent here to present 
literature which gives a more in-depth view of these topics.

The logical place to start this discussion is with 
• the indentation technique Of damage introduction, because
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when compared to abrasion, or scratching, it is a reasonably 
static situation. Dyer (1965) performed a rigorous analysis 
of the dislocation distribution around a ball indentation 
on the {100} face of a single crystal copper bar. Though 
copper is not a semiconductor material, the findings are 
still applicable to this discussion because copper is a FCC 
material and silicon has a pseudo FCC lattice. The pro
cedure used was to first indent the bar with a 6.350 mm 
diameter sapphire ball at loads from 1 to 1000 grams, and 
subsequently section the bar and etch for dislocation etch- 
pit formation. In this way Dyer was able to get a three- 
dimensional picture of the dislocation glide and interaction 
processes.

The approach followed by Dyer in his analysis was to 
first consider the stress field generated by a sphere 
pressing on an isotropic body, then to include crystal
linity in the form of slip planes and directions; next, to 
position dislocation loops of the proper Burgers vectors in 
the locations of maximum shear on the shear surfaces; and 
finally to allow for their subsequent expansion and inter
actions with one another. This methodical approach will 
be outlined here.

Since Dyer was discussing a process which involved 
plastic flow, the proper stress field approach was that for 
the ideally plastic case. Figure 1 gives a three- 
dimensional view of the shear stress streamlines for a
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Fig. 1. Shear stress streamlines around a ball indentation 
on a theoretically isotropic material —  After 
Ishlinskii (1944, p. 201) .

frictionless ball indentation made on a ductile isotropic 
material. Now, if one takes this idealized case and 
approximates this shear pattern under an indentation made 
on a {100} type plane, where {111}(110) type slip systems 
are operative, the pattern which results is as shown in Fig. 
2 (after Dyer 1965, p. 632). The conical surfaces have now 
become two types of truncated pyramids, types I and II as 
shown on the left of the figure. The type I pyramid di
verges downward and slip on planes of this type accounts 
for the lowering of material as observed in the depressed 
area of an indentation. The type II pyramid converges
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Fig. 2. Shear stress streamlines on type I and II planes 
around a ball indentation on a FCC metal with 
{111}(110) slip systems —  After Dyer (1965, 
p. 632).

downward and slip on planes of this type accounts for the 
uplifted areas which surround the periphery of an indenta
tion site. (From this point on these Roman numerals shall 
be utilized to discuss the planes described above.) Figure 3 
(after Dyer 1965, p. 632) gives a side view of the indenta
tion process, and demonstrates how the types I and II 
planes react to stress, resulting in the formation of a 
depression with surrounding uplifted areas.

With this geometrical representation, it was 
possible for Dyer to describe the slip planes and Burgers
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Fig. 3. Geometry of an indentation made on a {100} type 
surface in a FCC lattice —  After Dyer (1965, 
p. 632) .

vectors involved in dislocation reactions which ultimately 
resulted in sessile dislocation formation. It should be 
noted that Dyer had analyzed all the possible reactions 
between dislocations; on the same type I or type II plane, 
on intersecting type I planes, on intersecting type II 
planes, and finally on intersecting type I and II planes. 
But only in the last case did he find sessile dislocation 
formation possible, and the reaction thus described was for 
the formation of either a Hirth lock or a Lomer-Cottrell 
barrier. In either case, the dislocations are a product of 
two Shockley partials, b = ^(110), that originate from dis
sociated perfect dislocations. This is to.be expected 
because the low stacking fault energy observed in copper 
permits dissociation of perfect dislocations to occur
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readily. This type of dissociation is expected to occur far 
less frequently in silicon, though, because it has a much 
higher stacking fault energy. Therefore, it appears that 
application of the Dyer analysis to silicon should be 
restricted to only the geometrical representation of in
dentation Dyer has proposed and not to the dislocation 
reactions he has suggested. It should be mentioned that 
Dyer had made an error in suggesting the formation of Lomer- 
Cottrell barriers since his suggested reaction actually pro
duces an acute stair-rod dislocation.

This concludes the Dyer analysis of indentation dis
location processes, but before continuing to the correlation 
of indentation to scratching, it is worth referencing the 
work of Hu (1975) whose findings on silicon tend to verify 
the Dyer geometrical approach to the problem, Hu's experi
ments involved indentation of silicon at ah elevated 
temperature (>400°C, thus allowing extensive dislocation 
glide) followed by etching to delineate the resultant dis
location rosette. The rosette thus formed in {100} surfaces 
of silicon typically appeared as a symmetrical cross, having 
twin columns of etch pits along each of the two (110) 
directions in the surface plane, Hu concluded from these 
results that dislocation loops formed in silicon generally 
move on what he terms "glide prisms." It is this concept 
which tends to verify the Dyer analysis. These glide prims 
appear in many ways to be equivalent to the type I and II
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planes proposed by Dyer, the only difference being the way 
in which the two investigators geometrically represent their 
models. Therefore, it is not as speculative as one might 
think to apply the Dyer analysis to a semiconductor material 
such as silicon.

It is indeed unfortunate, though, for our present 
discussion, that there has to date been no rigorous treat
ment of scratching similar to Dyer1 s treatment of indenta*- 
tion. But articles have been published which indicate that 
what is true for indentation processes is also true for 
scratching. Two such articles are those of Kawakami et al„ 
(1974) and Kirscht et al, (1975), because in both, the 
investigators suggest that dislocations are initiated due 
to plastic flow and lie on {111} type slip planes. Further
more, Kirscht et al. promote a possible correlation between 
indentation and scratching by suggesting that dislocation 
reactions may occur resulting in Lomer lock formation. The 
most promising correlation found in literature, though, is 
surprisingly enough the work performed by Gerk (1976) which 
makes no reference to dislocations or their reactions, but 
rather suggests that the formation of an indentation or 
scratch on the surface of a solid may involve the same 
process. In the words^of Gerk (1976, p, L181), „ the
deformation processes under the indenter are similar in 
both cases," and, as stated earlier, this conclusion is 
particularly valuable because one may speculate that both
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processes may produce similar dislocation structures and 
subsequent interactions„ Therefore, it appears that one may 
also apply the Dyer geometrical analysis to damage tech
niques involving scratching. <

Correlation of Mechanical Damage with 
Stacking Fault Formation

Up to this point, the literature review presented 
here has been restricted to the discussion of mechanical 
damage in semiconductor materials and the resultant form 
this damage takes. It has also been taken a step further 
by presenting articles which suggest dislocation models for 
describing processes operative'during damage treatments. 
Therefore, it is now appropriate to go one final step - 
further by discussing investigators who have correlated 
mechanical damage with stacking fault formation, because 
this is basically the main objective of this paper as a 
whole„

Our discussion begins with the investigation per
formed by Thomas (1963). In this.study, Thomas was partic
ularly concerning with the effect of heat treatment on sur
face damage in silicon created by abrasion processes. The 
samples used were single crystal wafers, of silicon abraded 
with both alumina and diamond particles. Immediately after 
abrasion, the samples were given an air anneal at 1150°C. 
Thomas discovered that subsequent to annealing and oxide 
removal, two types of lattice defects could be distinguished
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The first of these defects were dislocations found to be 
parallel to the wafer surface and lying along the scratch 
traces initiated by the abrasive particles e The other type 
of defect observed was the stacking fault and it too appeared 
to be associated with the visible scratch traces „ Thomas r 
though, made no claim as to the nucleation or growth of . 
these faults, but did made, some rather general statements 
concerning dislocations in silicon. One such statement is 
that "annealing takes place in silicon by the movement of 
dislocations in the {111} slip planes" and another that,
"it is apparent that [upon annealing] large numbers [of dis
locations] move into the interior [of the crystal:] " (Thomas 
1963, p. 2263). Thomas did make one rather interesting 
comment concerning stacking faults, though; he stated that 
the faults expand during annealing on {111} type planes 
until they are over 10 i_tm long and then they subsequently 
break down, By breakdown, Thomas was referring to the fault 
expanding beyond his sample's thickness and thus growing 
right out of the crystal,

Joshi (1966) also performed a study of stacking 
faults in silicon. The experimental technique followed here 
was to take {111} single crystals of silicon, lapped and 
chemically polished to remove any traces of surface damage, 
and subject them to annealing followed by oxidation. Three 
annealing temperatures were used: 800°C, 1000°C, and ■
1200oC, and the oxidations were performed at 1150°C in
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steam. Subsequent to these treatments the oxide was removed 
and observation performed using both chemical etching and 
transmission electron microscopy. It was found that only in 
the samples annealed above 1000°C were stacking faults 
created, and in the case where annealing was bypassed and 
only oxidation performed, no stacking faults were observ
able. Joshi concluded from these results that mechanical 
damage was not responsible for fault nucleation, but rather 
that annealing above 1000°C allowed SiC^ precipitates to 
form in the silicon lattice and strains produced by this 
precipitation resulted in dislocation formation, which in 
turn was responsible for stacking fault nucleation„ 'The 
dislocations formed in this manner were postulated to be 
sessile in character and upon oxidation were prompted to 
dissociate according to the reaction (Joshi 1966, p. 1169):

^ [101] — g- [121] + [111]

It was suggested that a Shockley partial, with a Burgers 
vector of -̂[121] then glided out of the wafer, leaving

—— 3 . mmbehind the Frank partial, b = •jtlllj , which in turn acted 
as the fault nucleus and allowed for fault growth through 
climb of this partial into the crystal interior. Such a 
mechanism could result in either intrinsic or extrinsic 
stacking faults, but in these experiments only the latter 
were observed. Now, no disagreement is offered here with
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respect to Joshi1s theory of dislocation dissociation 
resulting in fault nucleation, but in the context of his 
paper he suggests that such an occurrence would not be 
observed in samples mechanically damaged. This is simply 
not proven by his study, though, because no experiments 
were performed in which mechanical damage was induced into 
a wafer's surface and allowed to remain through subsequent 
treatments. Therefore, one may suppose that such a dis
location reaction, as suggested here, could also occur by 
mechanically induced dislocations of sessile character—  
such as the Lomer lock«

Lawrence (1969) continued the investigation of 
stacking faults in silicon when he abraded {111} wafers -and 
and subjected them to annealing treatments between 650 and 
1280°C.in ambients of dry oxygen, steam, or nitrogen. As 
discussed in the abrasion portion of the previous section 
on mechanical damage, Lawrence is contradictory with respect 
to whether plastic flow occurs during abrasion or upon sub
sequent annealing treatments. But, for our discussion here 
we need not concern ourselves with the mechanism of dis
location nucleation as long as it is realized that the 
dislocations are a direct result of the abrasion process. 
Therefore, by whatever means the dislocations"are formed, 
Lawrence suggested that during oxidizing heat treatment the 
dislocations may interact, due to "pinning" of the induced 
lattice disorder by SiC^f creating stacking fault boundaries.
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If the heat treating ambient is inert, no such interaction 
will occur, but instead, only glissile dislocation loops 
will be formed„ With respect to the dislocation interaction 
mentioned above, though, one finds that Lawrence is again 
unclear. This time he suggests that the interaction pro
ceeds according to the Lomer-Cottrell model, but upon 
scrutiny of this model one discovers that Lawrence's experi
mental observation of extrinsic stacking faults having

—  g.Frank partial boundaries, b = 111), does not fit in to
this model in any manner whatsoever. One must therefore 
conclude that he is referring to the reaction of two 
perfect dislocations forming a Lomer lock, which in turn 
dissociates, forming a stacking-fault bounded by a Frhnk 
partial (see Joshi 1966, above). Lawrence concluded this 
study of stacking faults in silicon by discussing the 
method in which the faults grow during oxidation. He sug
gests that the Si-Si0 2  interface at the wafer surface acts 
as a vacancy sink and thus faults may grow by vacancy 
emission to this interface.

Sanders and Dobson (1969) gave further insight into 
the growth of extrinsic stacking faults formed in silicon 
by observing the effects of air and vacuum annealing treat
ments on stacking faults initially formed in {111} silicon 
wafers through abrasion, followed by oxidation. They 
postulated from their results that growth of these extrinsic 
faults occurs by a climb mechanism of the bounding Frank
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partial involving the emission of lattice vacancies from 
(absorption of interstitials at) the faulted region. (Note: 
They also found the activation energy of growth, 2.1 ev, to 
be consistent with this proposed mechanism which assumes 
that the vacancies are emitted from the faulted region and 
diffuse by core diffusion along the bounding Frank partial 
to the Si-SiC> 2 interface.) These emitted vacancies in turn 
diffused to the wafer surface and the driving force for this 
diffusion was due to a reduction in the equilibrium vacancy 
concentration existing at the Si-SiC^ interface„ Further
more, such a reduction in equilibrium value occurred because 
the vacancies were annihilated near the interface by the 
inward-growing oxide. Now, as one can see, —this theory does 
not concern itself with the nucleation of these faults, but 
the results given are relevant to other areas, of this paper 
and the experimental technique used does indicate the 
authors1 confidence in there being a correlation between 
mechanical damage and stacking fault formation. .

The last investigation of mechanical damage, as it 
correlates to stacking fault formation, to be presented 
here is that of Ravi and Varker (1974). In their study, 
the nucleation of stacking faults was investigated by 
various techniques, mechanical damage being one of these.
The method of damage introduction was to randomly abrade 
{100} and {111} wafers using silicon carbide abrasive 
papers. It was found that after such a treatment followed



by oxidation, stacking faults were indeed observed and 
appeared "relatively uniform in size over large areas" 
indicating a common origin for all of the defects. But the 
authors continued by stating that dislocations generated 
by this damage are not responsible for the observed faults. 
Instead, they found that when faults are nucleated, and in 
the early stages of growth, very few dislocations are 
observed, and only after longer oxidation times are their 
numbers significant. They continued by stating that these 
dislocations are randomly distributed among the faults and 
are of the glissile ~(110) type, therefore making them un- . 
related to the observed faults even when they coexist with 
the faults. This is to say that the dfs'socxation -of a dis
location forming a fault nucleus is never observed. The 
authors therefore suggested that fault nucleation in 
silicon occurs by the local collapse of excess inter
stitials atoms into a Frank loop composed of an extrinsic 
stacking fault surrounded by a Frank partial, b = -̂(111) , 
and that faults form at sites of mechanical damage because 
the increase in surface area and the state of stress formed 
results in a local reduction in vacancy concentration 
leading to precipitation of excess interstitials. It is 
interesting to note, though, that the authors suggest a 
contradictory mechanism for faults formed in undamaged 
crystals— here they propose fault formation due to localized 
supersaturation of vacancies leading to interstitial
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collapse. Therefore, one might question their treatment of 
mechanical damage as it correlates to fault formation, and 
one would caution to be wary of their statements concerning 
dislocation dissociation because not observing it does not 
mean necessarily that it is not occurring.

To conclude this section correlating mechanical 
damage to stacking fault formation, it appears that one can 
classify the investigations performed to date into two 
rather general categories:

1, Those who suggest dislocation formation and sub
sequent interaction (due to the damaging process) 
ultimately resulting in stacking fault formation,

2. Those who deny the dislocation model-and suggest 
that mechanical damage simply acts as a vehicle for 
some other formation mechanism, such as inter
stitial coalescence.

It is suggested here that the first of these two mechanisms 
is the valid one which may ultimately explain the results 
of this investigation.



CHAPTER 3

OBJECTIVES

The objectives of this investigation were as
follows:

1. To utilize a damage introduction technique which 
would provide low controllable loading with accurate 
directionality for both statically indenting and 
scratching silicon single crystal wafers.

2. To study the formation of stacking faults in silicon 
wafers damaged by the above techniques and -sub
sequently subjected to either nitrogen anneals or 
oxidations at elevated temperatures.

3. To postulate a model, consistent with observed 
results, for stacking fault formation from disloca
tion interactions that may occur in single crystal 
silicon.
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CHAPTER 4

EXPERIMENTAL PROCEDURE 

Starting Material
The starting,material used in this investigation was 

1-6 ohm-cm,. phosphorus-doped, swirl-free silicon single 
crystal wafers grown by the Czochralski method. Crystals 
grown in the (100) direction and sectioned perpendicular to 
this axis were utilized, and the wafers were usually two 
inches in diameter by 0,012 inches in thickness.

Damage Introduction ...
I

Damage introduction was accomplished by two methods, 
both utilizing a Wilson Tukon microhardness tester fitted 
with a Knoop indenter, The first technique was scratching, 
and the second was static indentation, In both methods load 
was a variable, as was the directionality of the induced 
damage. The loads used were 1, 2, 5, and 10 grams. The 
directions utilized were as follows: (110), (320) or 11.3°
off (110), and (100) or 45° off (110). It should be noted 
that the above directions were accommodated in static 
indentation by aligning the long axis of the Knoop indenter 
along the desired directions. As for scratching, the 
samples were aligned on the microhardness tester workstage 
so that scratches could be induced by stage translation

50



with the long axis of the Knoop indenter parallel to this 
translation.
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Subsequent Treatments
Following damage introduction, all samples were 

cleaned according to the procedures given below:
1. 1 minute in 10:1 (10 parts deionized water:1 part

HF) ;
2- 5 minutes DI rinse (i.e., deionized water);
3. 15 minutes clean at 110°C (70% concentrated H^SO^,

30% H 2 ° 2 solution) ;
4. 5 minute DI rinse;
5. 30 seconds 10:1 (10 parts deionized water:1 part 

HF) ;
6. 5 minute DI rinse; and
7. spin dry.

After this cleaning procedure the scratched samples 
were split into two groups. Otie group was given an anneal 
in nitrogen and the other an oxidation in steam. Due to 
time limitations, though, only the latter treatment was 
performed on static indentation samples. In both cases, 
the samples were slowly pushed into a quartz tube furnace, 
given 1 hour at 1150 °C, and then slowly pulled out. The 
word slowly is emphasized to indicate that great care was 
taken, to avoid any possibility of thermal shock„



Following the above heat treatments, all samples 
were given an HF dip to remove any oxide formed, and then 
etched using Wright etch (Jenkins 1.977) „ This etch was 
particularly useful here because it delineated both dis
locations and stacking faults which intersected the wafer 
surface. Etch times varied, but normally were restricted 
to less than 5 minutes total etch time,

Finally, after all the above procedures had been 
completed, the samples were photographed in a microscope 
using bright field, polarized light illumination. The 
magnifications used were 400X, 420X, and 575X,



RESULTS AND DISCUSSION 

As-Damaged Samples
It was found that, for both scratching and static 

indentation, the specimens displayed plastic flow with an 
absence of visible fracture except for the damage induced 
by the maximum load of 10 grams„ It should also be noted 
that this statement held true regardless of the direction of 
damage introduction. The scratches in the samples which 
exhibited an absence of fracture can best be described by 
the term Renninger (1972) coined, that being "soft walls," 
The scratches in particular were representative of this 
description because they appeared to be smooth furrows 
rather than scratches. The damage induced by loading to 10 
grams, though, displayed its presence in the form of 
fractures, which in the case of scratching was much more 
pronounced and appeared as chevrons along the scratch trace. 
Unfortunately, photographs displaying these observations are 
not given here due to the extreme difficulty encountered 
with respect to resolution in both the microscope and film 
utilized.

CHAPTER 5
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Nitrogen-Anneal Samples

Scratched samples annealed in nitrogen also verified 
the occurrence of plastic deformation at the sites of damage 
introduction, Following etching for dislocations, it was 
discovered that dislocation etch pits were found to lie 
within the scratch grooves formed by loads of 1, 2, and 5 
grams, regardless of scratch directionality„ Loading to 10 
grams, though, resulted in no etch pit formation upon
etching, again regardless of scratch directionality. Rather,

-

the presence of brittle fracture was again verified by the 
resulting etch configuratione It is also important to note 
at this point that with loads of 1 or 2 grams the etch pit 
density was fairly consistent, but in jumping to 5 grams, 
the number of etch pits formed reduced drastically. This 
phenomenon is attributed to the possibility that loading to 
5 grams may result in a very near approach to the transi
tion from plastic flow to brittle fracture. The fact that 
this was not observed in the "as-damaged" samples can be 
best explained by suggesting that either the fracturing 
that had occurred was submicroscopic, or the microscope's 
resolving power was inadequate, or the percentage of 
fractured areas to ductile areas within the scratch zone 
was quite small. Figure 4 displays these observations as 
seen for scratches made at 0° to the (110). As stated 
previously, one can see that all dislocation etch pits are 
confined within the scratch trace and do not extend beyond
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«

* i g
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♦ • • • • 2 g

--- -+ 5 g

Fig. 4. Nitrogen anneal samples— scratches at 0° to the
<110 > for loads of 1, 2, 5, and 10 grams —
400X; ^5 minute Wright etch.
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it. This is indeed an important observation because if the 
dislocations responsible for these pits were glissile ~ ( 110) 
dislocation loops, one might; expect, after a 1-hour anneal, 
to see etch pits formed on both sides of the trace (where 
the loop intersects the wafer surface) due to thermally 
activated glide away from the highly strained scratch zone. 
Since this is not what is observed, one must conclude that 
the dislocation loop responsible for the etch pit makes 
only point contact with the surface and must be pinned in 
some manner to maintain such a configuration during 
annealing. Such a pinning action could arise if first of 
all the strain field surrounding the dislocation is 
basically hydrostatic in nature, and secondly if the loop 
responsible for the etch pit had reacted with another dis
location and at this intersection become sessile in charac
ter thus tending to pin both reacting loops„ The formation 
of a Lomer lock,- immediately below the wafer surface, could 
easily account for just such a pinning action.

Finally, before concluding this discussion of the 
nitrogen-anneal samples and going on to the oxidation 
samples, it should be mentioned that in none of the samples 
annealed in nitrogen was the formation of stacking faults 
observed. This is to be expected, though, and is consistent 
with the numerous investigations on stacking fault formation 
that relate the necessity of oxide growth on the wafer 
surface to stacking fault initiation.
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Oxidation Samples

Oxidation of both scratched and static indentation 
samples resulted in stacking fault formation in the im
mediate vicinity of the induced damagee In all cases, the 
faults had surface traces lying in (110) directions, and 
for the most part were normal to the scratch direction or 
the long axis of the indenter, except for the samples 
scratched or indented in the (100) (or 45° to the (110)) 
direction. In these cases the faults formed on two types of 
{111} planes, with traces making angles of 45° to the 
scratches or long axis of the indentations. Figures 5 
through 12 illustrate these results photographically, and 
each figure represents a particular damaging technique at a 
particular load. As can be seen from these photographs,

M-

the greatest number of faults were generated at the lower 
loads of 1 and 2 grams. At the higher loads of 5 and 10 
grams, the density decreased. This observation is con
sistent with the previous results in that the samples which 
exhibited the greatest degree of plastic flow during damage 
introduction were also those which displayed the greatest 
number of stacking faults.

The fact that most of the faults, except those 
produced by damage introduced at 45° to the (110), are 
aligned normal to the scratch trace or the long axis of the 
static indentation also supports the conjecture that the 
faults are a direct result of the plastic flow which has
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*

Fig. 5. Oxidation samples— 1 gram scratches at 0°, 11.3°,
and 45° to the (110) -—  42OX; 'v-S minute Wright
etch.
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Fig. 6. Oxidation samples— 2 gram scratches at 0°, 11.3°,
and 45° to the <110) -—  40OX; ^5 minute Wright
etch.
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Fig. 7. Oxidation samples— 5 gram scratches at 0°, 11.3°,
and 45° to the (110) —  40OX; ^5 minute Wright
etch.
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Fig. 8
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------------------------ >

. Oxidation samples— 10 gram scratches at 0°, 11.3°,
and 45° to the (110) ~—  400X; ^5 minute Wright
etch.
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Fig. 9. Oxidation samples'— 1 gram indents at 0°, 11.3°,
and 45° to the (110) 575X; M  minute Wright
etch.
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Fig. 10. Oxidation samples— 2 gram indents at 0°, 11.3°,
and 45° to the (110) -- 575X; ^4 minute Wright
etch.
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ALong axis of indenter
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Fig. 11. Oxidation samples— 5 gram indents at 0°, 11.3°,
and 45° to the <110) -r* 57 5X; M  minute Wright
etch.
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Fig. 12. Oxidation samples^-10 gram indents at 0°, 11.3°,
and 45° to the <110) —  575X; M  minute Wright
etch.
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occurred„ This is so because the nature of the damage 
introduction techniques and the shape of the indenter 
utilized tend to generate the greatest compressive stresses 
perpendicular to either the scratch trace or long axis of 
the static indentation„ This comment is best understood 
visually, and is displayed in Fig. 13, which shows the 
author1s conception of how the stress fields might appear 
around both a scratch and static indentation formed by a 
Knoop indenter. The fact that the damage introduced at 45° 
to the (110) results in faults formed at either 45° angle 
off this direction further verifies these conclusions, 
because a stress field as displayed in Fig. 13 would have 
equal magnitudes of stress in either of these directions.
It should be noted here, though, that the 5 g, 45° scratch 
in Fig. 9 does not display this relationship„ It is thought 
that this one odd result was probably produced by the 
indenter not being perfectly held vertical during this 
particular scratching procedure.

Finally, before leaving our treatment of the oxida
tion samples, it should be mentioned that stacking faults 
were formed at the static indentation sites made with a 
10 gram load, whereas no such observation was made at 
scratch sites developed by equivalent loading„ This result 
is not unexpected, though, because in the dynamic case of 
scratching one might expect a greater amount of fracture- 
type damage than would occur in the static situation and,
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X^jei’vtVt’iQTN

Fig. 13. The stress fields surrounding both a scratch and 
static indentation produced by a Knoop indenter.

therefore, there is a higher probability that if stacking 
faults were to form, it would be in the static case of 
damage introduction, where yielding and not fracture is 
promoted.

Discussion
It is now possible to postulate a dislocation model, 

geometrically similar to that of Dyer's (1965), that will 
account for the results previously described. Figure 14 
gives a schematic representation of a type I plane
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P e rfe c t D issociated (SW ccUUys)

b = f<nO> L = %  <M2>
Fig. 14. Schematic of a type I plane intersecting a type 

II plane and their associated dislocations.

intersecting a type II plane somewhere in the crystal 
interior below the site of a static indentation (note: the 
type I and II planes were defined earlier in the review of 
Dyer 1965). As can be seen, the dislocations generated by 
shear stresses under the indenter may take one of two forms 
— they may either be perfect dislocation loops having b = 
-̂(110) or dissociated perfect dislocation loops in the form 
of two Shockley partials having b = ~<112), bordering a 
stacking fault. It should be noted here that these dis
locations are shown as edge type simply for purposes of 
illustration. In either case, assuming the Shockleys re
combine to perfect dislocations prior to interaction, the
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result is the same— a Lomer lock is formed upon interaction. 
Figure 15 illustrates these interactions for both the 
"perfect" and "dissociated" cases. Of course, it is 
speculation at best to suggest that in the dissociated case 
the Shockleys may recombined to form perfect dislocations 
prior to interaction, but in the stress situation present 
during indentation, where high hydrostatic stresses are en
countered, this is not totally.unreasonable, Also it should 
be recalled, as mentioned previously in the Dyer (1965) 
analysis, that silicon has a high stacking fault energy 
which restricts the dissociation of dislocations, Further
more, as discussed in the previous section titled "Others," 
(contained within the portion of this paper dealing with 
characterization of damage induced by various techniques) 
Gomez and Hirsch (1977) were unable to determine con
clusively that dislocations in silicon move in the dis
sociated state. Therefore, it may be completely unnecessary 
even to consider this situation.

To support and provide clarity for the statements . 
just made concerning Lomer lock formation, an analysis fol
lowing Dyer's (1965) geometrical approach and using specific 
indices will be performed demonstrating that Lomer locks may 
form at the intersection of a type I {111} slip plane with 
a type II {111} slip plane which both contain glissile per
fect dislocations.
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{m} fin} {10°}
Fig. 15, Perfect and dissociated cases of Lomer lock 

formation due to indentation.

1. Assume the wafer plane is the (001) and the long 
axis of the indenter is oriented along the [110] 
direction.

2. The slip planes active in the reaction leading to 
Lomer lock formation are those with (001) surface 
traces which are perpendicular to the long axis of 
the indenter and are given by the indices:

3. The Burgers vectors of the possible perfect dis
locations on these two planes, assuming downward

(111) = type I plane
(111) = type II plane
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displacement on type I planes and upward displace
ment on type II planes, are:

type I plane — b = |[10l] (a)

b = |[0ll] (b)

type II plane — b = |[101] (c)

b = |[011] (d)

This is shown schematically in Fig. 16,

Fig. 16. Schematic representation of a type I plane
intersecting a type II plane and the possible 
Burgers Vectors of perfect dislocations in these 
planes.



72
4. The possible reactions that may occur between

perfect dislocations, one from each type of plane
and taking place at the intersection of the two

1
planes along the line whose direction is [110], are 
given below:

(a) +(c) : §[101] + 2 * [1 01] — §[200] or a [100]

(a) + (d) : §[101] + ^ [ 011] •—— §[110]

(b) +(c) : f [Oil] + [101 ] —*— §1110]

(b)+(d) : -̂[011] + ~ [ 011] — §[020] or a [010]

As can be seen, two of the reactions lead to a dis
location having b = a(100) which is often referred 
to as a Hirth dislocation. The other two reactions 
lead to a dislocation having b = ■̂ ■(110) which is 
commonly known as a Lomer lock (Weertman and 
Weertman 1964).

5. The reactions leading to both dislocation types are 
favored reactions if it can be shown that an overall 
reduction in dislocation self energy is obtained by 
such reactions. This may be determined by applying 
the Frank (1949) energy criterion which states that 
the self energy of a dislocation is proportional to 
the square of the dislocation's Burgers vector, and 
if the sum of these values for the product
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dislocation(s) is less than the sum of the values 
for the reactant dislocation(s), the reaction is 
favored.

2 2
(a) + (c) : a

2 + a
2 = 2a

2 2 2
(a) + (d) : a.

2 + a
2 > a

2
2 2 2

(b) + (c) : a
2 + a

2 > a
2

2 ■ 2
(b) + (d) : a

2 + a
2 = a2

As can be seen, the homer lock reaction is favored 
but uncertainty exists with respect to the Hirth 
dislocation reaction. This presents no difficulty 
in respect to the present work, though, because 
homer lock formation is the reaction of interest 
here.

6. The slip plane for the favored homer lock is defined 
as the plane containing both the intersection of the 
two initial slip planes, [110], and the Burgers 
vector of the resultant dislocation, b = — [110].
This plane is the (001) and agrees with the descrip
tion of a homer lock which states that it shall have 
the Burgers vector of a. perfect dislocation and a 
{100} type slip plane which makes it sessile in FCC 
type crystals.
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As can be seen, the concept of Lomer lock formation, 

as depicted in Fig.. 15, is verified and, may occur in the 
pseudo FCC lattice of silicon. It is also suggested that, 
though our discussion has been restricted to static, indenta
tions, the above analysis also applies to deformation induced 
by scratching because the deformation processes involved are 
similar as stated earlier in the literature review.

Continuing our discussion, it appears that the two 
types of slip planes active in the Lomer lock reaction just 
analyzed correlate well with the observation that for 
scratches made in a (110) direction, traces of the stacking 
faults generated generally run perpendicular to either the 
scratch direction or the long axis of the indenter in static 
indentation. This" is so because, as mentioned earlier, the 
shear stress components produced by damage introduction are 
greatest on the {111} slip planes that intersect', the wafer 
surface perpendicular to the scratch or the long axis of 
the indenter. Therefore, to reiterate, Lomer lock forma
tion in silicon might occur as follows; First, glissile 
^(110) dislocations would be generated by plastic flow on 
the type I and type II {111} planes mentioned above. These 
dislocations would in turn glide, due to the stress field 
operating, and react at the intersection of these two 
planes. One product of such reactions, the Lomer lock, can 
constitute the starting point for stacking fault nucleation 
upon oxidation.
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Stacking fault nucleation during oxidation might 

proceed by dissociation of the Lomer lock formed by the 
process described above. The dissociation may take place 
according to the following reaction, first proposed by 
Hirsch (1962):

|[110] — » |[112] + |[111]

(Odl) (111) (111) slip plane

a2 a2 a22 = IT + ir Frank energy criteria

As can be seen from the Frank energy equation, the energy of 
reactant and product dislocations shows no reduction in 
energy. Therefore, a more refined energy criterion must be 
employed to determine if the reaction is favored. Cottrell 
(1956) described the self-energy per unit length of a dis
location by the following expression:

211 rE = Ecore + %  ^
where,

E = the core energy of the dislocationcore
y = shear modulus 
v = Poisson's ratio
a = the angle between the dislocation line and the 

Burgers vector
r = the outer bound on the strain energy integration
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r = the core radius, and °
b = Burgers vector.

If one now assumes that dissociation has occurred and the 
Frank partial remains at the original location of the Lomer 
lock and the Shockley partial glides to an angle of 30° (for 
convenience of calculation)'away from the Frank partial on 
the (111) slip plane, then the self energy of each partici
pating dislocation is given by the following expressions 
(neglecting core energies and anisotropy):

E(Lomer lock) T-ib" r . ,1-vcos 90'
4TT (1-V)" ^n(F ^  l-vo

E (Frank partial) = ^ -_v) fn(— -) -] = C. |

E (Shockley partial) = 4 ^ 7 J-v) £n(^  =

C -— /--CO .866) .

If the energies are now compared one finds

C a2
2 > + C 0.8a2

6

and therefore the reaction, or dissociation, is ener
getically favorable.

Since we have found that the Lomer lock dissociation, 
necessary for stacking fault nucleation, is favored ener
getically it only remains to describe why this dissociation 
leads to stacking fault formation during oxidation and not
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Ng annealing. In either case it is suggested that during 
heat treatment the Shockley partial, b = -̂[112] , will glide 
and escape to the wafer surface, leaving behind the Frank 
partial, b = ^[111], as the stacking fault nucleus. The 
fact that stacking faults are only observed in oxidation 
samples after etching is therefore attributed to growth of 
the fault only being possible in an oxidizing environment„ 
This is indeed the case because only in an oxidizing environ
ment are silicon interstitials generated due to oxide, S i O ^ r . 

formation (Joshi, 1966). It is suggested that the Frank 
partial may expand and grow through absorption of these 
silicon interstitials accommodated by climb of this partial, ' 
and in the absence of interstitials no expansion may occur.
It should be noted, though, that many investigators, for 
instance Sanders and Dobson (1969), consider fault growth 
to occur by vacancy emission from the faulted region to the 
Si-SiC> 2 interface which acts as a vacancy sink. But, in 
reality, this is equivalent to the interface acting as a 
silicon interstitial generator and the faulted region 
acting as a sink for. these interstitials. The latter 
definition is preferred here simply because it is con
ceptually easier to visualize.



CHAPTER 6

CONCLUSIONS

The results of this investigation concerning 
stacking fault formation at sites of mechanical damage in 
silicon single crystal wafers permit the following conclu
sions to be drawn:

1. Plastic deformation of single crystal silicon at
room temperature is possible under conditions that 
are not conducive to fracture. In this investiga
tion it was found that controlled load scratching 
and static indentation were two such conditions, 
when loads below 10 grams and a Knoop indenter were 
employed,

2» The plastic deformation generated by the above
methods results in glissile ^(110) dislocations that 
may glide and interact on intersecting {111} planes. 
One such reaction results in Lomer lock formation„

3. It is proposed that upon subsequent oxidation, these 
sessile "locks" may dissociate into Shockley 
partials with Burgers vectors 2,(112), which become 
the nuclei for stacking faults which form.

78
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4. Oxidation of samples damaged by plastic deformation 

is a necessary condition for stacking fault forma
tion.

5. Growth of stacking fault nuclei occurs by climb of 
the bounding Frank partial through absorption of 
excess silicon interstitials that are generated at 
the Si-SiOg interface.

6. Annealing of plastically deformed silicon in 
nitrogen does not result in stacking fault formation.
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