CHAPTER III

A BRIEF DISCUSSION OF ETCH PITS

AND DISLOCATIONS

A brief review of the experimental results
on etching of dislocations is presented in this
chapter., The discussion is limited to metals and
semiconductors, though references of the work on
non-metals are made wherever it has become necessary.
An atvempt has been made to bring into the text all
the sigﬁifieant results on etching. The present day

understanding of the theory has also been discussed

in brief,
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Dislocations are regions of 1atti§e defects
in the material which give rise to local strains.
It is possible to reveal their presence in a crystal
by means of etchants which attack the sites of
dislocations preferentially, producing etch pits.
Thus a general conclusion has been made that such
pits indicate the sites where dislocations emerge

on the surface.

In 1940, Burgers1 proposed a dislocation
model for the boundary between two crystals differiﬂg
in orientation by a small angle O, about an axis in
the boundary. This model consistsof a series of
edge dislocations, equally spaced, lying in the
boundary and running parallel to the axis. If D
is the dislocation density and b the Burgers vector
then

D = b/e (1)

The first substantial proof that the presence
of dislocations can be revealed by etching was made
by Vogel et g&.a through their study on the lineage

boundaries on germanium. It was the verification
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of eq:(1) by them that presented the first
quantitative evidence in support of the theory

of dislocation etch pits, They observed that

on etching the lineage boundaries on the (100)
plane of germanium, a series of regularly spaced
conical etch pits were revealed., The implication
was strong that these denoted the edge dislocations.
The misorientatiog angle 6 was determined by X-ray
method and the distance D between dislocations

was calculated using eq:(1). Excellent agreement
was obtained between the obsérved and calculated

values of dislocation spacing,.

This discovery evoked the interest of many
workers and several significant experiments have
been conducted subsequently, This has made possible
not only a detailed verification of large chap&ers
of dislocation theory, but also the disceovery of
several new and uqexpebted facts, Though there
are other techniques for the study of dislocations,
the etch pit technique facilitates the study of
dislocations in the bulk material. The semiconductor

materials, germanium and silicon, being the materials



largely required in the form of extremely perfect
crystals for their varying applications, have been
subjected to a wide range of investigations of

this sert.

Etch pit technique has been successfully
applied to study the dislocation in plastically
deformed crystals. Voge13 carried out a study of
the bent crystals of germanium., The crystals used
were having {111} slip planes inclimed at 42° to
the neutral plane and slip directions < 1127 at
an angle of 42° with the neutral axis. The
crystals were ;ectioned to reveal the (111) plane,
most nearly normal to the axis of bending and were
etched in CP-4 solution and examined te verify the

Nye formula

- 1
f'" rbcosd (2)

where S is the dislocation density, r is the

radius of curvature of the neutral plane, b is the
appropriate Burgers vector and @ the inclinatien of
the ”neutral plane to the glip plane. There was
general agreement between the observed and calculated

dislocation densities, after annealing the specimen
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at 800°C for three days. On the contrary no such
agreement was observed in the crystals which were

not annealed, This anomalous behaviour has been
explained in terms of work-hardening. This work

is an excellent illustration of the way in which
etcﬁ—pit technique can be used to obtain informations
regarding the production of dislocations during
plastic deformation and their motien under controlled

conditions,

4,5 studied the

Greiner and co-workers
rotational slip in semiconductors by twisting the
crystals and then etching them. They observed
that rotational slip took place only whem a {111}

plane was normal to the torsion axis. They

proposed a mechanism by which dislocations multiplye.

Breidt et gl.s studied the dislocations
produced by indenting the {110} and {;11} surfaces
of germanium at 400°C, Slip took place areund the
indentation mark which delineated all the {111}
pl anes intersecting the surface. On-etching the
specimens, pits were observed to form along slip

lines. All these observations give support to the
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view that etch pits correspond to dislocatiens,
However Ellis7 observed a hundred-fold increase in
the number of etch pits when an etcechant based on
potassium hypochlorite was used instead of CP-4,
Pits produced by CP-4 etchant gets over etched by
this reagent., These new pits are small in size
and show inner details such as terraces and spirals,
If the spirals are attributed to fhe screw dis-
locations, their Burgers vector must be large, of
the order of 1000 A°, The significance of this

is still not understood completely. Hobstetter8

has discussed these observations in detail.

9-11 yielded

The work of Gilman and others
detailed information on the dislocation etch pits
in the case o0f LiF crystals. They have atitributed
the formation of dislocation etech pits by a dilute
aqueous solution of ferric fluoride to the preferential
nucleation of unit pits at dislocations, and the
inhibition of the edges of these pits by ferric ions.
The effect of ferric ions has been shown to slow

down the motion of the steps across the crystal

surface, producing steep, visible etch pits instead



of the wide indistinet pits that form in pure
water, The ferric ions appear to act by complexing
with fluride ions of the crystal surfaee protecting

the surface from dissolution,

Preferential nucleation of unit pits at a
dislocation has been shown by these authors to be
due to the energy (core energy and elastic strain
energy) that is localized there, The authors have
further pointed out that the localized energy
depends on the nature of the dislocation and the
impurity content, and as suggested by Cabreraiz,
these factors affect the etching behaviour. The
pit nucleation rate has been found to be slightly

higher at an edge dislocation than at a screw dis-

1

location, Impurities which segregate at dislocations

have been shown to be responsible for the reduction

in the nucleation rate.

One of the most elaborate problems that has
been solved sueéessfﬂlly by an etching procedure
probably is the experimental determination of the

stress-velocity relationship for individual
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13.‘Grown—in

dislocations by Gilman and Johnston
dislocations are found to be immobile as a conse-
quence of pinﬁing by impurities, associated with
them, It is believed that the grown-in dislocations
play only a passive reole in the plastie behaviour
of the crystals, Fresh dislocation half-loops were
therefore introduced into the eorystal and the
v31001t1es of dislocations were measured as a
function of stress for both deformed and undeformed
crystals, The velocity was found to be an extremely
sensitive function of the applied stress; for a
critical stress it inecreased rapidly and then
approached some limiting value. Etch pit studies

of dislocation multiplication in LiF single crystals

have led to a simple description of the processi4.

Amelinckxis‘was the first to atiempt the use
of etching technique in finding correlation between
dislocations and slip,lines, He found that etch
pits grouped along slip lines and certain grain
boundaries in addition to a general random distri-
bution. His experiments indicated that dislocations

alone were responsible for the localization of
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eteh pits on slip lines., On the other hand, the
results of Wyon and Marchin16 and Wyon and Laeombe17
indicated that dislocations alone were not sufficient
to explain the localization of some etch pits on

the slip lines in aluminium single crystals, but

the segregation of impurities at dislocations was
necessary for the formation of etch pits. Thus it
was believed that dislocations in metals could be
revealed as etch pits only if they were decorated by
impﬁrities. For example, dislocations in zinc were

decorated by Cadmium18 in iron-sgilicon alloy by

carbon19 and in copper by telluriumzo.

However, in recent years several etehaﬁts
have been developed that reveal disloeations in
metals and semiconductors ‘without decorating them
by impurity segregation. Such etchants are usually

reliable only for etching low-index planes.

Lovell and Wernick®l have developed an etchant
for copper that reveals undecorated dislocations and
have obtained the evidence for dislocation climb,

Modifications of their etehant led to two dependable
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etchants for {111} plames, viz. that of Livingston>>

and that of Youngaa. In a series of publications Young
has reported an excellent and systematic study of etch
pits on copper single crystals., Etchants have been
déveloped which can reveal disiocations on the (111),
(100) and (110) faces and can distinguish between
'clean and 'dirty' dislocations with a Cottrell atmo-
sphere, and also between edge and screw disiocations,
Crystals were bent under ténsion and the density and
distribution of etch pits wese studied, before, during
and after the deformatien. éor crystals of low dis-
location density, it was found that a large amount of
dislocation multiplication occured prior to yielding.,
Tﬁe yield stress was found not to be dependent on the
initial density and distribution of the dislecations,
Annealed crystals with a dislocation density of

10% 1o 104/cm2 were bent in a 4-peint jig. and eteched, .
Dislocation motion and multiplication prior to yield
were observed., There was evidence for dislocation
interaction and pile-ups at sub-boundaries. The
spacing of the pits did not correlate with the expected

value in the case of pile-ups. This was attributed to

the fact that the plane of etching did not contain the
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barrier. Young also studied the effect of various
doses of neutron irradiation on the density and
distribution of dislocations. For these crystals
dislocation multiplication before yielding was not
obsgerved, Thisnfesult has been suggested to be due

to source hardening.

The results obtained hy Ruff29 on single

crystal foils of copper using etching as well as
transmission electron microscopy, however, showed
that one-to-one correspondence did not exist in
these crystals. There were grown-in dislecations
which were not etched, suggesting atmospheric
effects and formation of etch pits which could not

be attributed to dislocations,

Livingstonao made the astonishing discovery
that positive and negative disleocations in copper
can be distinguished by etehing {111} planes with
a proper etchant, The two kinds of dislocations
were found te produce pits of different depths on
the same crystal face and appeared as light and
dark pits on the same mierograph. The oerigin of the

difference in etching rate is not well understood now.



Lovell and Wernick®', Pandya and Bhatt°l and

Kosevieh>> have studied the etching of the (111)
cleavage plane of Bismuth. Evidence that the pits
were at dislecation sites was obtained from
deformation and annealing studies and from density
counts on intersecting tilt boundaries by Lovell
and Wernick, Shah33, using an etching reagent that
reveals dislocations,has studied the distribution
of dislocations around an indentatien mark on
freshly cleaved (111) planes of bismuth. The
observed characteristics have been explained by
the author on the basis of the proporties of
bismuth and the Frank-Read mechanism of multipli-

cation of dislocation.

Wernick et gL.34, Shigeta and Hiramastuas,

and Pandya and Bhatt36 were able to produce pits
and terraced pits on the (111) cleavage plane of
antimony using different reagents, Using modified

CP-4 Kosevich®! 38

studied etch pits om the (411)
plane of antimony. He observed etch grooves
connecting large etch pits whose origin is net yet
understood completely. The biock boundaries, twin

lamella, slip lines and pile-ups were studied by

16
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the author%s By employing selective etching
Soifer and Startseng studied the motion of dis-
locations in antimony singlp crystals, They
observed wedge-shaped tracks having point;bottomed
pits at their terminations which were interpreted
as due to dislocations which were“arrested. The
tracks coincided with the <110 > directions which
are the lines of intersections of three [111 }
planes with the (111) cleavage plane. ThakKar?®
observed dislecation pile-ups in the case of
antimony single crystals grown from the melt. The
dislocations were revealed by etching with a

modified CP-4 reagent.

Etch features on zinc has been investigated
by many workers and a number of etchants that reveal
dislocations have been developeds The first
systematic study of distribution of etch pits in
high purity zinc was done by Meleka41. A satis-
factory agreement between the theoretical and
experimental values for the spacing of pits was

obtained, assuming every pit to be due to a dis-

location of unit strength, However, the density



of pits observed by these authors was found to

be relatively low even after the crystals were
severely deformed, indicating that their etchant
did not reveal all the dislocations produced by
the deformation, Pits representing low-angle
boundaries, polygonization boundaries, pile-up

of dislocations, slip bands, etc. were observed

by Gilman42 in high purity zinc single crystals
and cast polyerystals of zinc containing 0.1 atomic
per cent of cadmium as impurity. servi?® observed
etch spiral patterns on a plane nearly parallel to
the basal plane of zinc, He also observed some
complex spirals which were subsequently intefpreted
by Frank and yree].and44 in terms of dislocation
theory. George45 reported an etching technique
which produces spirals and star-shaped pits on

the (0001) face of zinc crystals grown from
vapour and droplets. Dislocations that lie on

the (0001) plane cannot be revealed by this tech-
nique, Rosenbaum46 and Rosenbaum and Saffren47
concluded from their study on the basal plane of
zinc crystals that serew dislocations can be

revealed without prior decoration, They also



studied non-basal slip and twin accomodation in
zine crystals by means of the etching methed. The
existence of a one-to-one correspondence between
etch pits and dislocations have been shown by
Bradt et gl.48’49, from their studies on etching
of high purity zinc, Their studies also included
the slip on (0001) and {1312} planes. Damiano
et QL;SO using the etechant developed by Gilman42
studied the arrangement of dislocations in zinc
single crystals doped with eadmiuﬁ. The effect

of annealing was evidenced by the arrangement of
dislocations inte low-angle boundaries and hexagonal
net works. Pandya and Shah51 using acetic acid,
produced pits on the (0001) planes of zinc, probably
on the dislocation sites. Pandya and Balasubramanian
used 0,05% iodine in ethyi alcohol to reveal dis-
locations on the basal plane, They have observed

elongated hexagonal pits, suggestive of dislocations

inclined to the basal plane.

Georg953 studied the etch pattern on vapour-
grown cadmium single crystals, Using a saturated

solution of picric aeid in acetone he observed

(3!

652
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complex spirals on the basal plépe of some of the
erystals. In some cases etch patterns closely
resembling hexagonal\spirals with the dislocation
line emerging at the centre were observed. The
formation of etch pits has been attributed to the

presence of dislocations.,

Tyapuniﬂa et QL.54 used the etching technigue
to study fhe relationship between dislocations and
concentration of zinc in cadmium. They have shown
that the presence of dislocations have an important
effect on the distribution of zinc in the cadmium
crystals, both within the solubility range of zinc

and the two-phase region of the equilibrium diagram.,

Tyapunina and Zinenkova®? have developed
chemical etchants for revealing undecorated dis-
locations in high purity cadmium single crystalss
They have studied the dislocations formed'during
the growth process and deformation of plate-like
single crystals of cadmium. Analysis of the etch
figures on deformed and undeformed crystals and

the results of successive etching have shown that
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the etch pits are formed at the sites of the
emergence of the dislocations., Etch patterns on
the surfaces of high purity cadmium single crystals

have been recently investigated by Pandya and Thatteyss.

Levinstein and prinson57 developed an etch
pit technique to reveal the dislocation structure
in the (100) and (111) surfaces of silver single
crystals, Evidence was presented establishing a
one-to-one correspondence between the etch pits and
the dislocation line intersecting the surface, The
authors showed that the etching technique when used
in conjunction with electron microscope replica
methed, is capable of revealing dislocations having
densities upto 10'° lines/cm®. Preliminary data
on the structure of slip bands in silver indicated

nds
that the sliﬁﬁhave a cellular structure of the type

observed by the transition electron microscopy.

Evidence has been obtained to show that
impurities have aﬂ effect on the size, shape and
density of pits, from the studies on electrolytic
and chemical etching of tungstensa. Spreadborough

et §£.59 employed etch pit procedures to gain



qualitative information regarding processes
involving twins in iron and iron alloys. The
etch pii procedure revealed only about 10% of
the dislocations thought to be present in the
crystals and indicated that the local strefses
around twin-twin and twin-grain boundary inter-
sections were at least 20% higher than the over:
all stresses at a distance of about 10 microns

from the intersections,

Lovell et §¥.60 used a hydrofluoric-nitric-
acetic acid mixture to reveal dislocations on
{1010}- faces of tellurium single crystals. Pits,
which were distributed randomly, along grain
boundaries and around mechanically worked regions,
were obtained by the authors. Using hot concentrated

sulphuric acid Blakemore et §£.61,62

produced well-
defined pits having two types of shapes on prism
planes of laevo- and dextro-type tellurium crystals.
The shapes of the pits were not symmetrical about
the c-axis and were found to be mirror images of

each other, This has been attributed to the structure

of tellurium which places it in the enantimorphous
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class, Blum63 has reported solutions which
reveal dislocations on faces parallel and perpen-

dicular to the c~-axis in tellurium,

Koma et gl.64 have investigated the shape
of etch pits produced by the slow action of hot
sulphuric acid on the cleavage planes of téllurium.
They have also attributed the characteristic shape
of the pits te the peculiar crystal struecture of
tellurium, A microscopic model is proposed for
the formation of the etch pits and the left or
right handedness of the spiral chain and the +ve
direction of the x-axis are determined on the basis

of the proposed model.

Etching the (1010) faces of tellurium with

hot concentrated sulphuric acid Shuk1a65

has
observed that the pit size is markedly temperature
dependent., He could observe etch groeves and
terraced pits on the prism faces of vapour grown
tellurium crystals. The etch grooves are attri-
buted to dislocation lines running almost parallel
to the plane of observation., The terraced structure

is attributed to non-continuous segregation of

impurities at dislecations.
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It is known that the strain energy of a
dislocation line is small., Se a successful etching
technique to delineate it must be able to differen-
tiate small differences in energy., The woerk of
Chalmers and King66 on silver has indicated that
= thermal etching might accomplish this purpose.
They observed that thermal etching at 300°C revealed
érain boundaries and at 600°C started becoming eteh
grooves, Young67 observed on copper crystals
annealed under hydrogen atmoesphere and then heated
to a temperature of 1050°C under vaeuum, spirals
around (111) poles ﬁhieh were attributed to the
screw dislocations terminating at the surface around

the (111) poles. The work of Machlin®®

on the
thermal etching of silver crystals showed that the
pits were formed at stationary dislocation grooves,
They also showed that the ser8w oriented dislocations
could be dis@inguished from those of the edge
oriented ones in that that the pits at the former
ones were several times smaller and shallower than
that at the edge dislocations, This shows that

besides chemical etching the thermal etching can

also be used successfully to reveal dislocations,
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In thermal etching removal of the atoms occurs
mainly at the exit termination of dislocation lines
on the surface since the binding strength of atoms
is weak in a dislocated region, One-to-one corres-
pondence between the thermal etch pits and dis-
locations is not yet fully established and é careful
study is necessary before any definite conclusions

can be made,

The observations presented above indicate
that though one-to-one correspondence between etch
pits and dislocations is not obtained in all cases,
excellent agreement is indeed obtained in certain
metals, non-metals and semiconductors, The etch
pit technique has proved to be a powerful toel to
reveal dislocations and to study the mechanism of
plastic deformation inm the hands of a careful
investigator, as evideneed in the case of copper,
On the other hand, the results of Ellis and Ruff
seem 10 warn us that the technique should be used
with care. In view of the contradictory nature
of the results one has to conclude that only when
the pits aggregate in a manner clearly aétributable

to dislocations er produce distimet orientation
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effects, can they be safely regarded as dis-

locations,.

A new approach to the problem of dissolution
(or growth) has been made by Frank®® and Cabrera70,
which is being called the kinematic theory of
dissolution (or growth). The basic assumption of
this theory is that disselutien (or growth) of a
erystal occurs by the removal (or deposition) of
atoms at a step, resulting in the progression of
the step.across the Qurface. The development of 4
the form of the crystal then takes place by the
creation of new steps and the motion of the steps
écross the surface. The application df the theory
to the problem o&“dislocation etching has been
attempted by Gabrera70. When the step flux 'J!
at a given point on the surface is a function
only of the step density 'S’ at that point, the
kinematic theory predicts that points of a given
orientaxioﬁ '£1 will have straight line trajectories

as disselution proceeds.

Batterman71 has attempted to explain the

appearance of facets on hillecks in the case of
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germanium in terms of the measured orientation
dependence of the etch rate., Using this, he
concluded thét the-{322'} planes are stable
hillock facets on germanium etched with superoxol.
Irving72 in a further analysis of this approach
cencluded that for the same etchant {310} may
also be stable hillock facets om germanium. He

also extended the work to include pit facets.,

Frank and Ives73 applied the theorems of
dissolution developed by Frank to the results of
Batterman. Derived dissolution profiles were
found +to correspond to those obtained in the
experiment., The authors inferred that the etch
rate for germanium in superoxol is, to a first
approximation, only dependent on cr&stal orienta-
tion, Ives74 was the first to demonstrate the
quantitative applicability of the kinematic theory

to the dissolution of LiF,

The kinematic theory of erystal dissolution
bas been applied to a study of dislocation etch
pit growth on (111) surfaces of copper undergoing

anodic disselution in solutions containing



HC1 and HBr75. The dissolution shapes of these

pits at successive times have been determined from

interference photomicrographs taken as the reaction

progressed, The evolutions of the shapes have been

shown to be in accord with predictions of the

theory,

In an etch pit study of the (0001) surface
of zinc dissolved in alcoholic hydrochloric-acid
solutions, it has been observed by Ives and ‘
MoAusland76 that the slope of etch pits are
controlled by the dissolution kinetics of the
crystal . Pits have been found to widen at a rate
independent of the type of deflect attacked, while

the slopes are dictated by the relative rates of

dissolution at the defect sites.

Inspite of the developments in the under-
standing of the dissolution process, there is
still some controversy regarding the details of
the mechanisms by which dislocations affect
diséolution process and as such there is a genuine
need for a better definition of the mechanisms

involved,

\
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