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Dislocation etch pit formation on non-metallic

crystals

K.SANGWAL

Institute of Physics, Technical University of todz, Wélczariska 219, 83-005 t.6dz, Poland

Experimental results available in the literature on selective etch pit formation on non-
metallic crystals (excluding semiconductors) are discussed against the background of
thermodynamic and topochemical adsorption theories of etching. The main purpose of
the article is to deduce general principles involved in the formation of dislocation etch
pits, and to better define the role of addition of salts to a solvent, of reaction products
and solvents in etch pit formation. In addition, attention is focussed on the need for
experimental determination of the absolute values of the parameters involved in thermo-
dynamic theories in order to explain the results quantitatively.

1. Introduction

Dislocation etchants for a variety of crystals are at
present discussed in the literature. At the same
time different types of theories of dissolution
exist. It is therefore opportune to review the
experimental data on etch pit formation in the
light of the theories. The present paper is an
attempt in this direction where only non-metallic
crystals are considered. Metals and semiconductors
are not included, because their dissolution mech-
anism involved complex processes of electro-
chemistry. The main aim of this article is to
deduce some general principles involved in the
formation of dislocation etch pits, to better
define the role of additive salts to a solvent,
of reaction products and solvents during etch
pit formation, and to point out the urgency for
experimental determination of the absolute
values of the parameters involved in the thermo-
dynamic theories.

2. Resumé of the theories
Among the different types of existing theories
of dissolution, thermodynamic and topochemical
adsorption theories are of particular interest
because they deal with the formation of dislocation
etch pits on a crystal surface.

A comprehensive account of the different
types of theories is given by Heimann [1].
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2.1. Topochemical adsorption theories
These theories essentially express the dissolution
rate in terms of chemical reactions on the crystal
surface [1, 2]. It is considered [2] that etch pits
at the sites of dislocations are formed as a con-
sequence of enhanced dissolution caused by the
preferred adsorption of a reactant at that site
because of the strain associated with the dis-
location. Reactants that adsorb more strongly
produce better contrasting pits.

Topochemical theories are particularly
attractive for crystalline substances, the dissolution
of which involves the formation of reaction
products, but they have their own limitations.
One serious limitation stems from the fact that
each etching system has to be treated indepen-
dently. Furthermore, details of the adsorption
processes are far from being clear.

2.2. Thermodynamic theories

The thermodynamic theories are based on the
postulate that the energy localized in the vicinity
of a dislocation lowers the free energy required
for the nucleation of a cavity of unit depth in the
surface at the site of the dislocation. This decrease
in the free energy is the cause of preferred dissol-
ution of the surface at the emergence points of
dislocations. The free energy change associated
with the formation of a mono-molecular pit at
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the dislocation site, AG, is given by

2

AG = 2mray — 228 iR, (1)
where r is the radius of the cavity, a is its height,
Ap the change in free energy during dissolution
(chemical potential),  the molecular volume of
the crystal, and +y the specific surface free energy
of an atom or molecule going from the solid
surface into the solution. The chemical potential
is given by

Ay = —kThi(c/cy), )

where ¢y is the ‘saturation concentration of the
material in an etching medium and c is the actual
concentration at the dislocation site.

The localized energy per unit length at a
dislocation, E4, is expressed by

Eq = Aln(ry/ro), (3a)
G 2
Eq = 0447Tb (r1/r0) (3b)

in Cabrera’s and Schaarwichter’s theories, respec-
tively. Here Equation 3a represents the elastic
strain energy and Equation 3b the dislocation core
energy, 4 = Gb*[4n(1 — 1) for edge dislocations
and A = Gb*/4w for screw dislocations (where
G is the shear modulus, 5 is the modulus of the
Burgers vector of the dislocation and u the
Poisson’s ratio), 7, is the radius of the dislocation
core beyond which elasticity theory holds, ; is
the outer radius of the strained region of the
crystal, and « is a constant equal to about 1.5 or
2 for screw or edge dislocations, respectively.
In the Cabrera’s theory [3, 4] the free energy
change involved in the formation of a dislocation
pit, AG,F, is given by
' AGy = AGS(1 -9, )
where the maximum free energy change associated
with the formation of a unit pit in a perfect
surface is expressed by
1y? a

AGS = ,
Au

()

and 24 Apu

Qe
The potential necessary for the nucleation of an
etch pit is obtained when £ > 1, ie.
272 9% Q
Gb*
From Equations 4, 6 and 7 it may be inferred
that larger Au and b and smaller v are favourable
for etch pit formation at a dislocation site.
According to Cabrera [5] the slope of a
dislocation etch pit, m = a/R, is related to the
material concentration, ¢(R), at a distance, R,
from the dislocation site, the concentration,
¢(0), at the dislocation source and the concen-
tration, ¢’, away from the dislocation site in the
solvent, by the relationship

c—c" w

cR)—c"  In(1/m)
In particular when ¢’ - 0, denoting ¢(0) by ¢ and
¢(R) by cq the pit slope may be given as

(©)

Ay = —kTn(c/cy) < @)

<1. (8)

exp(mco/c)

exp [’N exp (%)l .9

Thus pit slope is a function of Au. In the case of
poisoning of dissolution ledges the radius of
curvature of the pit, R, is reduced and hence pits
become visible. This implies that the role of the
impurity is to increase co/c. Cabrera [5] suggests
that an impurity cannot slow down the ledge
motion and decrease y simultaneously.

In the Schaarwichter theory [6] the maxi-
mum free energy change is

3
I
|
t

i

here AGY = pAGY, (10)
1 —agGh \?
p= (—4‘7'7—7—~> ; (11)

with the value of the constant ¢ ~ 0.1, Since the
value of G/v* for the same plane of similar type
of crystals is essentially constant’, it may be seen

tThe relationships between yield strength, oy, bulk modulus, K, shear modulus, G, and Vickers hardness, Hy, are [7, 8] :

il

Oy

H, =

V3K,

3oy,

2GA +w
3(1—2w)

For a value of Poisson’s ratio u ~ 0.3, Hy = 11.2G. Since Hy/y? is constant [9], we have G/y* = constant. The ratio
of Hy/G from experimental values of Hy is about 0.1, but the absolute value is not of concern here.
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that the value of p decreases with an increase in
the hardness of the crystals.

The rates of dissolution along the dislocation
line, v,, and along the surface, v;, are given by
[10]

vy = avexp [—(AGY + AH)KT],

v, = ox v exp [— AH/KT],

(12)
(13)

where x¢ is the mean displacement of an atom
diffusing from a kink site to an adsorbed position,
B <1 is a factor which accounts for the hindrance
of the motion of ledges in the presence of an
impurity, o= 1-—c¢/c, the undersaturation, and
AH the free energy change for a molecule going
from crystal surface into solution, and v is the
frequency factor. Substituting the values of AGS
and taking k™ = fx,/a (defined as ledge mobility
factor), for large undersaturations the pit slope
may be written from Equations 12 and 13 as

Uy 1

Un _ (14)
v, k™ exp(npaly?|AukT).

m =

In contrast with the Cabrera’s treatment, here
no potential barrier exists for etch pit nucleation.
The ability of observing a pit depends on the
instrument used. In Equation 14 there are 4
parameters, viz. k*, Au, v and p, which determine
the pit slope. Smaller values of k™, p and 7 and a
large Ay lead to the formation of contrasting
pits. Cabrera’s treatment also yields similar con-
clusions but Schaarwichter’s theory connects
the dependence of pit slope on different para-
meters more explicity.

3. Summary of etching behaviour

The typical compositions of dislocation etchants
for various crystals together with their solubility
in water and the values of the specific free energy
of the crystals in vacuum, 7y, G and lattice data
are listed in Table 1.

Investigations of the etching behaviour of water-
soluble crystals have shown [33, 39-41, 44, 45,
56—58] that water easily forms etch pits on these
crystals. The etching capability decreases along the
series of homologous alcohols and acids with the
addition of a—CH, group [24, 40, 41, 56]. This
behaviour is shown in Figs 1 and 2 for potassium
dihydrogen phosphate (KDP) crystals. It is obvious
that with a change in the solvent not only the
etching capability changes but the pit morphology
changes, and that different surfaces behave differ-
ently to the same series of solvents.

4. Discussion

4.1. Crystal structure

Etch pits are easily formed by a solvent on those
water-soluble crystals which have large lattice
constants. Compare, for example, the etching
behaviour of borax, sucrose, alums etc., with
that of alkali halides.

The Burgers vector, b, of a dislocation is
intimately connected with the lattice parameters
(Table II). Crystals possessing lower symmetry
have larger Burgers vectors and it is these very
crystals on which etch pits are easily formed.
That the Burgers vector plays a vital role in etch
pit formation has been well established in the
case of Csl crystals [60]. In terms of Equation
14 this observation is associated with a decrease
in p (Equation 11).

4.2. Solvent effects

There is no correlation between etch pit formation
in a solvent and the solubility of the crystals. Water
forms etch pits on sparingly soluble crystals such
as BaF, and CaS04-2H,0 as well as on highly
soluble crystals such as borax, alums, KDP, and
K, Cr,0,. Thisinference is contrary to the common
belief [27, 61, 62} that in order to etch a crystal
surface selectively a solvent in which the crystal
is slightly soluble should be selected. It is of
course true that the time of etching for poorly
soluble crystals is excessively long while on fairly
soluble crystals pits are formed within seconds.
The etching time in the case of the former crystals
can be decreased by the addition of a reactant
(e.g. acid) while for the latter type of crystals
etching time may be increased by the addition
of an organic solvent (for example an alcohol
or a ketone) of low dielectric constant in which
the crystal is less soluble.

For a given crystal where vy and p are constant,
the pit slope, according to Equation 14, can
increase either by a decrease in k™ or an increase
in Au, the latter through an increase in crystal
solubility. Alternatively, solvents in which a
crystal is less soluble can yield poorly contrasting
etch pits by an increase in k* or a decrease in
Au.

Crystals having large v and G (i.e. hard crystals)
as a rule are poorly soluble in water and conse-
quently correspond to systems with smaller Au.
The situation is analogous to that of the etching
of water-soluble crystals in organic solvents
discussed above. According to Equation 14 the pit
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Figyre 1 Etch patterns produced on the {101} surface of KDP by (a) H,O and (b) CH,OH after a 2sec and 4h
etching, respectively. Note the absence of pits in (b). The marker indicates 0.3 mm,

slope is small in this case. In fact it is common
knowledge that it is difficult to etch hard crystals.
In order to produce contrasting dislocation etch
pits on the surfaces of hard crystals it is therefore
necessary to use a reagent in which these crystals
are more soluble.

Different solvents lower the surface free energy
of a crystal to a different extent. Solvents which
lead to a relatively greater decrease in 7y are,

according to Equation 14, expected to produce
better contrasting etch pits.

The changes in y are the consequence of
adsorption of a solvent on the crystal surface.
In the case of non-polar solvents the energy of
adsorption increases as the number of groups
constituting the solvent molecule increases [63].
Consequently, the lowering in vy by such solvents
increases with an increase in the number of groups
constituting the molecule. Hence solvents which
decrease vy are expected to produce contrasting
pits. The formation of etch pits on MgO, Bal,,
CaF,, etc., appears to be due to such a process.
However, it should be remembered that a change
in vy is also accompanied by changes in Ay, k" and
p. Therefore the resulting pit slope is determined
by the combined effect of all these changes.

Figure 2 Etch pits produced on the (010) surface of
KDP by (a) H,0, (b) CH,OH and (c) CH,COOH after
etching for 2sec, 4h and 6 min, respectively. Shallow
pits may be seen in (b). The marker indicates 0.3 mm.
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TABLE II Magnitude and direction of Burgers vector of glide dislocations in various crystals™

Lattice Magnitude of Direction of
Burgers vector Burgers vector

Simple cubic a (100

Body centred cubic V3a/2,a L1, <100

Face centred cubic a (110

CsCl-type a,</2a <001y, (110

NaCl-type a2 (110

CaF, a 001

Simple tetragonal a,c (1003, ¢00 1)

Face-centred tetragonal
(cla <~/2)

Face-centred tetragonal
(c/a >~/2)
Rhombohedral (a < 90°)

@*/2 +c* /)" a,c
@?/2 + c* )V e

2,2asinafZ,

£4111),¢100),¢00
£(111),<100)

Aom, 1o, at

a (1 + 4 sin® ¢/2)'%

Rhombohedral (e > 90°)

a,2a cos of2,

(1000, ¢1105,¢11 1>

3a (1 — (%) sin? «/2)'?

Hexagonal a,c

L1120, 0001

*Except for CsCl-, NaCl- and CaF ,-type crystals, the values are taken from [59].

Once the adsorption effects are accepted as
the cause of pit formation at dislocations, it is
obvious that a solvent can also lead to changes
in the mobility of dissolution ledges emanating
from the dislocation site. This effect in essence
is similar to the effect of an inhibitive impurity
added to a solvent used for the selective etching
of alkali halides (see Section 4.4). However,
adsorption effects by solvents in slowing down
the mobility of dissolution ledges are expected
to be poor for reasons which we will consider
in Sections 4.4 and 4.5.

4.3. Surface orientation

Dislocation etch pits are formed on all surface
orientations of water-soluble crystals by solvents
in which a crystal is more soluble. Examples
illustrating this feature are NaCl [24] KDP [41]
and K,Cr,0,; [56]. It has also been reported
that the revelation of selective etch pits is difficult
on certain surfaces (e.g. the {110} face of NaCl
[24] and the {101} surface of KDP [41]) by
solutions in which a crystal is poorly soluble.

In the case of sparingly-soluble crystals for
which chemically active reagents (e.g. acids for
MgO [64]) are the etchants, the reverse effect
is noted. In such crystals etch pits are easily
produced on surfaces which are difficult to etch
selectively in the case of sotuble crystals.

The theoretical surface free energy of halide-
type crystals in vacuum varies in the sequence
{111} > {110} > {100} [17]. If the same
order were maintained in aqeuous solutions,

2234

then, according to Equation 5 it should be difficult
to produce pits on {111} surfaces. From the
experimental data on hardness of the above
mentioned surfaces [65], on the other hand,
one finds the surface energy to be independent
of surface orientation (cf [9]). Assuming again
that vy decreases equally for all surfaces we find
that all these faces should reveal etch pits to the
same extent.

Baranova and Nadgornyi [24] found that the
polishing rates of {111}, {110} and {100} sur-
faces of NaCl crystals are practically the same in
a solvent. Identifying the polishing rate with Ay,
it follows from Equation 14 that etch pits should
be revealed equally on all the surfaces. Sangwal
et al. [64] reported that the polishing rate is the
lowest for the {110} face. This implies that pit
slope should be small ie. polishing should take
place. Obviously these expectations are in dis-
agreement with the experimental observations,
and precise data on y and k* are required to
understand the surface orientation effects.

4.4, Effect of additive impurities

It is well known that in order to reveal etch
pits on the {100} face of alkali halides, it is
often necessary to add an inorganic sait to the
solvent. Gilman et al. [23] observed that in
LiF the addition of an impurity reduces the
lateral growth of etch pits while the etch rate
along the dislocation line practically remains
the same. Baranova and Nadgornyi [66] found
that in the case of NaCl an additive can behave



both ways, it can increase or decrease both v, and
v, simultaneously. One obvious effect of the
additive therefore is to alter the value of k* and
hence, according to Equation 14, a change in pit
slope. An increase in v, implies an increase in
k* and therefore a decrease in pit slope. In this
case, however, the contrast is maintained (or
increased) by virtue of an increase in v, caused
by a decrease in AG," (through an increase in
Ay and a decrease in «y; cf Equations 10 and 11).

Gilman et al. [23] found that visible etch
pits are produced on {100} plane of LiF at
¢lcq < 0.25, while Kostin and his co-workers
[67}] observed etch pits on the cube planes of
NaCl even for c/co values approaching unity.
In the absence of sufficient data on c¢/c, values
in the presence of different concentrations of an
impurity used for the selective etching of crystals,
a generalization about the role of additive in
altering Au cannot be made. Also pertinent data
on v are needed to assess its role in etch pit
formation.

It is known [23, 25, 2729, 61, 62, 67] that
additives that behave as inhibitors are generally
sparingly or poorly soluble. These impurities
can slow down the motion of dissolution ledges
by virtue of their insoluble character [5]. It is
also known (see e.g. [68, 69]) that inorganic
salts in solutions exist in the form of complexes
whose chemical constitution depends on the
concentration of the salt in solution as well as
on the concentration of another substance having
an anion common with the additive salt. The
instability constants of a series of complexes of
a salt, in general, regularly decrease, ie. each
successive complex is more stable [70]. The
enhanced nucleation rate along the dislocation

CuClz-ZHZO concentration {10
3 6

line (due to the presence of the localized energy)
and the lateral growth of pits may thus depend
on the formation of successive complexes as a
result of the availability of the common (or
chemically similarly-behaving) ions. Denoting
the additive impurity by MX,, and the alkali
halide by AX, we may write the formation of
successive complexes on the crystal surface at
the dissolution site by the reaction:

[M(H,0)s]™ + m AX - [M(H,0)sX]"~V*

+(m—1DAX+ A", (15)
Assuming that the adsorption potential at the
site of a dislocation (D), kink (K), ledge (L) and
surface (S) changes in the sequence D > K > L
> S (cf Section 2.1), we find that the substitution
reaction is the fastest (Equation 15) at the dis-
location site. Hence dissolution is more along
the dislocation line. This type of mechanism
explains not only the change in the lateral
growth of pits but also the change in pit mor-
phology.

A plot of instability constant of successive
Fe(Ill) and Cu(il) complexes as a function of
salt concentration {71] is illustrated in Fig. 3.
The variation in pit slope observed on the
{100} surface of LiF with the impurity con-
centration [72] is also shown in the figure. It
may be noted that, except for the direction of
their change, the two dependences are similar.

4.5. Effect of reaction products

The mechanism of etch pit formation on water-
insoluble crystals by etchants that yield reaction
products differs from that in the case of alkali
halides by solvents containing additive impurities.
In this case the reactant is responsible for pit

Mol)

T T

T

Pit siope
(@] (@]

0.0

log & for FeCly

Figure 3 Graph illustrating the relationship
between instability constant, K, for Fe(III)
and Cu(II) complexes and the concentration
of FeCl, and CuCl,-2 H,O in water. 1,
[Fe(H,0),] 3% 2, [Fe(H,0).Cl]?*; 3,
[Fe(H,0),CL,]*; 4, [FeClL]; S,
[Cu(H,0),} %" 6, [Cu(H,0);Cl]* and
7, [CuCl,]*. The dependence of pit

log & for CuCl,

0.3

concentration {107 Mol)

slope on Fe** ion concentration in the
case of etching of the (100) face of LiF
[72] is shown by the dashed curve.
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nucleation but the reaction product inhibits the
motion of dissolution ledges. Since the etchants
for water-insoluble crystals are invariably aqueous
solutions, it is logical to assume that the reaction
product does not exist as a compound (e.g. MgCl,
during the dissolution of MgO in HCI) but exists
in the form of aquo complex, the chemical con-
stitution of which are dependent on the reactant
concentration (c¢f [68, 69]). At low reactant
concentrations when the aquo complex is unable
to go over to the next stable form, inhibition
may be expected to be the maximum. At high
reactant concentrations when the complex is
already stable, poor inhibition would take
place. The main reason for such behaviour of a
complex results from the fact that the crystal
itself is practically “inert” so far as the formation
of succeeding complexes is concerned (Equation
15).

The behaviour of a reaction product in causing
the inhibiting action, discussed above, implies
that at low reactant concentrations k™ is reduced.
Thus although Ap at low concentrations is low,
constrasting pits are possible through a decreased
k*. At high concentrations when k* is large
contrasting pits again result because of an enhanced
Ap (Equation 14).

5. Conclusions
Conclusions can be drawn as follows.

(1) A solvent favourably produces etch pits at
the sites of dislocations with large Burgers vectors.

(2) Selective etch pits are rapidly produced on
water-soluble crystais by solvents, such as water,
in which a crystal is more soluble. The time of
etching for these crystals can be increased by the
addition of an organic solvent of low dielectric
constant in which a crystal is sparingly soluble.
For water-insoluble crystals which are usually
hard and in which dislocations are sluggishly
revealed by water, the time of etching can be
reduced by the addition of a reactant in which
the crystal is more soluble. Solvents in which a
crystal is more soluble are, in general, universal
dislocation etchants and do not exhibit the orien-
tation anisotropy of etch pit formation.

(3) The role of an additive poison in the case
of alkali halides is quite complex. An inhibitor
renders dislocation etch pit nucleation favourable
and changes the motion of dissolution ledges by
adsorbing at the newly creating surface as well as
at the ledges spreading away from the ledge-

2236

generating source. It appears that etch pit slope
is connected with the instability constant of the
metal complex existing in an etchant. In the case
of water-insoluble crystals which give reaction
products, the contrasting nature of etch pits
can be explained by considering that the adsorption
of a reactant at the dislocation site is responsible
for pit nucleation and that the reaction product
(existing in the form of complexes) inhibits the
motion of dissolution ledges.

It should be pointed out that although the
formation of contrasting dislocation etch bpits
in different crystals can be explained along the
above lines, there is as yet no direct experimental
evidence to support this mechanism.

(4) The effect of Burgers vector of a dislocation,
lattice constant, crystal solubility, additive concen-
tration in a solvent, and reactant concentration on
the formation of etch pits can qualitatively be
understood in the light of the Schaarwichter
theory of etch pit formation. However, in order
to explain the results quantitatively, experimental
determination of the absolute values of the para-
meters involved in the theory is necessary.
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