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Role of Dislocations in Silver Halide Photography

J. W. Mitchell
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

Dislocations and donor centers have important functions in the
optimization of the performance of silver halide emulsion grains.
The basic properties of dislocations relevant to photographic sen-
sitivity together with the experimental observations which estab-
lished these properties are reviewed in this paper. Internal latent
image and internal particles of photolytic silver are formed during
exposure of AgCl and AgBr crystals, sensitized with Ag,0 and Ag,
donor centers, by the separation of Ag atoms along the dislocation
lines. The surface sites of termination of dislocations have enhanced
reactivity compared with low-energy surfaces. Dissolution, chemi-
cal sensitization, and the initiation of surface chemical develop-
ment occur at higher rates at these sites. These properties led to
the concept of the dislocation sensitivity center. Development cen-
ters are formed by the combination of Ag atoms with Ag, latent
image growth nucleus precursors at the surfaces of dislocation
sensitivity centers. The formation of Ag, molecules along the sub-
surface dislocation of the center has to be minimized. Microcrys-
tals of AgCl and AgBr with dislocations introduced during
nucleation and initial growth pass into solution at a high rate dur-
ing a short period of ripening leaving dislocation-free growth nu-
clei. For stable distributions of dislocations in microcrystals,
concentration gradients of halide ions have to be established in
heterogeneous crystals. Controlled densities of dislocations are
introduced to reduce the elastic strains associated with steep con-
centration gradients. In double-structure grains with a higher io-
dide shell and in triple-structure grains with a higher iodide narrow
zone, the concentration gradients can be established by the addi-
tion of a fine dispersion of Ag(Br,I) particles or of an iodide ion
releasing compound. The resulting dislocation distributions are
stable because of the immobility of the iodide ions in the crystal.
The mechanisms involved in the creation of dislocations in struc-
tured tabular microcrystals are discussed.
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Introduction

The full appreciation of the significance and the effective
utilization of the concepts of dislocations and donor cen-
ters is essential for the design of the grains of high-speed
negative and direct positive silver halide emulsions of the
highest achievable performance. Sensitivity is determined
by the distribution and density of dislocations and donor
centers, and microcrystals of high purity and perfection
with neither dislocations nor donor centers have a very
low sensitivity.

The roles of donor centers and of Ag, latent image growth
nucleus precursors in the photoaggregation theory of la-
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tent image formation were discussed in a recent paper!
without particular reference to the role of dislocations in
the chemical and photochemical processes.?* In this paper,
the basic properties of dislocations are summarized and the
experimental work which first established many of these
properties is presented.’ It is significant for photographic
technology that this experimental work was carried out with
thin sheet crystals of AgCl and AgBr, sensitized with Ag,0
and Ag, molecules, in which the dislocations were decorated
during exposure by the almost continuous separation of
particles of photolytic silver. The reasons for the enhanced
reactivity of the surface sites of termination of dislocations
are discussed. This work led to the introduction of the im-
portant concept of the dislocation sensitivity center.b
Dislocations are high-energy lattice defects which are
eliminated from growth nuclei for pure AgBr microcrys-
tals by a short period of ripening after nucleation.” Stable
distributions of dislocations are created in these crystals
to partially relax the lattice strains associated with steep
concentration gradients of iodide ions.?® The role of both
dislocations and donor centers in determining the sensi-
tivity of emulsions of the core/shell type is emphasized.

Dislocations in Crystals

When single crystals of high perfection are subjected to
shear stresses, plastic deformation begins at the surface
with the formation of a linear surface terrace associated
with an area of partial slip on a closely packed glide plane
(Fig. 1). The boundary of the slipped area is a linear crystal

Figure 1. Surface terrace of unit width and dislocation half-loop
formed by partial slip on a glide plane. The dislocation is in the
edge orientation when the glide vector is at right angles and in
the screw orientation when it is parallel to the line.
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Figure 2. The unit cell for AgCl and AgBr crystals showing {111},
{110}, and {001} glide planes and the 12 < 110> face diagonal
glide directions.
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Figure 3. The {001} and {110} glide planes with the <110>
unit glide vector. The magnitude of the unit vector b = 1/2 a< 110>
=an2/2.

lattice imperfection or a dislocation half-loop. The slip pro-
cess is characterized by a slip direction or a slip vector par-
allel to a row of closely packed atoms or a row of like ions
on the glide plane. Within the half-loop there is a relative
displacement of the crystal on the two sides of the glide
plane by one crystal lattice vector. We will see later that
the formation of these half-loops at the surface by plastic
deformation before exposure is responsible for kink desen-
sitization. The slip vector is constant around the loop but
its orientation changes with respect to the dislocation line.
The dislocation line is in the edge orientation when the vec-
tor is at right angles and in the screw orientation when it is
parallel to the line.

In AgCl and AgBr crystals, slip occurs in <110> direc-
tions parallel to the face diagonals of the unit cell (Fig. 2).
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Figure 4. Edge dislocation with associated surface terrace on an
atomic scale. This shows the structure of a (112 )plane of a silver
halide crystal with an edge dislocation and associated surface
terrace generated by glide on a (111) plane in a [ 110] direction.

These are along rows of X and parallel rows of Ag’ ions
(see footnote on p. 194 of Ref. 1). In these crystals, slip can
occur on any plane containing a <110> direction, for ex-
ample, {001}, {110}, or {111} planes. This pencil glide al-
lows a circular prismatic edge dislocation loop to be formed
with a <110> slip vector. The magnitude of the lattice slip
vector is equal to the interatomic distance along a row, b =
1/2 a<110> (Fig. 3).

On an atomic scale, the creation of the edge segment of
the dislocation half-loop on a {111} plane by partial slip in
a < 110> direction is illustrated in Fig. 4. We have a (112)
plane of ions at right angles to the trace of the (111) glide
plane. The rows of ions are parallel to the < 110> direc-
tion. The edge dislocation results from the displacement
of two half-planes of ions into the crystal with the produc-
tion of a surface terrace of unit width. These half-planes
terminate at the glide plane. Their propagation across the
glide plane produces a relative translation by one lattice
slip vector, b = 1/2 a[ 110] without the introduction of ob-
servable lattice imperfection on the glide plane. The Burgers
vector of the dislocation line is defined by taking a closed
right-handed circuit around the positive [ 112 ] direction of
the line from ion to ion in this diagram. The same circuit is
then stepped around the corresponding ions in a perfect
crystal. The closure failure gives the Burgers vector of the
dislocation which is, in this example, b = 1/2 o[ 110>

A dislocation is associated with an internal stress field
that falls off as 1/r from the dislocation line and produces a
local increase in the elastic strain energy density (Fig. 5).
The stress field of an edge dislocation has maximum com-
pressive and tensile stresses and zero shear stress in a
plane through the edge at right angles to the glide plane.
It has maximum shear stress and zero compressive stress
at the glide plane. The screw dislocation has a pure shear
stress field. The superposition of an applied shear stress
may cause displacement of a dislocation across a glide
plane. This produces a relative translation by one lattice
slip vector. These properties of dislocations are discussed
in the books of Friedel,? Nabarro,'® and Hirth and Lothe.*

Properties of dislocations in the edge orientation are par-
ticularly important for photographic sensitivity. In de-
liberately established favorable conditions, dislocations
are involved in the localization of surface chemical sen-
sitization, localized formation of surface and internal
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Figure 5. The internal stress field of an edge dislocation show-
ing compressive and tensile stresses on the x = 0 plane and shear
stresses on the y = 0 plane. The maximum stresses are for r = b,
the magnitude of the unit slip vector. G is the shear modulus and
v, Poisson’s ratio.
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Figure 6. Development centers along lines of intersection of a
substructure with an internal plane of an exposed AgBr crystal
(X 950).%

latent image centers, initiation of surface chemical devel-
opment, and formation of internal print-out silver.

Direct Observations and Properties of Dislocations
within Crystals

The basic theoretical concepts presented above were
appreciated before the summer of 1952 (Ref. 15),but there
had been no direct observations of dislocations as inter-
nal linear lattice imperfections. The first observations of
actual dislocations within crystals were made in Novem-
ber 1952 during the course of research on the nature and
distribution of the internal latent image with AgBr crys-
tals sensitized with Ag,0 and Ag, donor centers.®” Thin
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by the separation of Ag atoms along dislocation arrays of
subboundaries during exposure in long-wave tail of absorption
band (X 1,050).5
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Figure 8. Subboundaries of mosaic structure with hexagonal net-
works of dislocations (X 1,000).

sheet crystals, exposed and then developed with a surface
developer, gave no image. When the surface was treated
with a solvent, followed by the surface developer, develop-
ment specks were produced which appeared to outline the
boundaries of a substructure (Fig. 6). Another section of
the same crystal was then given a longer exposure. The
boundaries of the substructure were revealed in three di-
mensions for the first time (Fig. 7). Exposure resulted in
the almost continuous separation of particles of silver along
the dislocation segments of the substructure making them
visible with good contrast by high-resolution optical mi-
croscopy. Substructure interfacial boundaries with hexago-
nal networks of dislocations and larger angle sub-grain
boundaries are shown in Fig. 8. The internal development
centers of Fig. 6 were produced along the dislocation seg-
ments by a shorter exposure. With the visible violet ra-
diation used, the dislocations were decorated to a depth of
about 30 pm below the surface.

The Ag atoms and Ag; clusters, formed by the combi-
nation of Ag. ions and electrons, separate in the ten-
sile regions of dislocations in the edge orientation,
lowering the free energy. Jogs and edge segments along

Vol. 41, No. 1, Jan./Feb. 1997 3



Figure 9. Development on an internal plane intersecting the
boundaries of a polyhedral substructure at centers produced by
the diffusion of Ag atoms from the outer surface (X 1,060).2

screw dislocations allow similar decoration during exposure.
These properties were clearly demonstrated by the vacuum
deposition of Ag atoms from an atomic beam on the surface
of an AgBr crystal. For the first time in 1955 Ag atoms were
shown to dissociate into electrons and Ag_ ions which dif-
fuse into the crystal to combine and produce development
centers along the dislocation segments (Fig. 9) (Ref. 18a,b).
Gold atoms did not diffuse in this way.

The remarkable involvement of dislocations in the mo-
saic structure of a real crystal was also demonstrated at
this time. The essential features of this structure were
envisaged by Darwin in 1914 in his theoretical work on
the intensity and angular width of x-ray reflections from
crystals.'®?° He calculated the intensity of the reflection of
an x-ray beam by an ideally perfect crystal and found a
value 1/20th to 1/30th of the observed value. The angular
width of the reflection was about 5" of arc compared with
the observed values of minutes of arc. Darwin concluded
that real crystals were imperfect and repeated the calcu-
lations for a model with an ideally imperfect crystal.?! In
this model, the crystal was supposed to be a conglomerate
of small blocks of perfect crystal with adjacent blocks not
accurately fitted together. The blocks were approximately
parallel to each other with orientations distributed through
an angular range of many minutes of arc around any mean
direction. The values of the intensity and angular width
of the reflections calculated with this model were close to
the observed values. The term mosaic for this structure of
small blocks appears to have been introduced at a confer-
ence organized by Ewald in 1925.2223 This model was still
accepted in 1952.

The nature of the actual mosaic structure of a crystal
was first observed in 1953 with sensitized lightly annealed
thin sheet crystals of AgBr (Fig. 10). Exposure of the crys-
tals caused the formation of particles of silver over planar
boundaries between polyhedral microcrystallites. Clusters
of silver atoms did not separate within the polyhedra. On
the boundaries, the particles of silver decorated and made
visible a continuous three-dimensional network of linear
dislocation segments meeting in triple nodes. Detailed
studies could be made by focusing the microscope up and
down through the network. This allowed the first obser-
vations within a crystal of the dislocation structure of (1)
tilt subboundaries, (2) twist subboundaries, (3) subboun-
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Figure 10. The mosaic structure of an AgBr crystal. Planar in-
terfaces between polyhedral crystallites with tilt subboundaries
having arrays of parallel edge dislocations and subboundaries
with hexagonal networks of dislocations (X 3,330).2
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Figure 11. Model for a tilt subboundary between adjacent crys-
tallites with a wall of equidistant parallel edge dislocations.?*

daries of arbitrary orientation, and (4) of planar triple
nodes with three dislocations meeting in a point. The ob-
servations showed that the polyhedra of the mosaic struc-
ture had dimensions of the order of microns with
misorientations between adjacent polyhedra of the order
of minutes of arc as in the model of Darwin.

A model for a tilt subboundary between adjacent crystal-
lites, formed by a wall of equidistant parallel edge disloca-
tions, was proposed by Burgers in 1940 (Fig. 11) (Ref. 24).
The tilt angle is given by 6 = b/h where b is the magnitude
of the Burgers vector and 4 the separation of the disloca-
tions. The first photomicrograph of a tilt subboundary
within a crystal is shown in Fig. 12. There is a wall of
edge dislocations normal to the surface which appear as
black spots where they intersect the focal surface of the
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Figure 12.Small angle tilt boundary in fully annealed AgBr crys-
tal having large subgrains with linear array of parallel edge dis-
locations normal to the surface (X 1,300).2
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Figure 13.Small angle twist boundary in a fully annealed AgBr
crystal formed by a hexagonal array of dislocation segments on a
near (111) plane (X 3,590).2

microscope. The absence of particles of silver or of develop-
ment centers within the remaining volume demonstrates
the insensitivity of a dislocation-free volume of a crystal.
The elastic strain energy is reduced by the formation of the
boundary because regions of compression and tension for
adjacent edge dislocations overlap and there are no long-
range stresses. A twist subboundary is formed by a hexago-
nal array of screw dislocation segments on a {111} plane
(Fig. 13). The size of the hexagonal elements decreases as
the twist angle increases. These are examples of two par-
ticular orientations of mosaic boundaries in well-annealed
crystals with very large subgrains. Between these are the
orientations needed to produce the polyhedal mosaic struc-
ture of a crystal with its planar interfaces and continuous
three-dimensional dislocation network of linear segments
and triple nodes. These observations established the role of
dislocations and substructures in the formation of internal
latent-image, internal fog specks, and internal particles of
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Figure 14.Elementary process for the initiation of plastic defor-
mation. Creation of a surface terrrace of unit width and a dislo-
cation half-loop to relax the applied shear stress on an inclined
glide plane.?
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Figure 15. Terrace of Fig. 14, terminating at the dislocation line
in the screw orientation, made visible by the preferential local
formation of particles of surface photolytic silver (X 1,230).2
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Figure 16. Photomicrograph 8 to 10 um below the surface of Fig.
15 showing the decorated dislocation line in a jogged near screw
orientation (X 1,230).2

photolytic silver. Silver did not separate within crystals
without both lattice imperfections and donor centers.!¢-#
The plastic deformation of dislocation free crystals is
initiated by the creation of dislocation half-loops on in-
clined glide planes at the surface by applied tensile or bend-
ing stresses (Fig. 14). These dislocations have edge and
screw components and the half-loops are associated with
a surface terrace. In crystals of AgCl and AgBr sensitized
with Ag,0 and Ag, donor centers, both the terrace and the
associated dislocation line below the surface are decorated
by a minimum exposure with the separation of particles
of silver.?? The surface terrace terminating at the screw
segment is shown in Fig. 15. The decorated jogged screw
segment below the surface is seen in Fig. 16. The edge
segment of the loop approximately parallel to the sur-
face is shown in Fig. 17. The surface decoration rapidly
disappears from solarization with continued exposure.
This clearly establishes that surface terraces of unit width
and dislocation lines have a role in photolytic processes
in sensitized crystals. The observations illustrate the
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Figure 17. Photomicrograph 16 to 20 um below the surface of
Fig. 15 showing the decorated edge segment of the loop approxi-
mately parallel to the surface terrace (X 1,230).
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Figure 18. Creation of dislocation half-loops at (001) inclined
surfaces of a tabular hexagonal microcrystal with two parallel
twin planes subjected to bending stresses. The dotted line repre-
sents the neutral plane.?
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Figure 19.Creation of surface terrace of unit width and of dislo-
cation half-loop on (001) plane at surface of tabular hexagonal
crystal with (111) surfaces.?

elementary process of dislocation creation and displace-
ment over a glide plane of Fig. 1.

Kink desensitization is a problem with silver halide emul-
sions coated on a flexible base. Tabular microcrystals are
parallel to the substrate in the coatings. Dislocation half-
loops in the edge orientation with a parallel surface terrace
are generated by surface stresses created by sharp bending
of the crystals on the substrate (Fig. 18). The resulting ter-
race and dislocation half-loop are shown in Fig. 19. Sys-
tems of such parallel surface-generated dislocation loops
are seen in Fig. 20. The surface terraces are not deco-
rated because of solarization.
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Figure 20. Systems of parallel decorated dislocation half-loops
generated on approximately parallel glide planes at the surface
of an AgBr crystal. The jogged segments meeting the surface in
the near screw orientation are heavily decorated. The surface
terraces are not decorated because of solarization (X 990).
These loops were described as “intersecting the surface in the
edge orientation” in the captions for Fig. 13 of Ref. 2. and Fig. 3
of reference 25. It has been established that these half-loops are
of the type shown in Fig. 14 of this paper.

In the presence of internal chemical sensitization, in-
ternal Ag, latent-image clusters are formed along these
dislocations during exposure. These clusters compete with
the surface latent image for electrons giving rise to kink
desensitization. Holes that cause surface solarization are
also created by the decay of excitons at the internal Ag;
centers during further exposure.! The Ag(Br,I) crystals,
core/shell microcrystals, and microcrystals with a higher
concentration surface iodide layer which require a higher
shear stress for the creation and displacement of disloca-
tions are less susceptible to kink desensitization than pure
AgBr microcrystals.?

Understanding of the internal separation of microscopi-
cally visible silver particles along dislocation lines still pre-
sented a problem in 1958. How could space for the
separation of the particles with removal of the Cl- or Br-
ions be made available in a crystal with Frenkel disorder
and no mobile vacant halide ion lattice sites? The prob-
lem was resolved following experimental work in which
glass spheres with a dimension of a few microns were in-
corporated in the crystals.?’ The shear stress field arising
from differential contraction between the silver halide and
the Pyrex glass on cooling from the melting point was re-
laxed by the formation at the interface of circular pris-
matic edge dislocation loops which glided away along one
or more of the twelve radiating <110> directions (Fig. 21).
This effectively resulted in the displacement of both X
and Ag’ ions away from the spheres.

The same systems of prismatic dislocation loops were
then observed? on a smaller scale around particles of pho-
tolytic silver decorating circular prismatic dislocation loops
in silver halide crystals with incorporated glass spheres
sensitized with cuprous ions (Fig. 22). Six systems of pris-
matic dislocation loops radiating in a (111) plane along
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Figure 21. Sequence of circular prismatic edge dislocation loops
along a <110> direction generated to relax the thermal stress
field developed during cooling around a glass sphere embedded
below the surface of an AgCl crystal near the temperature of the
melting point (X 1,095).2
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Figure 22. Sequence of circular prismatic edge dislocation loops
generated in an AgCl (Cu*) crystal as in Fig. 21. The larger par-
ticles of decorating photolytic silver are themselves surrounded
by systems of smaller prismatic loops along 12 radiating <110>
directions (X 1,950).%8

<110> directions from a growing particle of silver are
shown in Fig. 23. Three more systems projected from the
particle above this plane and three below, making twelve
in all. The shear stress field responsible for the genera-
tion of the loops was created with chemical energy released
by the aggregation of Ag atoms at small Ag, nuclei. This
provided a model for the growth of internal particles of
photolytic silver.

Properties of Surface Sites of Termination of
Dislocations

So far we have been concerned with the internal role of
dislocations in silver halide crystals in photographic sensi-
tivity. The sites of termination of dislocation segments at
the surface of a crystal also have important functions. Vis-
ible particles of silver separate at these sites when crystals
are exposed under a dilute solution of 1-phenyl-3-
pyrazolidinone allowing nondestructive determination of
the dislocation distribution and density.? Epitaxial nuclei
of AgCl and Ag(Br,I) form at these sites on AgBr crystals.?

The surface of a silver halide crystal in an aqueous me-
dium is a dynamic interface with a high density of kinked
surface terraces.?' These kink sites and terraces are involved
in the dynamic processes of dissolution and crystal growth
and adsorption and chemical reaction. The surface struc-
ture is stabilized and the rates of Ostwald ripening and
chemical sensitization reduced by the adsorption of mol-
ecules of heterocyclic mercapto compounds at the kink sites
and terraces. These rates are also decreased by the similar
adsorption of iodide ions at the surfaces of AgBr crystals.

Role of Dislocations in Silver Halide Photography

Figure 23. Systems of decorated prismatic edge dislocation loops
radiating from particles of photolytic silver along six <110> di-
rections in (111) planes in an AgCl(Cu*) crystal. Three more sys-
tems extended above and three below the plane along the
remaining <110> directions (X 2,125).2

Figure 24. Phase-contrast photomicrograph showing depressions
at points of termination of dislocations on the surface of an AgCl
crystal produced by local dissolution in a solution of Na,S,0,.
Dislocations were subsequently made visible by decoration with
photolytic silver (X 1,730).32

There is an internal stress field around a dislocation
that gives rise to a local increase in the elastic strain en-
ergy density. In the presence of particular solvents, the
crystal passes into solution at the sites of termination of
dislocations at a higher rate than over the remainder of
the surface giving depressions with a high local density of
reactive terraces and of kink sites along them. The de-
pressions can be observed?®? with a phase-contrast micro-
scope and a one-to-one correspondence with sites of
termination of dislocations established (Fig. 24).

In the dynamic competitive processes of dissolution, sta-
bilization, and chemical sensitization, adsorbed molecules
of stabilizers are more readily displaced by suitable sol-
vent molecules and reactive chemical sensitizing molecules
around the sites of termination of dislocations than over
the remainder of the surface. The result is enhanced lo-
calized dissolution and preferential nucleation and growth
of monolayer islands of (Ag,Au)S and Ag,S molecules at
these sites which are the sites of highest free energy den-
sity. Under the conditions of chemical sensitization, Ag,0O
molecules are formed and adsorbed around the edges of
the islands of sulfide molecules and reduced to adsorbed
Ag, molecules. These provide latent-image growth nucleus
precursors so that surface development centers are formed

Vol. 41, No. 1, Jan./Feb. 1997 7
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Figure 25. Development specks produced by interrupted devel-
opment at sites of termination of prismatic edge dislocations in
AgCl crystal immersed in a solution at pH 8 after treatment with
a dilute Na,S,0; solution and then washed, dried, and exposed
(X 1,500).2
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Figure 26. Development centers formed at sites of termination
of dislocations of the polyhedral subboundaries in a thin sheet
AgCl crystal sensitized with a solution of Na,S,0, (X 1,725).%

preferentially at these sites. The initiation of chemical de-
velopment which involves the localized passage of halide
ions into solution is also favored at these sites because of
the higher local free energy density.

The thin sheet crystals owe their effectiveness as a model
system for the study of photographic sensitivity to their
high density of dislocations and surface sites of termina-
tion of dislocations. Their properties were profoundly modi-
fied by annealing and recrystallization. The AgBr thin
sheet crystals with near {001} surfaces were recrystallized
with elimination of substructure and dislocations by slow
passage through a steep temperature gradient. No image
was produced when they were chemically sensitized, ex-
posed, and developed with a surface developer. A dense
image was formed by surface physical development, which
showed efficient chemical sensitization.!®?® This experi-
mental work established that the sites of termination of
dislocations are needed for effective initiation of surface
chemical development.

These and other properties were demonstrated by ex-
tensive experimental work carried out with thin sheet crys-
tals of AgCl and AgBr. For the study of surface-terminating
prismatic dislocation loops, crystals with glass spheres in-
corporated near the surface were used.?®2 The surface was
dissolved to the level of the diametral planes of systems of
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Figure 27. Model for a dislocation sensitivity center with a small
terraced depression at the site of termination of a dislocation.
The depression provides a site of enhanced reactivity for chemi-
cal sensitization and an internal latent image may be formed
along the dislocation line.®

prismatic dislocation loops with a dilute solution of potas-
sium cyanide that does not produce depressions at the ter-
mination sites of the dislocations. The surface was then
treated with a dilute solution of sodium thiosulfate pro-
ducing shallow local depressions at these sites. Treatment
of the crystals with a buffer at pH 8 followed by washing,
drying, exposure, and development gave development cen-
ters at the sites of termination of the prismatic disloca-
tion loops (Fig. 25). This is important because these loops
have the same nature as those that terminate around the
edges of thin tabular structured grains. The same treat-
ment of a thin sheet AgCl or AgBr crystal gave develop-
ment centers at the sites of termination of dislocations of
the subgrain boundaries (Fig. 26). These observations led
to the introduction of the concept of the dislocation sensi-
tivity center in 1958 (Fig. 27).% Surface sites of termina-
tion of dislocations thus play an important role in the
localization of products of chemical sensitization, in the
concentration of Ag atoms during exposure, and in the
initiation of chemical development.

Dislocations in Microcrystals of Silver Halides

The properties discussed so far were established mainly
by experimental work with large thin sheet single crys-
tals of pure AgCl and AgBr. We now have to consider the
relevance of these observations to the microcrystals of com-
mercial emulsions. The problem, is that the smallest ob-
served separation of dislocations in AgCl and AgBr sheet
crystals is about 1.5 pm. This is close to the maximum
dimension of many emulsion microcrystals. If dislocations
are to be relevant to the sensitivity of microcrystals, evi-
dently conditions must exist in which higher density dis-
tributions can be produced.

We first consider the production of thin tabular disloca-
tion free AgBr microcrystals. These provide the cores for
AgBr core/Ag(Br,I) shell double-structure and triple-struc-
ture grains. Dislocations are high-energy lattice defects,
the elastic strain energy of which increases the internal
energy of a crystal by approximately 1.5 eV per plane of
atoms traversed by the dislocation.!® In microcrystals, this
energy is derived during growth from the excess chemical
energy of the supersaturated system. Doubly twinned thin
AgBr tabular nuclei with dislocations introduced at the
high supersaturation nucleation stage are removed by pref-
erential dissolution beginning at the dislocations during
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Figure 28. Tabular hexagonal AgBr microcrystal with two closely
spaced parallel (111) twin planes showing alternating acute and
obtuse edges of major planes.?

Figure 29. Structure of corners of lateral edges of tabular hex-
agonal microcrystal. Obtuse and acute edges at the major planes
alternate around the crystal. These are associated with adjacent
ridges and grooves at the twin planes. The intersections of the

ridges and grooves define the corners of the twin planes. Nucle-
ation of growth layers occurs at the grooves at these corners.

a brief period of ripening following nucleation.” The re-
maining dislocation free hexagonal nuclei provide the most
effective kinetic growth nuclei for further growth either
by the balanced double-jet method or by the addition of a
very fine dispersion of AgBr. An edge segment of the growth
form of a doubly twinned microcrystal has an acute or
obtuse edge at a {111} plane with a groove or ridge at the
adjacent twin plane. (Fig. 28). These are defined by the
intersections of {111} facets all parallel to the <110> di-
rection. Acute and obtuse edges having adjacent grooves
and ridges at the twin planes alternate around the hex-
agonal crystal. The definition of these kinetic features may
be lost by rounding of the edges at the conclusion of the
growth process.

Nuclei for new edge growth layers with a central twin
plane are formed at the corners at the reentrant grooves
of the twin planes in the prevailing conditions of Br ion
concentration and supersaturation (Fig. 29). Growth lay-
ers then spread away from these nuclei along the < 110>
directions of the grooves and at a slower rate along the
<011> adjacent ridges of the twin planes. They also spread
outward toward the major surfaces. Growth toward the
major surfaces ceases when the {111} elements of the lead-
ing edges of the growth layers reach the kinetic location

Role of Dislocations in Silver Halide Photography

Grooves
Ridges

Figure 30. Net showing { 111} facets at three edges of a doubly
twinned thin tabular hexagonal microcrystal. Sites defined by
the intersection of grooves and ridges at the corners of the twin
planes provide a symmmetrical distribution of sites for nucle-
ation of growth on {111} facets.

Figure 31.Atomic structure of (110) plane in small volume of a
silver halide crystal with two parallel twin planes showing the
stacking sequence of (111) planes. The boundary is defined by
{111} and {111}planes that intersect the (110) plane at right
angles. Grooves at which nucleation occurs and ridges, both along
< 110> directions, are represented.

of these surfaces (Fig. 30). On an atomic scale, the struc-
ture of the grooves and ridges along the twin planes is
shown in Fig. 31. The grooves play a critical and esssential
role in the growth of twin planes of the tabular form in
conditions where trigonal pyramidal and tetrahedral sil-
ver and halide ion complexes are involved,* particularly
when iodide ions are incorporated in the complexes in
Ag(Br,]) systems. The preferential outward radial growth
at the edges of the microcrystals results in the production
of a monodisperse distribution of thin hexagonal tabular
AgBr microcrystals with plane major surfaces and a re-
markably constant thickness. The microcrystals are free
from dislocations and have a low level of internal sensi-
tivity. The rates of nucleation and growth on the major
surfaces are reduced, compared with the more rapidly
growing edge facets, by the solute diffusion field and the
slow adsorption of grain growth inhibitors. The Ag(Br,I)
nucleation is shown at the corner groove sites of AgBr crys-
tals in Fig. 32, a photomicrograph taken in 1954.3

The most important method for the introduction of a
stable controlled distribution and density of dislocations in
tabular microcrystals depends on the establishment of steep
local halide ion concentration gradients at the edges dur-
ing growth.3®? The elastic strain energy associated with a
halide ion concentration gradient between two phases in a
heterogeneous microcrystal is reduced by the nucleation of
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Figure 32. Formation of Ag(Br,I) nuclei at grooves at corners of
triangular and hexagonal microcrystals of AgBr (X 2,960).34

a statistical distribution of short segments of prismatic
edge dislocation half-loops at the interfaces of the struc-
tured grains. These become elongated narrow prismatic
edge dislocations with growth of succeeding shells.

For the statistically reproducible creation of dislocations,
ultramicroscopic homogeneity of adjacent phases and lat-
tice continuity across the interfaces are essential. Con-
tinuous grain growth without pauses which would allow
adsorption of growth nucleation inhibitors and their in-
corporation by overgrowth is also essential. Unless these
conditions are satisfied, the strain fields required for the
regular nucleation of prismatic edge dislocation half-loops
are not developed. The grains must also be all of the same
composition with the same distribution of phases for indi-
vidual grains.

In microcrystals, Ag(Br,I) phases of the necessary ul-
tramicroscopic homogeneity within individual grains and
statistical reproducibility between grains cannot be pro-
duced by the addition of a soluble iodide such as KI in
controlled balanced double- or triple-jet methods. The io-
dide must be more uniformly distributed through the sys-
tem before its incorporation in the grains. Two methods
have been developed for the homogeneous incorporation
of iodide ions in Ag(Br,I) elements. In the first, an
ultrafine dispersion of Ag(Br,I) is produced in a high-
speed external mixer and run into the reaction vessel
with vigorous stirring and minimized intermediate
Ostwald ripening.?>2¢ In the second, an iodide ion releas-
ing compound such as 2-iodoethanol or sodium p-
iodoacetamidobenzene sulfonate is distributed uniformly
through the reaction vessel at pH 5 and temperature be-
tween 35°C and 60°C. The release of iodide ions is controlled
by raising the pH to 9 to 10.5 and returning it to 5. (Refs.
37-39) The rapid and uniform release of iodide ions in the
reaction vessel allows the steep iodide ion concentration
gradients required for the introduction of statistically re-
producible distributions of dislocations to be reliably pro-
duced. The supersaturation in the system increases as
the diameter of the fine particles decreases and as the
rate of release of iodide ions increases. A relatively high
iodide ion concentration must be established for the in-
troduction of higher density dislocation distributions.

There are three types of thin tabular structured grains
with which controlled distributions of dislocations can be
introduced.® Double-structure grains have a dislocation
free AgBr core and an Ag(Br,I) shell or a dislocation free
Ag(Br,I) core with an AgBr or low iodide Ag(Br,I) shell.
Triple-structure grains have a thin Ag(Br,I) annular zone
within an AgBr core and an AgBr or low iodide Ag(Br,I)
outer shell. The critical problem with dislocations in emul-
sion technology is to suppress internal latent image for-
mation along dislocation lines while enhancing surface
latent image formation at their sites of termination. Dis-
locations have to be introduced at internal and annular
zone interfaces under mild oxidizing conditions to prevent
the formation of associated Ag, latent image growth
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Figure 33. Atomic structure of (112) plane of an Ag(Br,I) core/
AgBr shell microcrystal with an edge dislocation half-loop intro-
duced at the phase interface to accommodate the mismatch of
the lattice parameters.?

nucleus precursors.*** We will illustrate the general prin-
ciples beginning with discussion of the Ag(Br,I) core/AgBr
shell structure.

Doubly twinned ultramicroscopically homogeneous hex-
agonal Ag(Br,I) core grains, free from dislocations, stack-
ing faults, and other lattice imperfections may be grown by
Ostwald ripening of an ultrafine dispersion of Ag(Br,I) par-
ticles®? or by the use of an iodide ion releasing agent. They
have a lattice parameter along the <110> directions of the
edges which is larger than that of the subsequent AgBr
growth layer and increases with the iodide concentration.
Lattice mismatch occurs when the edge growth layers of an
AgBr shell are nucleated at the grooves of the twin planes
at the corners of the Ag(Br,I) cores and spread away rap-
idly along the grooves and ridges of the edges. Figure 33
shows the atomic structure in a [ 110] direction along the
groove at a twin plane. The increase in interfacial energy
resulting from the lattice mismatch is reduced by the nucle-
ation of a short segment of a prismatic edge dislocation half-
loop across the groove of the twin plane to reduce the elastic
strain. This dislocation has a Burgers vector,b =1/2a< 110>
and results from the incorporation of rows of two additional
half-planes of ions. The length of the segment is a fraction
of the width of the edge. With further growth along the
groove, a statistical distribution of approximately equidis-
tant short half-loops may be successively nucleated as the
mismatch at the leading edge of the growth layer along the
<110> direction again reaches a lattice parameter. Out-
ward growth on the oblique {111} and { 111} facets ceases
when the growth layers reach the kinetic location of the ma-
jor {111} planes resulting in the growth of tabular grains of
uniform thickness with plane surfaces.

With an iodide concentration gradient across the in-
terface, the linear density of prismatic edge dislocation
half-loops is given by p = 1.56A [T ] /um where A[I ] is the
concentration difference across the growth plane in mole
percent. This relation, first derived in 1957, applies across
gradients arising from rapid changes in iodide concentra-
tion.®® For a linear projected density of 10 edge disloca-
tions/um, A[I ] = 6.4 mol%. The maximum mean dislocation
density introduced by a concentration gradient can be es-
timated by taking a Burgers circuit around the gradient.
The closure failure of the corresponding circuit in a
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Figure 34. Narrow prismatic edge dislocation half-loop on {110}
plane of a doubly twinned Ag(Br,I) core/AgBr shell microcrystal.
The loop was nucleated at the concentration gradient as a short
segment across the groove at the twin plane and extended with con-
tinued growth along <112> directions through the shell to termi-
nate at the edge and introduce two dislocation sensitivity centers.

Figure 35. Narrow prismatic edge dislocation loops along <112>
directions, generated in the iodide ion concentration gradient at
the Ag(Br,I) core/AgBr shell interface and terminating at the
< 110> edges of the grain.

homogeneous reference crystal divided by the Burgers
vector and the area gives the mean density.

With continued growth of the microcrystal, the statisti-
cal distribution of short prismatic dislocation segments
grows outward within the shell to give narrow prismatic
dislocation half-loops with dislocations in a generally
<112> direction parallel to the major surfaces (Fig. 34). In
optimum conditions, appearance of equidistant straight
prismatic dislocations in this direction would be antici-
pated between the core/shell or annular zone interfaces
and the edge of the crystal (Fig. 35). With relatively low
density distributions, the dislocations can glide prismati-
cally in the {111} and {111} planes to minimize their length
and reduce their interaction energy. They terminate
around the edges of the tabular grains to give dislocation
sensitivity centers having the characteristics of those in
Fig. 25 in which there are semicircular prismatic disloca-
tion half-loops. This property would not be affected by
rounding of the edges at the conclusion of growth.

What are probably prismatic dislocations are seen by
diffraction contrast in the electron micrograph of an
AgBr,,l,; hexagonal microcrystal published by Ozeki,
Urabe, and Tani*! in 1990. No details are given but it
would appear that this is either a structured grain or
dislocations arose from a fluctuation in iodide ion con-
centration. In agreement with the analysis already given,
the Burgers vector of a similar dislocation was deter-
mined to be consistent with b = 1/2 a< 110> by Goessens
and his coworkers in 1991.4

Role of Dislocations in Silver Halide Photography

Figure 36. Transmission electron micrograph of a triple struc-
ture tabular emulsion grain showing dislocations between the
annular zone phase interfaces and the edges of the grain.*

The double-structure grain with an AgBr shell has ad-
vantages from the point of view of chemical sensitization
and rapid initiation of chemical development. These ad-
vantages are shared by tabular triple-structure grains with
an Ag(Br,I) annular zone for which no problems are expe-
rienced in producing dislocation free AgBr cores. Steep
concentration gradients can be produced at the interfaces
with the annular zone by the use of iodide ion releasing
agents, and the dislocations introduced grow freely as nar-
row prismatic edge dislocation loops through the AgBr shell
to terminate around the edge of the microcrystal. The pris-
matic dislocation loops and the associated halide ion con-
centration gradients are stable against both climb toward
the {111} major surfaces and thermal diffusion because of
the immobility of the halide ions of the structure.

Figure 36 is a transmission electron micrograph of a
triple-structure grain with an AgBr or low iodide
Ag(Br,I) core and shell and a thin high iodide Ag(Br,I)
annular zone.*® Arrays of prismatic dislocation loops ex-
tend from the Ag(Br,I)/AgBr interfaces through the shell
to terminate at the edges. They should have a Burgers
vector, b =1/2a< 110> or <110>.

Triple-structure tabular grains also may have an AgBr
core, a narrow internal annular zone having 6 to 10 mol%
Agl and an outer shell with 2 to 3 mol% AgI. This has ad-
vantages for spectral sensitization and control of chemical
development. With steep iodide concentration gradients at
the two internal interfaces, 10 to 30 or more narrow pris-
matic edge dislocation loops may be nucleated and grown
radially outward through the shell to terminate around the
edges of the crystal. After chemical sensitization, these in-
troduce dislocation sensitivity centers with adsorbed sur-
face sulfide donor centers and Ag, latent-image growth
nucleus precursors. It is evident that there will be a large
number of equivalent sites for latent-image formation and
that there must be an efficient concentration process if a
development center is to be formed by the absorption of
very few quanta. A possible mechanism is provided by the
photoaggregation theory,* according to which an Agj or
AuAg; latent-image growth nucleus is formed at an Ag,
latent-image growth nucleus precursor following the ab-
sorption of one effective quantum. This releases from a do-
nor center a photoelectron and either an Ag, or Au,
interstitial ion which combines with an Ag, latent-image
growth nucleus precursor to give an Ag; or AuAg, center.
An Ag* ion is then adsorbed to give an Ag, or AuAg; la-
tent-image growth nucleus. Although there may be many
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sensitivity centers with Ag, molecules at terminating dis-
locations around the edges of the grain, one of these is dis-
tinguished from all the others as the site of formation of
the first Ag; or AuAg; center. This photochemically pro-
duced latent-image growth nucleus or concentration cen-
ter introduces a long-range Coulomb field. A second effective
quantum then releases another photoelectron and Ag} or
Au? ion from a donor center. In the Coulomb field, the elec-
tron is attracted to the positively charged Ag, or AuAg;
center which provides a deep trap for it, and the positive
charge is restored by the adsorption of an Ag” ion to give
an Ag; or AuAg, development center. The two effective
events create a positively charged development center of
minimum size. One sensitivity center is thus selected, and
the remaining centers are effectively desensitized giving
an efficient concentration process for the growth of a lim-
ited number of development centers around the edges of
the structured grains.**"

Three essential elements are involved in the design and
production of negative imaging, monodisperse, regular
hexagonal, thin tabular silver halide microcrystals of the
highest achievable performance. These are the introduc-
tion of statistically reproducible controlled distributions
and densities of dislocations, donor centers, and latent-
image growth nucleus precursors.

During this period of emphasis on applied research and
product development, it is of interest to reflect that the
search for understanding of the nature and distribution
of the internal latent image, stimulated by Dr. Mees in
1949, led to the discovery of dislocations in 1952. This was
followed by the establishment of dislocation properties and
their important role in photographic sensitivity that has
culminated in the production of the structured grains of
recent commercial emulsions. /A&
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