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Abstract

Dislocation junctions and jogs in a free-standing FCC thin film have been
studied using three-dimensional dislocation dynamics simulations. Due to the
unconstrained motion of surface nodes and dislocation annihilation at the free
surface, junctions and jogs are unstable except for some uncommon conditions.
If the film is thin enough for a significant portion of the dislocation network
to be terminated at the free surface, junctions and jogs can exist for only
a finite time during deformation. Thus, the creation of junction/jog-related
dislocation sources and their performance are more limited as the film thickness
decreases. This effect could lead to insufficient dislocation multiplication to
balance dislocation annihilation at the free surface.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Thin film-based techniques have been used to produce device structures in emerging
technologies, and reliability of these devices is directly related to mechanical properties
of their thin components [1]. These devices contain various metallic components, whose
mechanical properties are governed primarily by dislocation mechanisms. Metallic thin films
are commonly deposited onto substrates, in which case the mechanical properties of the film,
especially dislocation behaviors within the film, are affected by the constraining effects of
the substrate and/or a passivation film. These constraining effects have been extensively
investigated. However, the current technology calls for building more complex 3D structures,
such as micro-electro mechanical systems (MEMS), so understanding the intrinsic mechanical
properties associated with dislocation mechanisms in a free-standing thin film is also important
for designing reliable mechanical devices at a small scale [2].
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Dislocation junctions and jogs have been hypothesized as the primary dislocation
structures needed to produce a dislocation source. These structures play an important role
in forming the dislocation network and ultimately affect the global mechanical properties
of a metal [3]. In a free-standing thin film, many of the dislocations are close to or
intersect the two free surfaces. Due to the significant interaction between dislocations
and free surfaces, the configuration of junctions and jogs would be expected to evolve
differently, and would also result in a different mechanical response from those in a bulk
metal. Therefore, an investigation of dislocation junctions and jogs associated with the
free surface is needed to understand the intrinsic mechanical properties of a free-standing
thin film.

In order to understand the micro-mechanics of dislocations, dislocation dynamics (DD)
simulations have been developed actively [4-6]. The DD simulations allow us to follow the
evolution of dislocation structures in a reasonable spatial and temporal scale, compared with
atomistic simulations and have been useful in finding new strengthening mechanisms in bulk
metals [7, 8]. Furthermore, DD simulations have been used to interpret dislocation mechanisms
at the small scale by incorporating image stress calculations [9-12]. Dislocation behaviors in
a thin film have also been studied using both 2D and 3D simulations for various cases [13—17].

Recently, we implemented the Parallel Dislocation Simulator (ParaDiS) code [6], which
was originally developed at the Lawrence Livermore National Laboratory (LLNL), on an
efficient image stress calculation for the thin film geometry; we used the code to study an
isolated single dislocation on one slip plane [9]. In this paper, we study dislocation junctions
and glide-jogged dislocations in a free-standing FCC thin film. Their unique behaviors
associated with the free surface will be examined. Then, the relation between the results
and dislocation multiplication will also be discussed briefly.

2. Method

The material parameters of FCC gold were used. The ParaDiS code uses isotropic elasticity, so
the shear modulus was taken to be 27 GPa, and Poisson’s ratio is 0.44. The free surface of the
film has the [0 0 1] orientation and the boundaries along [1 00] and [0 1 0] need to be periodic
for the image stress calculation. The film thicknesses are 1 um for most calculations, and
0.5 um thickness is also used for one set of jog calculations to see the thickness dependence
of jog mechanisms. The thin film in the computational cell has the aspect ratio of 10:1
(width/length : thickness). The ParaDiS code requires the dislocation core radius, a, and we
assume a equals the magnitude of the Burgers vector of the perfect dislocation [18]. The FCC
linear mobility law includes both a glide constraint and a line constraint. The glide constraint
allows a dislocation to move only on its slip plane to mimic the effect of the extended core
structure of dislocations in FCC crystals, and the line constraint makes a Lomer—Cottrell (LC)
junction immobile in the direction perpendicular to the line to take its non-planar core structure
into account [3].

To investigate the behavior of dislocation junctions in a thin film, we studied two
geometries. In the first case, the line of intersection of the two slip planes, the line along
which a LC junction would form, is parallel to the plane of the film (figure 1(a)) and in the
second case the line of intersection is inclined relative to the plane of the film (figure 1(b)).
For the relaxation studies, the simulations begin with two straight dislocations which intersect
at the mid-plane of the film. We also selected an intermediate junction structure during the
relaxation, and then applied an in-plane uniform stress along the [1 0 0] direction to investigate
the unzipping behavior of the junction configurations. In addition, in two simulations we
intentionally make two mobile arms cross slip to introduce a strong anchoring point for the
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Figure 1. Schematics of the initial conditions of junction simulations. Two straight dislocation
lines intersect each other at a point in (a) and (). (a) Dislocation (1) resides on the ABC plane
and has the Burgers vector of BC (1/2[1 0 1]) for the line sense vector 5 1. Dislocation (2) resides
on the ACD plane and has the Burgers vector CD (1/2[10 1]) for the line sense vector &. This
configuration produces the dislocation junction along the [1 1 0] direction, which is parallel to
the free surfaces. (lz) Dislocation (1) resides on the ABC plane and has the Burgers vector of
BD (1 /2[OI 1]) for &;. Dislocation (2) resides on the BCD plane and has the Burgers vector CA
(1/2[1 10]). This configuration produces the dislocation junction along the [1 0 1] direction, which
is inclined relative to the free surface. The red arrows indicate the direction of Burgers vector for
a given line sense vector, §. « and B are the angles between the dislocation and the intersection
and are chosen as /9. Each end of both dislocations is terminated at the free surfaces. (c¢) The
cross-slip configuration of dislocation junction that is parallel to the free surface. The blue line CE
is the junction. The dislocation arms are cross slipped from the ACD to the CDI or equivalently,
to the EFG plane. The simulations were done for the cross slip (L) only and for both cross slip (L)
and (U) under 200 MPa along the [1 0 0] direction.
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Figure 2. Schematics of the initial condition of jogged dislocation simulations. The jog is glissile
since it resides on the (1 11) plane. The initial structures consist of the different jog height and the
same length of the dislocation arms for a given thickness. The simulations are performed under
different tensile stresses along the [1 0 0] direction.

gliding dislocation arms (figure 1(c)). The stability and source operation of these junctions
were studied under a tensile stress of 300 MPa along the [0 1 0] direction.

We also studied the behavior of glide-jogged dislocations in free-standing thin films with
two different thicknesses, 0.5 and 1 um (figure 2). The jog segment is located at the center
of the film and is parallel to the free surface initially. For a given film thickness, the initial
lengths of the dislocation arms are always the same, but jogs of different heights are considered.
Because the jog is glissile, it can move and be annihilated at the free surface. This configuration
is intentionally chosen to see the effects of the jog height and the possibility of source operation
until the jog is annihilated. We applied stresses in the range from 10 to 800 MPa along the
[100] direction and also varied the jog height from 5b to 47b, where b is the magnitude of
Burgers vector of the perfect dislocation. Finally, a mechanism map for 1 um was obtained
with respect to the jog height and the applied stress.

3. Simulation results

3.1. Dislocation junctions in an FCC free-standing thin film

3.1.1. Junction parallel to the plane of the film. The initial condition consists of two straight
dislocations shown in figure 1(a). Dislocation (1) has the Burgers vector BC and glides on
the ABC plane, while dislocation (2) has the Burgers vector CD and glides on the ACD plane.
In order to create a dislocation junction, we intentionally inserted the dislocations with small
angles o and B (both are 7 /9) relative to the line of intersection of the slip planes [19]. For
this particular initial structure, the dislocation junction can never meet the free surface because
the line direction of the junction is parallel to the plane of the film. The dislocations were first
allowed to relax from the initial configuration under no applied stress.

During the relaxation, the two dislocations form a binary junction along the line of
intersection of the slip planes (figure 3(b)). Then, the junction length begins to decrease,
due to the line tension effect of the junction (figure 3(c)). In the case of a bulk metal, it is
usually assumed that the four end nodes of dislocation arms are fixed by the rigid dislocation
network [19], and the macroscopic strength is related to the breaking stress of this rigidly bound
junction structure. In this study, however, because the four arms of the junction are terminated
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Figure 3. (a) The initial configuration for the dislocation junction parallel to the free surface.
(b) The formation of the dislocation junction on the intersection along the [110] direction. (c) The
shrinkage of the junction. (d) The unzipping of the junction into the two separated dislocations
which are repulsive to each other. The inset shows the dislocations in (d) from a different viewpoint.

at the free surfaces, the motion of the surface node on the glide plane is not constrained.
Thus, the junction can readily shrink. Finally, the junction is unzipped into the two separate
dislocations that are now repulsive to each other (figure 3(d)), because they have rotated to
a different orientation from the initial condition. Therefore, this junction is not stable in a
free-standing thin film during relaxation (under zero stress).

We also studied the effect of an applied stress on the dislocation junction. Starting from
a partly relaxed structure (figure 3(b)), uni-axial tensile stress was applied along the [100]
direction. If the applied stress is low, the junction unzips as before. However, if the applied
stress is high enough, the junction is unzipped by the bowing of dislocations arms, which is
commonly observed in a bulk metal. We were unable to find any applied stress for which this
junction can be stabilized in the thin film.

3.1.2. Junction inclined relative to the plane of the film. The initial configuration of two
straight dislocations is shown in figure 1(b); dislocation (1) has the Burgers vector CA and
glides on the ABC plane, while dislocation (2) has the Burgers vector BD and glides on the
BCD plane. Here, the angles o and B are again /9 (radian). This configuration produces
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Figure 4. (a) The initial configuration of two dislocations. (b) and (c) are the intermediate and
final stage of LC junction formation, respectively. The dislocation junction forms along the [10 1]
direction. After the relaxation, only the immobile junction remains in the thin film.

a dislocation junction along the BC direction, which is inclined relative to the plane of the
film (figure 4(b)). Because the four surface nodes are connected to the free surfaces, they
can move freely. During relaxation, both dislocations completely zip into a junction line,
threading through the film (figure 4(c)). If we assume the LC junction is immobile, then there
is no mobile dislocation left in the film.

In order to study the effect of applied stress, uni-axial stresses along the [1 0 0] direction are
applied to the intermediate configuration of figure 4(b). Under alow stress, the two dislocations
zip into one junction in the same manner as in the relaxation case. However, if the stress level
increases, the junction begins to be completely dissociated above a certain critical stress such
as the common process. These results imply that the junction is either fully zipped or are
completely unzipped according to the stress level. Therefore, this junction cannot maintain a
structure with a junction connected to ordinary glissile dislocation arms such as in the bulk.

3.1.3. Junction and cross slip of dislocation arms: source operation. To create a structure
that is suitable for dislocation multiplication, we take the case of a junction parallel to the plane
of the film, and let some of the mobile arms cross slip onto other glide planes. Figure 1(c) shows
the cross-slipped configurations we have considered. Here, dislocation (2) with Burgers vector
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CD cross slips from the ACD plane to the CDI plane, or, equivalently, to the EFG plane. In this
case, a stress is applied in the [0 1 0] direction, thus producing glide-forces on dislocation (2)
but not (1). When only one lower arm is cross slipped (cross slip (L) in figure 1(c)), the
unzipping process is still unavoidable. At the low stresses, the junction still shrinks because
two mobile arms in the upper part of the configuration can move toward the cross-slipped arm.
At high stresses, the common unzipping process occurs by the bowing motion of dislocation
arm (2) in the upper part of the structure (figure 5). For a while, the cross-slipped arm can serve
as the dislocation source for two reasons. First, the end node (E) of the junction acts as a strong
pinning point, and the cross-slipped arm serves as a stable dislocation source (figure 5(b)).
This end node (E) is the intersection point of three different slip planes. It cannot move without
cross slip or climb of a connected dislocation segment among three dislocations each having
a different glide plane. Second, after the junction is completely unzipped, dislocation (2) has
two arms on different slip planes, and becomes a dynamic dislocation source until the mobile
cusp is annihilated at the free surface (figures 5(c) and (d)).

Depending on the position of the un-cross-slipped segment (dislocation (1) in figure (2)),
the interaction with the cross-slipped arms can produce glissile dislocations, which can act
as single arm dislocation sources. This configuration was also studied in DD simulations of
micropillars [20, 21]. Furthermore, in the unusual case where both arms of dislocation (2) are
cross slipped (cross slip (L) and (U) in figure 1(c)), the shrinkage does not occur because the
glide constraint makes both end nodes immobile. Dislocations (1) and (2) react to form single
dislocation arms at both ends of the junction, which have the Burgers vector BD and can glide
on the CDI plane or, equivalently, the EFG plane. The end result is a jogged dislocation with
Burgers vector BD having two single arm sources gliding on the CDI or EFG planes. Then,
the two single arm sources would operate stably and continuously generate dislocations if the
end nodes of the LC jog were assumed to be sessile. However, recent molecular dynamics
simulations show that the LC jog can be mobile due to its constricted node [22].

3.2. Dislocation with glissile jog

The initial configuration of a jogged dislocation is described in figure 2. The two dislocation
arms connecting the jog and the free surfaces have the Burgers vector CB and glide on the
ABC plane. The jog has the same Burgers vector and is free to glide on the BCD plane. For
a given film thickness and jog height, the dislocation structure evolves in three different ways
depending on the applied stress.

If the applied stress level is low, the dislocation arms cannot bow out and the jog rotates
slightly on its slip plane. Then, one dislocation arm grows longer at the expense of the other
arm, and the jog moves toward the free surface. Eventually the jog escapes from the film.
Finally, only one threading dislocation remains. If the applied stress level is intermediate, the
dislocation arms begin to bow out. The jog serves as an anchoring point for the two long
mobile dislocation arms. Then, the two dislocation arms then finally form a dipole, and later
detach from the gliding threading dislocation (figure 6(b)). The jog is glissile, so it moves
toward the free surface in order to shorten the total length of the dipole. Finally, the dipole
structure is annihilated at one of the free surfaces, and only one threading dislocation remains
without any jog on it. (The threading dislocation is not shown because it traveled out of the
range of figure 6(b)). If the applied stress level is high enough to drive two dislocations arms of
the dipole to pass each other, the dislocation structure can act as a dislocation source (figure 7).
However, during the operation of the source, the jog moves around on its slip plane. After a
finite time, the source structure is eventually destroyed when the jog collides with one of the
free surfaces.
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Figure 5. The unzipping process and source operation of a dislocation junction parallel to the free
surface. Here, the one dislocation arm on dislocation (2) is cross slipped initially.

4. Discussion

4.1. Dislocation junctions in an FCC free-standing thin film

The simulation results for dislocation junctions that are parallel to the plane of the film showed
that the junction is unstable under relaxation and under any applied stress state. In order
to maintain the junction structure in figure 3(b), the two dislocation arms connected to the
top surface need to experience a force in the opposite directions compared with the other
two arms connected to the bottom surface. However, two mobile dislocation arms with the
same character experience the same Peach—Koehler force under a uniform stress. Thus, it is
impossible to lengthen the junction in a thin film under a uniform stress state, and the junction
structure is eventually unzipped into the two threading dislocations, regardless of the stress
level. The dislocation junction that is inclined relative to the free surface can also be analyzed
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Figure 6. The formation and annihilation of the dislocation dipole under 100 MPa in a 1 ym thick
film. Here the jog height is 25b. The inset in (a) shows the magnified view of the jog. The dipole
is eventually annihilated at the free surface. The dashed line shows the direction along which the
jog can glide. The red arrow shows the direction of dipole motion.

in an analogous way. Therefore, when the junction structure is connected to the free surface,
it is impossible to stabilize the dislocation junction structure. Instead, it could exist only for a
finite period of time.

In order to stabilize the junction, the dislocation arms need to be cross slipped. Then, the
end node of junction can act as an anchoring point of dislocation source. In fact, the interaction
with a third dislocation could produce a strong pinning point, but these two processes result in
a final state similar with the cross-slip process [21]. A strain gradient, such as by bending or
torsion, could also stabilize the junction structure because the stress state in inhomogeneous.
We found that a bending moment can stabilize the junction structure. For the configuration
in figure 3(b), if we apply the bending moment about the [1 1 0] direction larger than 4.65 uN
(per unit length along the edge), which corresponds to a maximum critical resolved shear
stress of 11.4 MPa on ABC and ACD slip planes in figure 1, the junction length gets longer.
Two dislocation arms connected to the top surface moves in the opposite direction with those
connected to the bottom surface. Thus, junction structures can be stabilized under an applied
strain gradient.

For the cross slip of the one arm (cross slip (L) in figure 1(c)), the dislocation source
is operative for a finite period of time (figure 5), and for the cross slip of two arms (cross
slip (L) and (U) in figure 1(c)), the dislocation junction becomes an immortal source if we
assume the LC segment moves only along its line direction. The latter case is probably rare
because it is not likely that both arms would cross slip at the same time. Since any junction
would exist for only a finite period time, the chance for cross slip of dislocation arms or
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(b)

Figure 7. The operation of double arm source under 200 MPa in a 1 um thick film. Here the jog
height is 25b. The dashed line shows the direction along which the jog can glide. The red arrow
indicates the location of the slip plane intersection. The dynamic source is destroyed when the
anchoring point is annihilated at the free surface in (c).

interaction with other dislocations would be even more limited. Hence, the probability of
creating a permanent dislocation source in a free-standing thin film from junctions seems low.
However, our simulations show that dislocation multiplication does occur for a limited period
time, similar to that reported in [20].

4.2. Dislocation jogs in a thin film

Our simulations show that the glide-jogged dislocation can evolve in three different ways with
respect to the applied stress and the film thickness. From these results, a mechanism map
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Figure 8. The mechanism map for 1 ;m thick film. The dotted lines are the boundary between the
different mechanisms, and they are obtained from equation (1) (B1) and (2) (B2).

may be constructed for the 1 um thickness film, as shown in figures 8. This map shows that
for a given jog height, the jog annihilates at low stresses, dipoles are formed at intermediate
stresses and double arm sources operate at the highest stresses. The dipole formation involves
the bowing motion of two dislocation arms, requiring a stress determined by the length of the
dislocation arms, as in a Frank—Read source. Thus, the boundary (B1) between the region
of ‘jog escape’ and ‘dipole formation’ is determined by the film thickness. However, the
boundary (B2) between ‘dipole formation’ and ‘double arm source’ is determined by the jog
height. The critical passing stress of two dislocation arms is inversely proportional to the jog
height.
The stress level of B1 can be estimated by the operation stress of the Frank—Read source,
ub 1
-2 M)
where p is the shear modulus (27 GPa), b is the magnitude of Burgers vector of the perfect
dislocation (2.885 x 107'9m), [ is twice the length of dislocation arm (or approximately the
film thickness) and M is the Schmid factor (0.408). The estimated stress level is 19 and
38 MPa for film thicknesses 1 um and 0.5 um, respectively. This estimate agrees well with the
simulation result for a 1 um thick film, but shows some deviation from the simulation result
for a 0.5 um thick film (75 MPa). As the film thickness decreases, the stress for bowing of the
dislocation arms is more strongly affected by the image stresses, and may cause the deviation
from equation (1). The axial stress level for B2 can be estimated by the critical passing stress
of the two straight dislocations by
> — ub 1 _ 1.'3565 (Pa). @)
8n(l —v)h M  h(inm)
where v is Poisson’s ratio and 4 is the jog height. The location of B2 boundary does not change
for both film thicknesses 1 and 0.5 um, indicating that the boundary B1 is independent of the
film thickness from 0.5 to 1 um. Equation (2) agrees well with the simulation results for both
0.5 to 1 um thick films.
A glissile-jogged dislocation can act as the dynamical dislocation source when the applied
stress level is above the boundary B2. Tensile deformation experiments on a Au thin film on
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a polyimide substrate showed that the axial flow stress at 0.5% strain is ~70 MPa for 1 um
thick films and ~100 MPa for 0.5 um thick films [23]. For the given stress levels, the jog
height corresponds to ~18 nm (60b) and ~14 nm (46b) for the source operation, respectively.
At the experimental stress level, the jog height needs to exceed ~18 nm (60b) for source
operation. It is unlikely to form such large jogs from the coalescence of unit jog produced by
dislocation cutting each other. Hence, dislocation annihilation might be an important process
for producing super jogs that are large enough to create dislocation sources.

4.3. Dislocation multiplication in a free-standing thin film and the pinning points for stable
dislocation sources

The rapid annihilation rate of dislocations at the free surfaces may prevent an increase in
dislocation density in a thin film. Since plastic deformation requires mobile dislocations,
whether stable dislocation sources can exist in a thin film is an important question. Our
simulation results show that junctions are not stable under a uniform stress state. Furthermore,
a glide-jogged dislocation can only create a finite number of dislocations, and only if its height
is sufficiently large or the applied stress is sufficiently high. These constraints become more
pronounced in thinner films. Thus, this effect could lead to conditions wherein dislocation
multiplication cannot compensate dislocation annihilation at the free surfaces.

If the film is thick relative to the dislocation spacing, the junction structure could be
connected to a dislocation network, instead of the free surface. The existing dislocation network
can provide constraints to the glissile arms and stabilize the junction structure. The added
stability gives more time for the glissile arms to cross slip or intersect other dislocations, both
can lead to the formation of new dislocation sources. Therefore, at constant initial dislocation
density, dislocation multiplication is more likely to occur in a thicker film. Similarly, at the
same film thickness, dislocation multiplication is more likely to occur in films with higher
initial dislocation density. This leads to a bifurcation behavior, in which films with dislocation
density above a critical value would accumulate even more dislocations, while films with
dislocation density below a critical value would suffer a net dislocation loss.

The predictions of DD simulations depend on the mobility laws of dislocations, which
ultimately should be constructed from atomistic simulations in order to properly account for
atomic scale core effects. For simplicity, a relatively simple mobility law is used in this work.
Both glissile dislocations and jogs have the same mobility in their glide plane and are confined
to their glide plane. This does not account for the possibility of having point defects at the core
of the jog, which can reduce the mobility of the jog. This would prolong the period in which
the jog stays within the thin film. However, even in this case, our main conclusions remain
qualitatively unchanged. Unless the jog is completely pinned, its ability to create dislocation
sources becomes more limited as the film thickness decreases. Another potentially relevant
effect not accounted for here is surface-induced cross slip, which has been found to cause
dislocation multiplication [24]. A similar behavior is qualitatively captured in figure 5, even
though the cross slip is introduced in the initial condition instead of occurring spontaneously
at the surface. Further study is needed to clarify the effects of dislocation cross slip, climb and
interaction with point defects on dislocation multiplication in free-standing thin films.

5. Concluding remarks

The dislocation junction and the jog in a thin film have been studied using a modified version
of ParaDiS. In a free-standing thin film, a dislocation junction with mobile arms at each end,
which could act as a dislocation source through cross slip of the arms or by interactions with
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other dislocations, is not easily retained. Even with the cross-slip process, the dislocation
source exists only for a finite time period except for the special case in which is the two arms
cross slip simultaneously. A jogged dislocation could act as a dislocation source when it is
sufficiently tall or under the high enough applied stress. However, when the jog is mobile,
the source operation occurs only for the finite period of time, and the source is eventually
annihilated at the free surface. Therefore, the thickness of the film limits the lifetime of both
the junction and the jogged dislocation. In summary, these simulations show that dislocation
multiplication seems difficult in a free-standing thin film.
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