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Twin Boundaries Can Be Moved by Step Edges During Film Growth
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We track individual twin boundaries in Ag films on Ru(0001) using low-energy electron microscopy.
The twin boundaries, which separate film regions whose close-packed planes are stacked differently, move
readily during film growth but relatively little during annealing. The growth-driven motion of twin
boundaries occurs as film steps advance across the surface—as a new atomic Ag layer reaches an fcc twin
boundary, the advancing step edge carries along the boundary. This coupling of the microstructural defect
(twin boundary) and the surface step during growth can produce film regions over 10 �m wide that are
twin free.
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FIG. 1. Scanning tunneling micrograph of 2 ML Ag on
Ru(0001) showing a closed-packed hexagonal Ag layer. Each
bright spot is a Ag atom. The triangular corrugations result from
a dislocation network confined to the 1st Ag layer. The disloca-
tions accommodate the large size misfit between the Ag and Ru
atoms.
A large body of work exists aimed at understanding the
surface roughness that often develops during the growth of
thin films [1]. Because the time-dependent positions of
surface steps determine the surface roughness, the equa-
tions that govern step motion have been discussed in great
detail in the literature [2]. However, the technological
properties of a film are also determined by features beyond
the surface morphology. In particular, the film’s grain
structure is very important [3]. Such microstructural fea-
tures, of course, can also evolve with time during growth or
annealing. But these processes are often viewed as being
independent of surface step motion. Here we show there
can be a close connection between morphological evolu-
tion and microstructural evolution—we find that the evo-
lution of crystallographic twin boundaries, a common
microstructural defect in thin films [3,4], can be deter-
mined by surface step motion.

So that defect-free films with ideal behavior can be
synthesized, considerable effort has been devoted to min-
imizing twin boundaries. Twins are generally believed to
originate from the nucleation stage of film growth. That is,
when film islands nucleate, not all of them contain the
same stacking sequence of film layers. Twin boundaries
then occur where islands with different stacking sequence
impinge [3,5,6]. Attempts to reduce the density of twin
boundaries are usually based on minimizing their nuclea-
tion (see, for example, [7,8]) or by removing them by
annealing [5]. In this Letter we show that twins can be
removed during growth even when they are difficult to
eliminate by annealing. Furthermore, we use real-time
microscopy to identify the process that moves the twin
boundaries—they move in conjunction with surface steps
advancing during film growth.

The Ag(111) films examined in this study were grown
by physical vapor deposition on a step-free region of a
Ru(0001) substrate under ultrahigh vacuum conditions in a
low-energy electron microscope. Previous work has shown
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that Ag grows layer-by-layer in such regions [9]. The
atomic-resolution, scanning tunneling microscopy image
in Fig. 1 reveals that the 2nd Ag layer is close-packed and
has nearly the same in-plane atomic spacing as bulk Ag
[10]. Since no dislocations thread through the 2nd layer, it
is a defect-free substrate for the growth of subsequent Ag
layers. We observe that Ag islands nucleate with two
different stacking sequences on the 2nd layer substrate. If
we arbitrarily call the stacking of the 2nd layer A, the 3rd
layer Ag can occupy either B sites or C sites (i.e., the two
nonequivalent three-fold hollow sites). Additional layers
follow fcc stacking, i.e., either ABCA . . . or ACBA . . . , as
illustrated in Fig. 2(a). Where differently stacked islands
impinge, a twin boundary of type � � 3h111i occurs. The
atomic structure of these boundaries in fcc metals, which
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FIG. 3 (color). Twin boundaries being eliminated as Ag steps
advance during film growth. (a)–(d) Dark-field LEEM images of
(01) diffraction beam showing changes in stacking sequence of
3 ML Ag films during growth at 180 �C. The 3rd Ag layer
nucleates randomly in two possible stacking sequences (the
black and white domains labeled I and II, respectively) on the
2 ML film (gray) in image (a). By 4.7 ML, image (d), the type II
stacking domain has been eliminated. The imaged region con-
tains no substrate steps. (e)–(f) Film-thickness contrast in bright-
field images of growing Ag film shown in images (c)–(d). The
advancing step edge of the 4th layer (scalloped lines near center
marked by white arrows) in image (e) coincides with the twin
boundary of image (c). 5 ML-thick regions are colored red. (g)–
(h) Schematic cross section of how an advancing film layer
causes twin boundaries to move and change the stacking of
underlying film layers. Shown are the stacking sequences of
the film layers that occur at the location of the dashed horizontal
lines shown in images (c)–(f). The dislocations (marked with
blue T symbols) that form the twin boundary move in concert
with the 4th Ag layer advancing from the left and right. A
domain of type II stacking is eliminated as opposite twinning
dislocations annihilate.

FIG. 2 (color). (a) Schematic illustration of a twin boundary in
a Ag(111) film in Ru(0001). A stacking fault in the 3rd Ag layer
causes the two film regions next to the boundary to have different
stacking sequences. Partial dislocations (blue T symbols) occur
at the twin boundary on each film layer where the stacking
changes across the boundary. (b) Illustration of growth-induced
twin-boundary motion. The twin boundary moves in lock step
with the step edge of the advancing 5th Ag layer; the stacking of
the 3rd and 4th layers switches, and the stacking fault shrinks.
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typically facet along f112g planes, is well known [11].
Because the stacking changes across the twin boundary,
one of the adjacent stacking domains contains a stacking
fault [see Fig. 2(a)]. As discussed below, we were unable to
remove these twins by annealing—they were essentially
static. However, the twin boundaries do not remain static
during film growth—they move and reduce the density of
stacking faults.

Figure 3(a) shows the spatial distribution of stacking
faults present shortly after 3 ML-thick regions have
nucleated. In the dark-field low-energy electron micros-
copy (LEEM) [12] images of Figs. 3(a)–3(d), the two
types of 3 ML stacking appear either black or white [13]
while 2 ML-thick regions appear gray. The two stacking
sequences, arbitrarily labeled as stacking I (black) and II
(white), appear with approximate equal abundance. This
observation suggests that the two stacking types nucleate
essentially randomly on the 2 ML-thick film [14]. When
the 3rd layer is complete [Fig. 3(b)], the entire surface is
covered by domains of the two stacking types. Well-
defined twin boundaries separate the regions of different
stacking.

We find that the twin boundaries move as film growth
continues. As Figs. 3(b)–3(d) show, the white region of
type II stacking shrinks as the film grows. In fact, when the
film has thickened to 4.7 ML [Fig. 3(d)], the large domain
of type II stacking (white) that ran vertically in Fig. 3(b)
has been completely eliminated. That is, the stacking
sequence of the type II domain was switched to type I
stacking as the film grew.

We next show that stacking domains evolve because
their twin boundaries move as they are overgrown by
advancing film steps. Figs. 3(e) and 3(f) shows bright-field
LEEM images captured at times close to the recording
times of Figs. 3(c) and 3(d), respectively. While showing
16610
no stacking contrast, these images determine the local film
thickness [15]. The white region in Fig. 3(c) is 3 ML thick
and the adjacent dark regions are 4 ML thick. Furthermore,
comparing Figs. 3(c) and 3(e) clearly establishes that the
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boundary separating the two stacking types (I and II in
Fig. 3(c)] coincides with the surface step that separates the
3 ML and 4 ML regions (the white and gray regions,
respectively, in Fig. 3(e)]. Obviously, as the step of the
4th layer passes over the type II region, its stacking simul-
taneously switches to type I.

This boundary-migration mechanism is illustrated sche-
matically in Figs. 3(g) and 3(h): during overgrowth by a Ag
layer, the twin boundary moves and switches the stacking
in the underlying Ag layer. This mechanism can produce
large regions that are free of twin boundaries and stacking
faults. In Fig. 3(d), for example, all twins have been
removed from a film region over 10 �m wide.

Further confirmation that the twin boundary actually
moves comes from the following experiment. During
growth, film regions that underwent a stacking change as
a Ag step swept over them were identified. Ag was then
desorbed layer-by-layer by careful vacuum annealing
while imaging to determine the stacking of underlying
layers. (As discussed below, such annealing did not cause
significant boundary motion.) Notably, we observed that
where an overgrown Ag layer had caused a contrast change
in the dark-field image, no change occurred when the
overlayer was desorbed, establishing that all layers above
the second layer irreversibly switched in concert as the Ag
layer advanced, as drawn in Fig. 2.

To further understand these observations, Fig. 4 shows
atomic (ball) models of four different scenarios of how the
film step shown in Fig. 4(a) might propagate as it ap-
proaches a twin boundary. In Fig. 4(b), the step has stopped
T

T T

T
T

FIG. 4 (color). Possible atomic arrangements that could result from
three layers of Ag atoms color coded by their stacking arrangement. T
coded and labeled by their stacking type. In (a) a step advances from
Shockley partial dislocation (the upright and inverted T symbols) at th
to C. In (b), the step of the 3rd layer has stopped at the twin boundary
scenarios of the Ag-layer stacking. In (c) and (d), the original twin bo
side of the boundary but the top Ag layer contains atoms in unfavorab
twin boundary thickens by one layer and the stacking fault in the
favorable threefold hollow sites but unfavorable hcp (ACA) stackin
moves in concert with the advancing film step and the stacking fau
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at the boundary, which separates film regions of different
stacking. In Figs. 4(c) and 4(d), the step has overgrown the
twin boundary, which has not moved. In Fig. 4(e), however,
the step has advanced and carried the boundary with it, as
observed experimentally (Figs. 2 and 3). We next discuss
when each scenario might occur and why scenario 4(e)
occurs in our system.

If the film step stopped moving when it reached the twin
boundary [Fig. 4(b)], the initially formed domain structure
would propagate through the thickening film, as is often
assumed. (Even if a layer cannot be completed because a
step does not advance past a twin boundary, the layer
would fill in by new islands nucleating elsewhere and
expanding.) Stopping the step would either require that
the energy barrier for adatom attachment be large when the
step edge lies over the twin boundary [Fig. 4(b)] (so that
adatoms never attach to the step edge), or that the Ag
adatom mobility be very high (so that any adatom attaching
at a step edge on a boundary quickly detaches and diffuses
to a lower energy step elsewhere). Two ways that the Ag
layer can advance without changing the stacking of the
underlying Ag layer are shown in Figs. 4(c) and 4(d). The
available binding sites are not optimal—Figs. 4(c) and 4(d)
show that the atoms will be incorporated by binding at
bridge sites at the boundary or by creating regions of hcp
stacking, respectively. However, the energies of bridge
sites and stacking faults are probably small compared to
the binding energy of adatoms to step edges. While these
processes [Figs. 4(c) and 4(d)] seem plausible, they did not
occur in our system, however, as shown by the lack of
T

a Ag layer overgrowing a stacking fault. The circles represent
he horizontal lines show the Ag layers in cross section, also color

the left towards a twin boundary that bounds a stacking fault. The
e twin boundary changes the stacking of the 2nd Ag layer from B

. In (c)–(e), the step has advanced further, but with three different
undary does not move. In (c) fcc stacking is maintained on either
le twofold bridge sites (vertical arrow) at the twin boundary. (The
2nd layer does not shrink.) In (d) all atoms are in energetically
g occurs. Scenario (e) matches experiment—the twin boundary
lt in the 2nd film layer shrinks.
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contrast in Fig. 3(d) and the desorption experiment de-
scribed above. Instead, as shown in Fig. 4(e), the domain
boundary was carried along with the film step edge. Thus,
the twin-boundary–migration process must have a rela-
tively low-energy barrier. It is reasonable for this barrier to
be small because the partial dislocations [the ‘‘T’’ symbols
in Figs. 2, 3(g), and 4] that comprise the twin boundary
move by glide [5], a process with a small energy barrier
[16,17]. Thus, the boundary motion we observe depends on
a low barrier for dislocation glide in the Ag film layers.

We have also observed twin boundaries moving (and
switching the stacking of Ag layers) as 5th-layer Ag steps
advance over a stacking fault (see Fig. 2). In this case, two
dislocations [those at the 3rd and 4th Ag layers in Fig. 2(a)]
move by glide when the boundary advances. Moving the
twin boundary should become increasingly difficult as the
Ag film thickens because each additional Ag layer contains
a dislocation. Thus, boundary migration becomes less
common as the film gets thicker. Therefore, the mechanism
we observe can eliminate stacking faults and reduce twin-
boundary length, but only in the initial stages of film
growth.

Unlike during growth at relatively low temperature
(180 �C), significant twin-boundary motion did not oc-
cur during annealing in the absence of a Ag flux, even
at temperatures high enough to cause film desorption
(�450 �C). Our observation that boundaries move readily
during growth but little during annealing might at first
seem surprising because twin boundaries cost energy and
the system’s energy is lowered by eliminating them.
Decreasing the system’s free energy by eliminating the
boundaries provides a driving force (the Gibbs-Thomson
force, which is proportional to the local boundary curva-
ture) to move the boundary. However, our observations
show that this driving force alone is not sufficient to
move the twin boundaries at appreciable rates, even at
elevated temperature. The incorporation of adatoms into
steps during growth provides an additional driving force
that is large enough to move the partial dislocations, and,
thus, the twin boundaries.

We note that the stacking faults that form during the
homoepitaxial growth of Ir seem to evolve by a distinctly
different atomic mechanism [18]. This difference could be
due to the fact that at least some of the stacking-fault (twin)
boundaries in Ir consist of distinct high-energy lines of
vacancies rather than the broader low-energy partial dis-
locations characteristic of the boundaries in Ag and Cu
[19] films on Ru. Apparently, the sharp Ir vacancy lines
cannot easily glide, as required for the mechanism we
propose here.

In summary, this work shows that a film’s morphology
and its microstructure can be intimately coupled. That is,
we find an unanticipated process in which the twin bounda-
ries that separate stacking-fault domains move in lock step
16610
with the step edges of advancing film layers. Because of
this coupling of surface step motion to microstructural
evolution, the stacking faults that form in the initial stages
of film growth do not necessarily remain static. Thus,
despite initially nucleating many stacking faults, we ob-
serve large twin-free film regions after film steps have
advanced across the surface during growth.
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