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Mechanism of stacking fault formation in metal(100) heteroepitaxial growth
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Strain in metal(100) heteroepitaxial thin-film growth can lead to a variety of effects such as the formation
of stacking faults (SFs). To gain a better understanding we have carried out temperature-accelerated dynamics
(TAD) simulations of the submonolayer growth of Cu islands on a biaxially strained Cu substrate at 200 K. In the
case of 4% compressive strain we find that SF formation occurs with a morphology very similar to the structures
found experimentally in Cu/Ni(100) growth. We also find that islands play a key role by lowering the barrier for
vacancy formation. In particular, once two substrate vacancies are formed and diffuse to form the appropriate
configuration this leads to the formation of a SF in both the substrate and island. While the activation barrier
for SF formation is very high, due to the presence of a large number of low-frequency vibrational modes, the
saddle-point entropy is large while the corresponding Vineyard prefactor is more than 10 orders of magnitude
larger than is typical of atomic processes in fcc metals. Similarly, an analysis of the entropy of the SF state
indicates that the reverse prefactor is much smaller, while the free energy of this state is lower than that of the
initial state.
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I. INTRODUCTION

Strain in heteroepitaxial thin-film growth can lead to a vari-
ety of interesting morphological and structural effects [1–18]
including dislocation formation [3,11,18] and the Asaro-
Tiller-Grinfeld instability [1,2,17], as well as island-shape
transitions [4–6,8–10,12,14–16] and stacking faults [6,13]. Of
particular interest are the experiments carried out by Müller
et al. [6–9] in which both submonolayer and multilayer Cu
islands grown on a Ni(100) substrate (corresponding to 2.7%
compressive strain) were found to form ramified island shapes
followed by the subsequent formation of ‘stripe’ defects cor-
responding to stacking faults.

While it was initially thought [9] that the ramified island
shapes might be due to the coalescence of anisotropic (rect-
angular) islands whose anisotropy was due to strain [5,19],
theoretical calculations of the critical island size or armwidth
Lc for anisotropy [20] indicate that for Cu/Ni(100), Lc is
many orders of magnitude larger than the critical value (22
b, where b is the nearest-neighbor distance) observed for the
formation of ramified islands. Instead, it was found [20] that
this corresponds to the critical island size for strain-induced
in-plane multiatom ‘pop-out’ events which lead to a competi-
tion between open and closed island step edges as is observed
experimentally [9].

Kinetic Monte Carlo (KMC) simulations [20] which take
these events into account were found to reproduce the
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experimentally observed submonolayer island morphologies
at 250 K and 300 K. However, since these were on-lattice sim-
ulations, they were unable to explain the subsequent formation
of stacking faults. We note that stacking faults have been
found to play an important role in determining the quality of
strained thin films. For example, by blocking the extension
of threading dislocations in GaN growth [21], as well as by
blocking dislocation motion in ultrahard high-entropy alloy
thin films [22], stacking faults have been shown to improve
the quality of strained thin films. Accordingly, in order to
gain a better understanding of the energetics and kinetics of
stacking fault formation as well as to separate out chemical
effects from strain effects, we have carried out fully off-lattice
temperature-accelerated dynamics (TAD) simulations of the
submonolayer growth of Cu islands on a biaxially strained Cu
substrate.

In order to maximize the boost due to accelerated dynamics
so that we can simulate growth on timescales close to ex-
periments, our simulations were carried out using a relatively
low substrate temperature T = 200 K. This value also implies
that the average island size will be significantly smaller than
the typical system size that can be efficiently simulated using
TAD [20,23]. In addition, since the substrate temperature was
relatively low compared to experiment, our simulations were
carried out using a value of the compressive strain (4%) which
is somewhat larger than the value (2.7%) for Cu/Ni(100)
growth [24].

Somewhat surprisingly, we find that stacking fault for-
mation occurs in our simulations. Our results also indicate
that the formation of islands plays a key role in promoting
stacking fault formation by lowering the barrier for vacancy
formation as well as decreasing the vacancy formation energy.
Once two substrate vacancies are formed and diffuse to form
the appropriate configuration near an island, this leads to the
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formation of a stacking fault in both the substrate and island,
with a morphology very similar to the structures suggested by
Müller et al. [6,8,9] based on their experiments.

Our results also indicate that while the activation barrier
for stacking fault formation is very high (1.0 eV), due to
the presence of a large number of low-frequency vibrational
modes which increase the saddle-point entropy, the transition
rate prefactor is also unusually large (8.8 × 1027 s−1). As a
result, the average time interval for this transition is only
3.2 msec. Similarly, an analysis of the entropy of the stacking
fault (SF) state indicates that the reverse prefactor is much
smaller and that the free energy of the SF state is lower
than that of the initial state. These results indicate that in
the presence of compressive strain, the formation of stacking
faults is both kinetically and thermodynamically favorable at
sufficiently high temperatures.

The organization of this paper is as follows. We first briefly
discuss our TAD simulations in Sec. II and then present our
results in Sec. III. Finally, in Sec. IV we summarize our results
and also discuss the implications for stacking fault formation
in Cu/Ni(100) growth.

II. TEMPERATURE-ACCELERATED DYNAMICS
SIMULATIONS

In order to access experimental timescales while including
both the effects of strain and on-lattice and off-lattice tran-
sition pathways, we have carried out temperature-accelerated
molecular dynamics (TAD) simulations [23,25–28]. As dis-
cussed in more detail in Refs. [23,25–27], TAD simulations
are based on the assumption of harmonic transition-state the-
ory along with the use of a molecular dynamics simulation
at a high temperature (Thigh) which is used to accelerate the
search for the state-to-state pathways and transition times at a
lower temperature (Tlow). In particular, for each visited state,
a high temperature basin-constrained MD simulation is first
carried out to determine the possible escape pathways along
with the corresponding high-temperature transition times and
activation barriers. Once sufficient information has been ac-
cumulated, the time and pathway for the first transition which
will occur at the desired low temperature Tlow can be deter-
mined and this transition is then accepted. This process is then
repeated for a given desired interval of low-temperature time.

Our simulations were carried out using an embedded-atom
method (EAM) potential [29] with a Cu substrate consisting
of six (100) layers with width L = 10 a (where a is the lattice
constant of copper). The three bottom layers were held fixed
while the temperature of the three top layers was controlled
by a Langevin thermostat [30] with a friction coefficient of
1012 s−1. In order to include the effects of strain, the substrate
was compressed biaxially by 4% while periodic boundary
conditions were assumed in the x-y (in-plane) directions.
In order to simulate submonolayer growth, Cu atoms were
deposited randomly with a deposition rate of 1 monolayer
(ML)/sec while the substrate was equilibrated at 200 K.
Since one monolayer corresponds to 200 atoms this implies
a deposition rate of 200 atoms/sec or equivalently an average
time interval between depositions of 0.005 sec. We note that
while this deposition rate is still significantly faster than that
used in experiments (typically 10−3–10−2 ML/sec) it is still

many orders of magnitude slower than is typically used in
molecular dynamics simulations.

For each deposition, the Cu atoms were launched nor-
mally from a random position above the substrate at a height
equal to that of the highest point of the film plus the cutoff
distance rcut = 5.51 Å with an initial kinetic energy Ki = 2
kBTm = 0.23 eV (where kB is the Boltzmann constant and
Tm = 1358 K is the melting temperature of Cu). Molecular
dynamics of the entire system was then carried out for 4 ps
before continuing TAD simulations until the time for the next
deposition event.

In order to maximize the acceleration or “boost” while
minimizing the number of attempted high-temperature tran-
sitions, our TAD simulations were carried out with a high
temperature Thigh = 650 K [31]. The total number of atoms
deposited in our simulations (27) corresponded to 0.135 ML,
while the total time simulated (at 200 K) until the formation of
a SF was approximately 0.14 sec. While TAD automatically
calculates the activation barriers for all accepted events, for
selected events we also calculated the corresponding forward
and reverse prefactors (ν) using the Vineyard expression [32]

ν =
∏3N

i=1 νi
∏3N−1

i=1 νs,i
, where νi (νs,i) are the normal mode frequencies

for the initial state (saddle point), respectively, and N is the
number of moving atoms. In order to monitor the evolu-
tion of the free energy, including vibrational contributions,
we have also calculated the change in free energy at T =
200 K with respect to a reference state with energy E0 us-
ing the harmonic approximation expression F = (E − E0) +
kBTlow ln

∏3N
i=1

νi
ν0,i

, where E (E0) and νi (ν0,i) are the mini-
mized energy and normal mode frequencies of the selected
(reference) state.

III. RESULTS

Figure 1 shows six of the key events which occur after
the deposition of 0.135 ML and prior to the formation of a
stacking fault at t � 0.14 sec. For each event, the initial, sad-
dle, and final minimized configurations are shown along with
the corresponding forward activation barriers. (The reverse
activation barriers are shown in parentheses.) Also shown for
both the states before and after each transition are the energy
(E) and free energy (F) relative to the starting configuration
in Fig. 1(a). As can be seen, due to the small system size
as well as the relatively large rate of monomer diffusion
(624 hops/sec) and dimer diffusion (8532 hops/sec) at 200 K,
at this coverage there is only one island containing 25 atoms
in the system, along with a dimer.

As indicated in Fig. 1(a), the first key event leading to the
formation of a stacking fault corresponds to the pop-out of
a Cu atom from the substrate, leading to the formation of a
substrate vacancy. As indicated by the middle (saddle-point)
configuration, this involves a collective move of two atoms, in
which one atom leaves the substrate and attaches to the island
at a kink site, while the second atom replaces the first atom,
leaving a vacancy behind. We note that the barrier for vacancy
formation in this case (0.63 eV) is significantly smaller than
that for vacancy formation on the bare substrate away from the
island (0.92 eV) or for vacancy formation at a straight island
edge away from a kink (0.81 eV). In addition, the reverse

113403-2



MECHANISM OF STACKING FAULT FORMATION IN … PHYSICAL REVIEW MATERIALS 4, 113403 (2020)

FIG. 1. Sequence of key events leading up to stacking fault formation. (a) Formation of first vacancy (b) Formation of second vacancy
(c) Left dimer atom embedding and vacancy annihilation (d) Re-formation of second vacancy (e) Monomer embedding and vacancy
annihilation (f) Re-formation of second vacancy.

barrier (0.23 eV) is higher than the barrier (0.13 eV) for the
vacancy to diffuse away from the island, thus allowing the
vacancy to diffuse away before it can be annihilated. As also
shown in Fig. 1(a), while the energy increases significantly
due to the increase in the number of missing nearest-neighbor
bonds, the increase in the free energy is significantly smaller
due to the increase in vibrational entropy.

Due to the relatively low diffusion barrier for vacancy
diffusion, one would expect the vacancy to migrate rapidly via
single hops away from the island. Instead, since the barriers
for a variety of collective stringlike moves are compara-
ble, while the corresponding prefactors are on the order of
100 times higher, after a few hops back and forth near the
island edge, the vacancy then moves by a sequence of three
long-distance stringlike moves [29] involving 4–6 substrate
atoms, until it is near the dimer as shown in Fig. 1(b). A va-
riety of additional long-distance vacancy diffusion moves are
then carried out along with a number of island rearrangements
after which the island returns to its initial state.

As shown in Fig. 1(b), a second vacancy is then formed
near an island kink site with the same activation energy as
for the first. A variety of low-barrier collective vacancy dif-
fusion moves then occur, including a seven-atom move which
includes both the island and substrate, after which both va-
cancies are near the dimer as shown by the first picture in
Fig. 1(c). This leads to the very low activation barrier vacancy
annihilation event shown in Fig. 1(c) in which the left dimer
atom pushes a nearby substrate atom into the vacancy and
replaces it. While the free energy at this point is slightly lower

than that of the initial state, immediately after embedding
the free energy is again increased by the re-formation of a
second vacancy at a kink site, as shown in Fig. 1(d). Even
though the activation barriers are the same, as discussed in
more detail below, the energy increase for this event is almost
0.2 eV smaller than for the vacancy formation event shown in
Fig. 1(b).

Figures 1(e) and 1(f) show the two key remaining tran-
sitions leading up to the stacking fault transition shown in
Fig. 2. In particular, Fig. 1(e) shows the embedding of the
remaining monomer via an exchange process which involves a
nearby substrate atom and one of the two substrate vacancies.
The barrier for this process (0.17 eV) is equal to that for
the first embedding process, while the resulting free energy
is now significantly lower than that for the initial state. This
is then followed by a large number (454) of low-barrier col-
lective vacancy diffusion processes as well as some island
rearrangement, leading to the initial configuration shown in
Fig. 1(f). A second substrate vacancy is then re-formed near
an island kink site via a collective three-atom pop-out event
with the same barrier (0.63 eV) as for the other two vacancy
formation events. As can be seen, the system now consists of
two substrate vacancies and one island containing 27 atoms,
while the free energy remains negative with respect to the
configuration shown in Fig. 1(a).

While a total of 570 events take place during the time from
the first configuration in Fig. 1(a) to the final configuration in
Fig. 1(f)–due to the relatively low barriers of these events—
this corresponds to a time difference of only 1.3 msec. A
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FIG. 2. Nudged elastic band results for stacking fault formation
transition. Top picture indicates saddle-point configuration while
the bottom two pictures correspond to initial and final minimized
configurations.

comparison of the island configurations indicates that while
the vacancy formation transitions in Fig. 1(b) and Fig. 1(f)
correspond to the creation of two additional first-, second-,
and third-neighbor “bonds” in the island, for the transition
shown in Fig. 1(d) only one additional second-neighbor bond
is created. This leads to a reduction in the total strain energy
and explains the reduced increase in the total energy for the
vacancy formation event in Fig. 1(d) compared to those shown
in Figs. 1(b) and 1(f).

As shown in Fig. 2, after 143 additional low-barrier events
(including primarily vacancy diffusion events and some island
rearrangement) a collective move involving 69 atoms occurs,
leading to the formation of a stacking fault. We note that the
activation barrier for this event is extremely large (1.01 eV)
which implies that with a normal prefactor of the order of
1013 s−1 it would take a time of the order of 1012 sec before
occurring. However, the Vineyard prefactor for this event is
also extremely large (ν = 8.8 × 1027 s−1). This implies an
average waiting time at 200 K of only 3 msec, which is
somewhat larger than but still consistent with the elapsed low-
temperature time of approximately 1.5 msec. As indicated in
Fig. 2 the reverse prefactor is significantly smaller, and as a
result the reverse transition rate is negligible at 200 K.

Examination of the normal modes also indicates that the
extremely large forward prefactor is primarily due to the pres-
ence of a large number of vibrational modes at the saddle
point whose frequencies are slightly lower than for the initial
state. Similarly, the much smaller reverse prefactor is due to
the presence of a large number of low-frequency modes in
the final stacking fault state. These results indicate that both
the transition state and the final SF state have much higher
vibrational entropy than the initial state. This is consistent

FIG. 3. (a) Closeup of final configuration shown in Fig. 2(b).
Same as (a) but with top substrate layer atoms removed in the
bottom right-hand corner. Stacking fault atoms in the row below
the substrate layer are shown in red, while remaining atoms are
purple. (c) Faceting model for Cu/Ni(100) [9] (d) STM picture (from
Ref. [7]) showing single-Cu islands grown on Ni(100) at 350 K after
0.35 ML have been deposited. Arrow points to single-row stripe in
center island.

with the fact that even though the energy of the stacking
fault state is 0.3 eV higher than that of the initial state, the
total relative free energy at 200 K (−0.25 eV) is reduced by
0.27 eV. We have also carried out TAD annealing simulations
at 200 K in order to test the stability of the stacking fault
configuration. As expected, for the maximum annealing time
studied (1.1 sec) the stacking fault remains stable.

Figure 3(a) shows a closeup of the stacking fault (SF) con-
figuration which includes two rows of the top substrate layer
as well as two rows of the island, each of which have shifted
by one half the nearest-neighbor distance. As can be seen,
there is still a vacancy in the substrate next to the stacking
fault as well as a partial vacancy in the stacking fault itself.
Figure 3(b) shows a view of the same configuration in which
the top substrate layer in the bottom right corner of the system
has been removed (see caption). As can also be seen, one
row of atoms in the layer below the substrate has also shifted
by one half the nearest-neighbor distance, thus indicating the
formation of small (111) facets along the stacking fault defect.

For comparison, the suggested structure [6] for the forma-
tion of stripe defects in Cu/Ni(100) growth after 3 ML have
been deposited at 350 K is also shown in Fig. 3(c). As can be
seen, except for the difference in the number of layers, the two
structures are essentially identical. In addition, an analysis of
the configuration in Fig. 3(b) indicates that for the minimized
(0 K) state, the atoms in the surface stripe (stripe below the
surface) have also shifted up by an amount �h = 0.35 Å
(0.33 Å) from their initial positions. Due to the presence of
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relaxation, this amount is close to but somewhat smaller than
the prediction (�h � 0.4 Å) based on a “hard-sphere model”
which takes into account the difference in geometry between
a fourfold hollow site and a bridge site. We note that the
experimentally measured value [7] obtained for single-row
stripes formed in second-layer Cu/Ni(100) islands at 350 K
(�h = 0.5 ± 0.15 Å) is slightly higher than this value, per-
haps due in part to the effects of thermal expansion. For
comparison, also shown in Fig. 3(d) is an STM picture which
indicates a single-row stripe SF in one of the Cu islands grown
on Ni(100) at 350 K after only 0.35 ML have been deposited.

IV. DISCUSSION

In order to understand the effects of strain on defect forma-
tion in the early stages of heteroepitaxial growth, as well as to
separate out chemical effects from strain effects, we have car-
ried out temperature-accelerated dynamics simulations of the
growth of Cu on a strained Cu(100) substrate at T = 200 K,
with a deposition rate (1 ML/s) close to typical experimental
values. Since our simulation temperature is somewhat lower
than typical experimental temperatures (T � 300 K), in order
to observe defect formation on the time scale of our simula-
tions, our simulations were carried using a somewhat larger
value of compressive strain than that in Cu/Ni (100) growth.

Our results indicate that, in addition to compressive strain,
the formation of both islands and vacancies is crucial to
stacking fault formation. In particular, we find that when
two substrate vacancies have formed and have reached the
right configuration near an island, a stacking fault is formed.
Interestingly, while the activation barrier for this many-atom
collective event is extremely large (1.0 eV), the prefactor
is also “gigantic” (e.g., 8.8 × 1027 s−1), and as a result the
average time interval for this transition is only approximately
3.2 msec. The large prefactor is due to the presence of a
large number of vibrational modes at the saddle point whose
frequencies are slightly lower than for the initial state. Sim-
ilarly, the much smaller reverse prefactor is also due to the
presence of a large number of low-frequency modes in the
final stacking fault state. As a result, even though the energy
is higher, the free energy of the stacking fault state is lower
than that of the initial state. We note that in previous work on
the transformation of 20–45 atom vacancy voids to stacking
fault tetrahedra in unstrained bulk Cu, a very large prefactor
with a correspondingly large energy barrier and number of
atoms involved in the transition has also been observed due to
entropic effects [33].

Our results also indicate that the presence of islands is
crucial for the formation of vacancies. In particular, while the
presence of compressive strain lowers the energy for vacancy
formation in the bare substrate from 1.54 eV to 1.32 eV,
this still leads to a negligible equilibrium vacancy density.
Similarly, at 200 K, the difference in free energy of a vacancy-
monomer pair and that of the bare substrate is approximately
1.27 eV. In contrast, in the presence of compressive strain
the formation energy of a vacancy at an island kink site is
significantly lower (ranging from 0.2 eV to 0.4 eV depending
on the kink site) while the free energy increases by only

0.1–0.3 eV depending on the island configuration. Thus, is-
land formation and growth play a crucial role in promoting
vacancy formation.

In addition to these results, a number of other interesting
effects have been observed in our simulations. In particular,
we found that—rather than migrating via single-atom hops—
since the barriers for collective moves are comparable in the
presence of compressive strain while the prefactors are on the
order of 100 times higher, substrate vacancies diffuse primar-
ily via collective (3–6 atom) string-like moves. In contrast, in
the absence of strain the barriers for vacancy diffusion are sig-
nificantly higher ranging from 0.44 eV for single-atom moves
to 0.6–1.0 eV for stringlike moves. We also found that while
the value of the barrier for monomer diffusion is significantly
reduced (from 0.51 eV to 0.42 eV) in the presence of strain,
the key barrier for dimer diffusion (for which the correspond-
ing transition involves one atom of the dimer hopping from a
nearest-neighbor site of the other dimer atom to that atom’s
next-nearest neighbor site) is also significantly reduced (from
0.49 eV to 0.38 eV). Interestingly, the next-nearest neighbor
dimer separation was also found to be significantly reduced
in the presence of strain (2.72 Å with strain versus 3.3 Å
without strain) even though the nearest-neighbor separation
(2.47–2.49 Å) is almost the same with and without strain.

Finally, it is interesting to compare our simulation results
with those obtained experimentally for Cu/Ni(100) growth at
350 K. While there is no compressive strain in the substrate
in this case, there is a 2.7% compressive strain in the islands.
As a result, the initial (single row) stripes occur in the islands
[see Fig. 3(d)] rather than the substrate-plus-island as in our
simulations. In addition, the formation of multilayer SFs only
occurs after the deposition of more than one layer.

Since our results indicate that vacancies play an important
role in the formation of SFs during the growth of Cu on
strained Cu(100), we conjecture that this is also the case in
Cu/Ni(100) growth. As already discussed in the Introduction,
it has been previously shown [20] that for Cu/Ni(100) growth,
the barrier for in-plane pop-out events at island edges with
kinks decreases significantly with island size. While these
events have already been demonstrated [20] to lead to the
ramified island shapes observed experimentally, they can also
lead to vacancy formation within the island. Accordingly,
we speculate that one possible pathway for SF formation in
Cu/Ni(100) submonolayer islands might involve the simul-
taneous formation of two or more vacancies in an island,
perhaps due to in-plane pop-out events, since such events
are kinetically favorable for sufficiently large islands and/or
temperatures. It would be of interest to carry out simulations
of Cu islands on Ni(100) for larger island sizes and higher
temperatures to see if this is the case.
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