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ABSTRACT

A kinetic Monte Carlo simulation of polycrystalline thin film growth has been developed that enables the effects of stress to be included.
The stress is modeled in terms of processes that happen at the grain boundary, i.e., the formation of new grain boundary lengths and diffu-
sion of atoms from the surface. In this work, the simulation has been used to study the effect of grain size on the thin film stress and
surface morphology evolution. Results are presented for different grain sizes, temperatures, and growth rates and the kinetics of relaxation
when the growth is terminated. The results are interpreted in terms of rate equations developed to explain thin film stress evolution.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023081

I. INTRODUCTION

Understanding the mechanisms controlling stress in thin films
is motivated by the impact it can have on performance and reliabil-
ity. Numerous studies have shown how the stress is modified by the
processing conditions (growth rate1–4 and temperature2,5–11) and
microstructural evolution.2,7,12,13 This suggests that the film growth
kinetics can be used to control the resulting stress.

Multiple mechanisms have been proposed to explain the dif-
ferent aspects of thin film stress evolution during non-energetic
deposition (e.g., thermal evaporation, electrodeposition). Useful
discussions of the outstanding issues can be found in several
reviews.14–17 The formation of grain boundaries between adjacent
grains has been proposed to lead to tensile stress18–20 by reducing
the interfacial energy. Diffusion of atoms from the surface into the
grain boundary has been proposed as a mechanism to produce
compressive stress.21 A rate equation approach has been used to
incorporate these mechanisms into an analytical model to predict
the dependence of the stress on parameters such as the growth rate,
atom mobility, grain size, and grain growth kinetics.10

The analytical model has been successfully applied to interpret
experimental results for both non-energetic deposition3,12,22,23 and,
in an extended version, energetic deposition.24,25 Kinetic parame-
ters for the model have been determined by fitting it to data from
experiments. It would be useful to develop a more fundamental
understanding of these parameters so that the reasonableness of
the fitting values can be evaluated. Moreover, this would allow the

parameters to be predicted from other measurements besides stress
or from calculations.

Additionally, it is difficult to capture the stochastic nature of
film growth using rate equation approaches. The dynamics of
adatom arrival, diffusion, cluster nucleation, and incorporation into
the film are complex so that it is difficult to model parameters such
as the concentration of mobile species on the surface.
Understanding this would be useful because the surface supersatu-
ration is proposed to be a driving force for compressive stress in
the film.

An alternative modeling method for thin film growth that
includes stochastic processes is the kinetic Monte Carlo (KMC)
simulation.26 In the KMC approach, the local environment around
each mobile atom is monitored to determine the energetic barriers
for motion in each possible direction. The surface evolution is
simulated by allowing each atom to make transitions based on
these transition rates. This approach has been very powerful in
looking at the process of film growth and the evolution of thin
film morphology.26–28 Some have even used energetic particle
deposition29 to understand its impact on film evolution.

The generation of thin film stress is not typically considered
in KMC because the strain fields are in the long range, whereas the
diffusional events are governed by the local environment. In recent
work, however, stress generation and relaxation have been incorpo-
rated into a KMC simulation by using the same approximations
used in the rate equation model of film stress.30 The stress is
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assumed to be controlled by processes happening at the grain
boundary and is assumed to be uniform across the grain, so that
the impact of stress gradients on transport away from the grain
boundary can be ignored.

In the initial report from this work,30 the KMC model was
used to study the flux of atoms into and out of the grain boundary
along with the resulting evolution of the film stress. This work
allowed the connection between the surface morphology, the rates
of transitions between the surface and grain boundary, and the
resulting stress to be studied as a function of temperature and
growth rate. The results revealed the interplay between the supersa-
turation of mobile surface atoms that was created by the deposition
flux and the corresponding rate at which atoms were incorporated
into the grain boundary. At high deposition rates, the rate of atoms
going into the grain boundary was found to have a power-law
dependence on the deposition rate, which explains why the stress is
more tensile for higher deposition rates.

To better understand how the conditions on the surface relate
to the resulting stress, in the current work, the KMC approach is
extended to explore the effect of grain size on thin film stress. This
makes it possible to see how the surface morphology evolves in dif-
ferent regions near and far from the grain boundary for the same
processing conditions. The resulting dependence of the steady-state
stress on grain size, growth rate, and temperatures is interpreted in
terms of different kinetic regimes that depend on the diffusion dis-
tance of deposited adatoms. For short diffusion distances, the con-
ditions near the grain boundary are unaffected by conditions on
the rest of the surface far from it. As the diffusion distance
increases, the conditions near the grain boundary are affected by
the surface farther from it. In addition, simulations of the relaxa-
tion/recovery kinetics when growth is interrupted/resumed explore
how the stress is related to the rates of transitions into and out of
the grain boundary under different conditions. These kinetics are
also interpreted using a rate equation model that was developed to
explain relaxation experiments.31

II. KINETIC MONTE CARLO SIMULATION AND STRESS
MODEL

The results presented in this work are based on a kinetic
Monte Carlo approach that has been described previously,30,32,33 so
it is only discussed briefly here. A schematic representation of
some of the processes modeled by the simulation is shown in
Fig. 1. The different colors correspond to heights that differ by one
layer, and adatoms are represented by circles. The atoms move on a
square lattice so that each atom can have up to four in-plane bonds
and use a solid-on-solid model so that there are no empty sites
below the surface.

The concept behind the simulation approach is that each atom
can make transitions to neighboring sites based on the local mor-
phology. The kinetics therefore depend on whether the atom has
no neighbors (diffusion) or if it changes the number of in-plane
bonds (attachment/detachment). Atoms can be added from the
vapor (deposition) and can also make transitions into and out of a
simulated grain boundary shown at one end of the simulation. This
enables the development of stress to be considered and is discussed
in detail below. The adjacent sides have periodic boundary

conditions. The side opposite to the grain boundary has a reflection
(no-flux) boundary condition so that the simulated surface corre-
sponds to half of a symmetric grain. The dimensions in each direc-
tion (L/2 and w) are shown at the sides of the model. The
simulated surface size in the figure is 64 × 64, which corresponds to
a grain size of L = 128. Other grain sizes of 256 and 512 are also
considered in this work.

The transition rate from one surface site i to an adjacent site j
is assumed to have an Arrhenius temperature dependence,

r(i, j) ¼ υe
�E(ni ,nj )

kT , (1)

where E(ni, nj) depends on the local morphology and υ is the
attempt frequency. The activation barrier is different depending on
whether the initial site corresponds to an isolated adatom (Eadatom),
an atom attached to a step-edge (Eedge), or the one next to a
vacancy (Evacancy). In addition, if the diffusional jump corresponds
to the breaking of in-plane bonds, an additional energy of
(ni � nj)Ebond is added to the diffusion barrier. The simulation
keeps track of the transition rates at all atoms on the surface with
fewer than four in-plane bands; if an atom has four nearest neigh-
bors, it is assumed to be immobile. Individual atoms are then
moved on the surface with a probability based on its transition rate
relative to the total rate of all possible transitions.

KMC simulations do not typically consider the effect of stress
since strain fields are in the long range while the transition rates

FIG. 1. Schematic of some of the kinetic processes modeled by the kinetic
Monte Carlo simulation. The transitions shown correspond to adatom diffusion,
attachment and detachment at step edges, and diffusion in and out of the grain
boundary. The boundary conditions are indicated, i.e., periodic on both sides,
no-flux at the top, and a grain boundary source/sink at the bottom. The energet-
ics and rates associated with each type of transition are described in the text.
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only depend on the local environment. To overcome this limitation,
an approximation is used that was developed to explain stress in
thin films.16 In this picture, the stress is assumed to develop in the
grain boundary during film growth and be uniform over the width
of the grain.

To implement this, one edge of the simulation is made to act
as a grain boundary. A tensile stress (σT ) is assumed to be gener-
ated whenever two layers in adjacent grains grow together to form
new segments of grain boundary, based on a mechanism proposed
by Hoffman.18 In addition, atoms are allowed to jump into or out
of the boundary. Adding atoms into the boundary makes the stress
more compressive/less tensile while removing atoms from the
boundary has the opposite effect.

The resulting stress in the layer is then given by

σ ¼ σT � Ngb

Mf a
3

Lhgbw
, (2)

where a is the nominal size of the atom, L is the grain size, Mf is
the biaxial modulus of the film, hgb is the average height of the
grain boundary, and w is the width of the simulation. Most impor-
tantly, Ngb is the net number of atoms that are incorporated into
the grain boundary by jumps from the surface minus the number
of atoms that have jumped out of the grain boundary. σT depends
inversely on the square root of the grain size so that it can be

expressed as σT,0
Lref
L

� �1/2

, where σT ,0 is the tensile stress when the

grain size is equal to Lref. This equation assumes that the diffusion
of atoms within the grain boundary is high so that the stress is
uniform throughout the thickness of the layer.

Atoms jumping into the grain boundary are the source of
compressive stress in the film. The rate at which atoms jump into
the grain boundary depends on the concentration of mobile surface
atoms at its edge. This depends on the evolution of the surface
morphology and is affected by the deposition rate as well as the
nucleation of clusters and terraces on the surface that act as sinks
for the atoms. Because it is the result of multiple stochastic kinetic
processes, it is not possible to estimate this rate. In fact, under-
standing what determines the rate of atoms jumping into the grain
boundary is one of the goals of developing these simulations. The
relation between growth conditions, morphology evolution, and
transition rates into the surface are considered in the discussion in
Sec. IV.

Detailed balance requires that the possibility of atoms jumping
out of the boundary must also be considered. The simulation
assumes that there is an energetic barrier for diffusion from atoms
at the top of the boundary onto the surface given by Eeff. Because
the grain boundaries are assumed to be relatively stable, the value is
chosen to be higher than for diffusion of adatoms. Stress in the
film also changes the chemical potential of atoms in the grain
boundary, which modifies the height of the barrier by σa3.
The total rate of atoms jumping out of the grain boundary is then
given by

dNgb

dt

� �

out

¼ υ
w

a

� �

Xgbe
�(Eeff þσa3)

kT , (3)

where w/a is the number of sites at the top of the grain boundary
and Xgb is the fraction of these sites that have mobile atoms.

III. SIMULATION RESULTS

The simulated surface is represented by a rectangular array
with the height corresponding to the value of each array element.
The surface is initially flat (all heights are zero) and then atoms are
added to it at a rate determined by the deposition rate. The surface
morphology evolves by either adding more atoms to the surface
(from the vapor or the grain boundary) or allowing existing atoms
to make transitions to neighboring sites according to the rates
described in Eq. (1).

The boundary conditions are not the same at each edge of the
surface. One edge corresponds to a grain boundary, which means
that atoms can be removed from the surface by jumping into it or
they can be added to the surface by jumping out of it. The rate for
jumping into the grain boundary is described like any other surface
transition rate [Eq. (1)] and depends on the configuration of neigh-
bors around the atom at the edge of the grain. The rate of jumping
out of the boundary depends on the stress in the layer as described
in Eq. (3). The edge of the simulation opposite from the grain
boundary has a reflection boundary condition so that the simulated
surface corresponds to one half of a symmetric grain. The boun-
dary conditions on the other two edges are periodic so that an
atom that jumps off one side jumps onto the other side at the same
point.

The simulations were performed over a range of processing
conditions with growth rates that varied from 0.1 to
1 000 000 monolayers (ML)/s, temperatures of 300 and 400 K, and
grain sizes of 128, 256, and 512 in units of the atomic size (a). The
values of parameters used in the simulation are shown in Table I.
These are the same values used in the previous simulations in
Ref. 30. They do not correspond exactly to a particular material,
but they are similar to what might be expected for Ni films.

Images of the surface morphology resulting from the simula-
tion are shown in Fig. 2. Each image is made after 100 ML of depo-
sition at a simulation temperature of (a) 300 K and (b) 400 K. The
growth rate in each column has values of 10, 1000, and 100 000
monolayers/s from left to right (other growth rates were studied
but their morphologies are not shown here). The grain size
increases from the bottom (L = 128) to the top (L = 512) of each
column. The horizontal and vertical scales are the same in all the
images and the color of the surface is changed for each layer
height. The lower right side of each image is the position of the
grain boundary that can act as a sink or source. The upper left side
of each simulation has a reflection boundary condition so each
image corresponds to one half of a symmetric grain.

TABLE I. Values of parameters used in the simulation.

Eadatom Eedge Evacancy Ebond Eeff Xgb

0.25 eV 0.55 eV 2.0 eV 0.3 eV 0.85 eV 0.5
σT,0 Mf υ a Lref w
1 GPa 300 GPa 1012/s 0.3 nm 512 a 64 a
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The numbers of atoms going into and out of the grain boun-
dary [(Ngb)in and (Ngb)out] are kept track of by the simulation and
used to calculate the stress. The evolution of these quantities with
thickness depends on the growth rate and temperature; it has been
discussed previously30 so the time evolution is not shown here. The
rate of each process reaches a steady-state value as the thickness
increases. The net rate [dNgb/dt = (dNgb/dt)in− (dNgb/dt)out] at a
steady-state is shown in Fig. 3 as a function of growth rate for dif-
ferent grain sizes at temperatures (a) 300 K and (b) 400 K. The near
linearity of the data on a log–log plot suggests a power-law depen-
dence on the growth rate, similar to what has been observed previ-
ously. The results for different grain sizes show that the power-law
dependence remains almost the same if the size of the simulated
grain is changed. A deviation with grain size is only observed at the
lower growth rates studied.

The steady-state stress is shown in Fig. 4 as a function of
growth rate and grain size. Results are shown for temperatures of
(a) 300 K and (b) 400 K, and the grain size is indicated in the
figure. Consistent with previous results, the stress changes from
compressive at low growth rates to tensile at high growth rates. The
transition between tensile and compressive stress depends on the
deposition conditions and also on the grain size. For smaller grain
sizes, the stress is more tensile at high growth rates and more

compressive at low growth rates than for larger grain sizes. The
growth rate for the transition from compressive to tensile is larger
at the higher temperature for each grain size.

In addition to the steady-state stress, the kinetics of relaxation
and recovery for different grain sizes were also studied. Figure 5
shows results for different grain sizes of (a) 512, (b) 256, and (c)
128. The growth was performed at a deposition rate of 10 monolay-
ers/s and a temperature of 400 K. Initially, the growth flux is turned
on until 20 monolayers are deposited. This is followed by a 32 s
period where the growth flux is turned off and the film stress
relaxes. After this, an additional 20 monolayers are deposited fol-
lowed by another 32 s period of relaxation. The solid lines in the
figure are the results of fitting the kinetics observed in the simula-
tion to an analytical model.31 Further details of this model are pro-
vided in Sec. IV.

IV. DISCUSSION

The goal of the following discussion is to relate the evolution
of quantities monitored in the simulation to the underlying physi-
cal processes. Perceptions from these results are then applied to our
understanding of thin film growth and stress evolution.

FIG. 2. Images of surface morphology
after 100 monolayers of deposition at
simulation temperatures of (a) 300 K
and (b) 400 K. Grain size and growth
rate are indicated in the figure.

FIG. 3. Net transition rate (dNgb/dt) of atoms jumping into and out of the grain boundary vs growth rate. Results are shown after 100 monolayers of deposition at simulation
temperatures of (a) 300 K and (b) 400 K. Grain sizes are indicated in the figure.

Journal of
Applied Physics

ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 145301 (2020); doi: 10.1063/5.0023081 128, 145301-4

Published under license by AIP Publishing.



FIG. 4. Steady-state stress vs growth rate after 100 monolayers of deposition at simulation temperatures of (a) 300 K and (b) 400 K. Grain sizes are indicated in the
figure.

FIG. 5. Stress-thickness evolution for
sequences of growth and relaxation at
a temperature of 400 K. The deposition
was performed at a growth rate of 10
monolayers/s. Grain size is indicated in
the figure. The solid lines correspond
to fitting the data to the models
described in the text.
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A. Surface morphology

The dependence of the surface morphology on simulation
temperature and growth rate has been explored previously, but the
current work extends this to study the effect of grain size as well.
The dependence on the growth rate for each grain size can be seen
by comparing the images across each row. The dependence on
grain size at each growth rate can be seen by comparing images in
the same column from top to bottom.

First, consider the growth at T = 300 K. At the highest growth
rate and lowest temperature shown [R = 100 000ML/s, T = 300 K in
Fig. 2(a)], the evolution is dominated by copious nucleation and
growth of two-dimensional islands uniformly across the surface. In
this regime, which we refer to as multilayer nucleation, the mor-
phology is not strongly affected by the presence of the grain boun-
dary. Therefore, the morphology is similar for the different grain
sizes at this rate. This is consistent with the short diffusion distance
of adatoms and correspondingly high concentration of adatoms on
the surface during growth.

At the next lower growth rate shown (R = 1000ML/s,
T = 300 K), the presence of the grain boundary as a sink for atoms
can be seen to affect the distribution of islands on the surface.
Individual nuclei coalesce into terraces with edges that progress
toward the grain boundary as the thickness increases. In this
regime, referred to as 2D-nucleation and coalescence, step edges
become apparent in the region of the surface near the grain boun-
dary; the morphology away from the grain boundary shows more
uniform nucleation of islands across it. As the steps approach the
grain boundary, they pile up on each other as their motion across
the surface slows down.

At a lower growth rate (R = 10ML/s, T = 300 K, L = 512), most
of the deposited atoms attach to existing steps and the morphology
evolution is even more dominated by the propagation of well-
organized step edges (step-flow growth). However, the morphology
is somewhat different for this growth rate when the grain size is
smaller (L = 128). In this case, a deposited adatom is likely to get to
a sink (grain boundary or step-edge) before clustering with other
adatoms, which keeps the surface concentration and island nucle-
ation rates low (referred to as 2D-nucleation limited). The surface,
therefore, remains quite flat and only a few steps sweep across the
surface as it grows. Note that this occurs because new islands form
by homogeneous nucleation so that the rate depends on concentra-
tion. In real systems, the presence of defects on the surface (e.g.,
screw dislocations) may be a source of new steps without the need
for homogeneous nucleation.34

Similar results are seen in the simulations performed at 400 K
[Fig. 2(b)]. However, the different types of behavior are moved to
higher growth rates at this higher temperature. For instance, the
steps are more well-organized for growth at 1000ML/s at T = 400 K
than they are at 300 K. This shows that the growth at 400 K occurs
more deeply into the step-flow regime, indicating that the transition
from 2D-nucleation to step-flow occurs at a higher growth rate.
Similarly, the 2D-nucleation limited regime is more pronounced at
R = 10 monolayers/s and L = 128 at 400 K than it is at 300 K.

Based on studies of stress in thin films,16 a useful guide
for thinking about this behavior is through the dimensionless
parameter D/RL. Lowering the growth rate has a similar effect

on the morphology evolution as raising the temperature.
When D/RL is increased, the morphology evolution
transitions from multilayer nucleation→ 2D-nucleation and
coalescence→ step-flow→ 2D-nucleation limited. The transi-
tions between the types of evolution are not sharp, but the char-
acteristic behavior can generally be identified in each regime.

The images of the surface suggest that R and T have a larger
effect on the surface morphology than the grain size except for
the highest values of D/RL. For low values of D/RL (e.g.,
R = 100 000ML/s, T = 300 K), the surface morphology appears to
be similar for all three grain sizes. This is because the changes in
morphology are localized near the grain boundary. As D/RL is
increased, the effect of the grain boundary on the morphology
spreads further into the surface away from the grain boundary.
When the diffusion distance becomes comparable to the grain size,
a transition to the 2D-nucleation limited behavior can be observed
that occurs first for the smaller grain size.

B. Transition rates into and out of grain boundary

In the rate equation model for stress, the transition rates
between the surface and grain boundary are important because
they control the stress in the film.16 The supersaturation on the
surface created by the deposition flux is the driving force for
compressive stress in the film. In return, the stress in the film also
modifies the rate at which atoms jump out of the grain boundary
[Eq. (3)].

The different types of surface morphology evolution discussed
above affect the corresponding rate of atoms jumping from the
surface into the grain boundary. The net rate of atoms jumping in
and out of the grain boundary (Fig. 3) follows a power-law depen-
dence on growth rate described by Rx. Averaged across the grain
sizes, the exponent x has a value of 0.81 ± 0.04 and 0.84 ± 0.06 for
temperatures of 300 and 400 K, respectively, with the rates for
400 K slightly higher than the rates for 300 K. The behavior does
not depend strongly on the grain size, but a small deviation devel-
ops at lower growth rates with the larger grain size having a slightly
higher net transition rate.

The weak dependence on the grain size is consistent with the
fact that the surface morphology also does not depend strongly on
the grain size. As seen in Fig. 2, the grain boundary only affects the
surface morphology relatively close to it except for the lowest growth
rate/highest temperature. Since the rates of atoms jumping from the
surface into the grain boundary depend on the local morphology,
this also controls the net transition rate. An increase in the concen-
tration of adatoms in the middle of the grain does not immediately
affect the rates into the grain boundary. Atoms deposited far from
the grain boundary cannot diffuse to it without crossing many steps
and are, therefore, likely to be incorporated into an existing step or
nucleate a new island before reaching the grain boundary. The way
that the region far from the boundary ultimately affects the stress
evolution is through the propagation of steps from the middle of the
grain to the boundary in step-flow mode.

The rate of atoms jumping into the grain boundary
[(dNgb/dt)in] depends on the supersaturation on the surface, which
is the driving force for compressive stress The behavior of
(dNgb/dt)in can be observed directly in the simulations by turning
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off the rate of atoms jumping out of the grain boundary (e.g., by
setting the Xgb simulation parameter to zero). In this case,
(dNgb/dt) is equal to (dNgb/dt)in. Figure 6 shows the simulation
value of (dNgb/dt)in with the stress turned off normalized by grain
size for different growth rates and temperature. At high R, the rate
exhibits the power-law dependence seen in Fig. 3 for the net flux
(dNgb/dt). At lower R, the rate approaches the solid line that corre-
sponds to all the deposited atoms getting to the grain boundary
[(dNgb/dt)in/L∼ R].

C. Stress

The simulated steady-state stress has a complex dependence
on the growth rate, temperature, and grain size as shown in Fig. 4.
For all the temperatures and grain sizes, the stress is tensile at high
growth rates and becomes more compressive as the rate is
decreased. The transition from tensile to compressive shifts to
higher growth rates for smaller grain size and for higher tempera-
tures. Similar to the changes seen in morphology evolution,
increasing the growth rate has a similar effect as lowering the diffu-
sivity or temperature.

To understand this behavior, it is useful to look at the quanti-
ties that determine the stress, as described by Eq. (2). The time
derivative relates the stress evolution to the rate of atoms going into
the boundary and the increase in the grain boundary height,

dσ

dt
¼

�Mf a
3

L hgbw

dNgb

dt

� �

þ (σT � σ)

dhgb

dt
hgb

: (4)

By setting (dσ/dt) equal to zero, we can determine the steady-
state stress in the film as

σSS ¼ σT �
Mf a

3

Lw

dNgb

dt
dhgb

dt

: (5)

This equation shows that the stress depends on the simulation
parameters in several different ways. The tensile stress that is gener-
ated when layers in adjacent islands coalesce (σT ) depends on (1/L)½

so it is larger for small grain size. The constant in front of the com-
pressive second term on the right-hand side depends on 1/L so it also
increases for small grain size. This occurs because insertion of an
atom into the grain boundary of a small grain creates more strain
than in a large grain. Therefore, the dependence of stress on the grain
size also depends on the growth rate. When R is large, the stress is
more tensile for small grains than it is for large grains. When R is
small, the stress is more compressive for small grains than it is for
large grains. This leads to a crossover of the stress vs R curves for dif-
ferent grain sizes that is also seen experimentally.3

The kinetics of thin film growth affect the stress through the
ratio of the net rate of atoms jumping into and out of the grain
boundary (dNgb/dt) to the rate at which the grain boundary height
increases (dhgb/dt). The different kinetic regimes can best be seen
by inverting Eq. (5) to obtain the ratio

dNgb

dt
dhgb

dt

¼ (σT � σSS)
Lw

Mf a3
: (6)

The dependence of
dNgb

dt

�dhgb

dt
on the growth rate and temper-

ature determined from the steady-state stress is shown in Fig. 7. At
large values of R, it has a power-law dependence, reflecting the
behavior seen for (dNgb/dt) in Fig. 3. The ratio depends on R(1−x)

assuming that dhgb/dt is approximately equal to R. This makes the
steady-state stress less tensile when the growth rate is decreased
from its largest value.

However, at lower growth rates, the power-law dependence
changes to a more constant value that depends on the grain size.
This can be understood in terms of the change in the surface mor-
phology evolution. As R decreases, the nucleation rate of new
islands on a terrace decreases. This makes it more likely for a

FIG. 6. Rate of atoms jumping into grain boundary normalized by grain size [(dNgb/dt)/L] vs growth rate. The film stress has been set to remain at a value of zero so that
there are no atoms jumping out of the boundary. Results are shown after 100 monolayers of deposition at simulation temperatures of (a) 300 K and (b) 400 K. The solid
line represents the limit of all deposited atoms jumping into the grain boundary.
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deposited atom to get to the grain boundary without becoming
attached to another adatom or terrace ledge. Atoms going into the
grain boundary generate compressive stress, which increases the
rate of atoms jumping out of the grain boundary and onto
the surface. The net rate ultimately reaches a steady-state and,
therefore, the stress also reaches a compressive steady-state.
However, the rates of atoms jumping into the grain boundary and
out of it have a complex relationship with each other, so the depen-
dence of the stress on the deposition rate cannot be calculated. But
it can be seen from the figure that the stress depends less strongly
on the growth rate than it does in the power-law regime.

The results in Fig. 7 point to an interesting interplay between
the growth kinetics, the grain size, and the stress under different
conditions. In the power-law regime (represented by dashed line),

the ratio
dNgb

dt

�dhgb

dt
increases as the growth rate decreases indicat-

ing that the rate of atoms going into the boundary becomes higher
relative to the rate at which the boundary height increases. This
tends to make the stress tensile at high growth rates and less tensile
as the growth rate is decreased. The power-law exponent does not
depend on the grain size, which indicates that the rates depend pri-
marily on what is happening near the grain boundary and not on
conditions far away from it. This behavior is observed when the
diffusion distance of deposited atoms is small, i.e., at high growth
rates or low temperatures. Although the grain size does not affect
the rate of transitions at the boundary, it does change the amount
of tensile stress generated by island coalescence, σT.

When the diffusion distance for deposited adatoms is made
larger by lowering the growth rate or raising the temperatures, the
surface morphology near the grain boundary is affected by the
grain size, as can be seen in Fig. 2. In this case, conditions farther
from the boundary affect the step structure and concentration of
adatoms at the grain boundary edge. The dependence of the corre-
sponding steady-state stress on the growth rate changes as well,
from power-law to a weaker dependence. The stress in this regime

is, therefore, more sensitive to the grain size and less dependent on
the growth rate.

D. Relaxation and recovery kinetics

The kinetics of relaxation and recovery at T = 400 K are shown
in Fig. 5 for multiple periods of deposition and relaxation at differ-
ent grain sizes. The first sequence of growth is performed for 20
monolayers; it is not analyzed since the grain boundary is not well
developed in the early stages. After the growth is terminated, the
stress is allowed to relax for 32 s. When the growth is resumed, the
stress-thickness evolves to a constant slope corresponding to a
steady-state stress. The growth is continued for another period of
2 s (20 monolayers) and then followed by another period of
relaxation.

To interpret the kinetics of relaxation and recovery, we refer
to a kinetic rate equation model that has recently been published31

that is used to analyze the results of relaxation experiments. The
stress-generating mechanisms in the model are the same as those
used in the simulation and described by Eq. (2), i.e., tensile stress
due to coalescence and compressive stress due to insertion of
atoms into the grain boundary. In addition, the grain boundary
mobility is assumed to be high so that the stress is uniform
throughout the thickness of the film.

The evolution of the stress is based on Eq. (4), but with
the appropriate conditions for the case of growth and relaxation.
During relaxation, the growth flux is zero so we assume that the
grain boundary height does not change (dhgb/dt = 0). In addition,
the supersaturation on the surface due to the growth flux is assumed
to disappear. The evolution of the stress is then described by

dσ

dt
¼

�2Mf a
2

L hgb

dNgb

dt

� �

in,0

�
dNgb

dt

� �

out,0

e
�(σa3)
kT

" #

, (7)

where (dNgb/dt)in,0 refers to the rate of atoms jumping into the grain

FIG. 7. Net rate of atoms jumping into and out of the grain boundary normalized by the grain boundary growth rate [(dNgb/dt)/(dhgb/dt)] vs growth rate. The ratio is deter-
mined from the steady-state stress, as described in the text. Results are shown after 100 monolayers of deposition at simulation temperatures of (a) 300 K and (b) 400 K.
The dashed line represents power-law dependence seen at high growth rates.
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boundary per surface site at the edge of the boundary when the
growth flux is turned off. This cannot be calculated from the simula-
tion parameters because the concentration of atoms in these edge
sites is not known. (dNgb/dt)out,0 is the analogous rate of atoms
jumping out of the boundary at each edge site when there is no addi-
tional driving force of stress. This rate can be calculated from the
simulation parameters as follows:

dNgb

dt

� �

out,0

¼ υXgbe
�Eeff
kT

: (8)

As described in Ref. 31, the difference in these rates can be related to
the difference in the chemical potential of atoms on the surface rela-
tive to the grain boundary (Δμ0),

dNgb

dt

� �

out,0

2
dNgb

dt

� �

in,0

¼ e
�Δμ0
kT

: (9)

In equilibrium, the difference in these rates would lead to a
stress in the film. Therefore, Δμ0 can be determined from the final
stress that the film relaxes to, i.e., σ f ¼

�Δμ0
a3

.
Equation (7) can be solved to predict the kinetics of the stress

relaxation. The time dependent stress is given by

σ ¼ σ f þ
kT

a3
ln 1� 1� e

(σ0�σf )a
3

kT

� �

e
�βDt
L hgb

� �

, (10a)

where

βD

L hgb
¼

�Mf a
5

L hgbkT
υXgbe

�Eeff
kT

� �

e
�σf a

3

kT
: (10b)

σ0 is the stress when the relaxation starts, σf is the final stress after
relaxing for a long time, and βD depends on the kinetics.

The unknown parameters in this equation σ f and
βD
L hgb

;
1
τ

� �

are determined by fitting the relaxation data to this form. The
results of the fitting are shown as the solid lines in Fig. 5 and show

that the model can capture the kinetics of relaxation. The corre-
sponding values of the fitting parameters are given in Table II.

To describe the kinetics of recovery, the stress evolution can
be calculated using the conditions present during deposition,

dσ

dt
¼

�2Mf a
2

L hgb

dNgb

dt

� �

in,0

e
δμs
kT � e

�(σa3þΔμ0)

kT

� �

þ (σT � σ)

dhgb

dt
hgb

: (11)

δμs describes the increase in chemical potential of atoms on the
surface when a growth flux is present. Assuming that the grain
boundary height is approximately the same as the film thickness,

then
dhgb
dt

hgb
≏

R
h0þRt

, where t is the time after the film growth is

resumed and .. is the thickness when the growth is resumed.
This equation can be solved if the exponential terms are

approximated by linearizing them,

dσ

dt
¼

�2Mf a
2

L hgb

dNgb

dt

� �

in,0

δμs þ σa3 þ Δμ0

kT
þ (σT � σ)

R

h0 þ Rt
:

(12)

The stress has the form

σ ¼ σss þ
σ0 � σss

1þ
Rt

h0

� �A
, (13)

where the exponent A is equal to 1þ βD
RL

	 


. σo is the stress when
the growth is resumed at t = 0 and σSS is the steady-state stress
during growth at rate R. The unknown parameters (σSS and A) are
determined by fitting the recovery kinetics to this form. The calcu-
lated values from the fitting are shown as the solid lines in the
figure. The corresponding parameters are listed in Table III.

The kinetic parameter βD plays a role in both the relaxation
and the recovery. Since βD is not expected to depend strongly on
the grain size, the relaxation rate 1

τ

	 


, which is equal to βD
L hgb

, should
depend inversely on the grain size and grain boundary height.
Figure 8(a) presents a plot of 1

τ
obtained from the fitting vs 1

L hgb
,

which shows such a trend. For comparison, the value of βD
L hgb

can
also be calculated from the simulation parameters using Eq. (10b).

TABLE III. Parameters σSS and A obtained from fitting the stress recovery data
shown in Fig. 5. Final column is value of 1þ βD

RL
estimated from the simulation

parameters for comparison with the fitting parameter A.

Grain
size (L)

Starting
thickness

(monolayers)
σSS

(GPa) A

1þ βD
RL

calculated
from simulation

parameters

128 20 −1.1498 50.33 26.466 381 6
256 20 −1.097 43.98 15.926 691 51
512 20 −1.105 24.809 7.759 252 023

TABLE II. Parameters σf and
1
τ
obtained from fitting the stress relaxation data

shown in Fig. 5. Final column is value of βD
L hgb

calculated from the simulation parame-
ters for comparison with the fitting parameter 1

τ
.

Grain
size (L)

Thickness
(monolayers)

σf
(GPa) 1

τ
(1/s)

βD
L hgb

(1/s) calculated
from simulation

parameters

128 20 −0.1772 0.2328 12.733 190 8
128 40 −0.1643 0.226 5.976 192 161
256 20 −0.2096 0.2846 7.463 345 754
256 40 −0.224 0.2436 4.004 810 087
512 20 −0.1894 0.0581 3.379 626 011
512 40 0.9673 0.000 160 7 0.005 801 72
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The calculated values (shown in the final column of Table II) are
consistently higher than those obtained from fitting by more than
an order of magnitude. This discrepancy may be related to a differ-
ence between the assumptions used for calculating the relaxation
kinetics and what occurs in the simulation. The calculations
assume that the deposition-induced change in chemical potential
(δμs) goes to zero during relaxation so that the number of atoms
jumping into the grain boundary should be low. However, the sim-
ulation shows that the rate of atoms jumping into the boundary
remains similar to the rate of atoms coming out of it. We believe
this is because of the relatively flat surface morphology, which
means that atoms that come out of the grain boundary cannot find
sinks on the surface and, therefore, are likely to jump back into the
grain boundary. This makes the net rate (i.e., the difference
between rates into and out of the grain boundary) much smaller
than predicted by the model in Eq. (7), consistent with what is seen
in the relaxation simulations. The relaxation kinetics still seem to
agree with the form described by Eq. (10), which may be because
the rates in and out remain roughly proportional to each other
during relaxation. The implication for stress evolution in real films
is that the kinetics of relaxation are more complicated than simply
diffusion out of the grain boundary and depend on the details of
the transition region between the grain boundary and the surface.

Similarly, the parameter for recovery A, which is equal to
1þ βD

RL

	 


, should depend linearly on 1/L. The plot of A vs 1/L
[Fig. 8(b)] shows a roughly linear dependence. The value of 1þ βD

RL
can also be calculated from the simulation parameters for compari-
son with the results obtained from fitting the recovery data (shown
in final column of Table III). The agreement between the calculated
value and the fitting is much closer than for relaxation and the
values only differ by a factor of 2–3. This suggests that the condi-
tions during recovery are more similar to the assumptions of the
calculation than relaxation.

V. CONCLUSIONS

The KMC simulations enable us to see the processes that
control stress evolution in thin films. They illustrate the

interrelationship between the surface morphology, the rate of tran-
sitions into and out of the grain boundary, and the resulting stress.
When the diffusion distance of a deposited atom is small (high R,
low T), the rate of cluster nucleation is high and the morphology is
relatively uniform across the surface. Therefore, the rate of jumping
into the grain boundary does not depend on the grain size and the
dependence of the stress is primarily due to the change in tensile
stress from coalescence. Increasing the diffusion distance (lower R,
higher T) causes a transition to growth controlled by the flow of
steps. As atoms diffuse larger distances, the surface concentration
at the grain boundary edge is affected by conditions further away.
Hence, the grain boundary transition rates and the resulting stress
become more dependent on the grain size.

The relaxation and recovery kinetics also depend on the grain
size. Although the form of the relaxation kinetics is in agreement
with the predictions of an analytical model, the rate of relaxation is
much slower than expected from the simulation parameters. This
may be due to a deviation from the assumption that the surface
supersaturation disappears when the growth flux is terminated. It
also reveals that the evolution of the surface morphology near the
grain boundary during relaxation may be complicated by the addi-
tion of atoms coming from the grain boundary. The kinetics of
recovery when growth is resumed agree more closely with the pre-
dictions of the analytical model.

The simulation programs developed in this work are not cur-
rently available for use by others. However, we would be glad to
work with researchers who are interested in KMC modeling of
stress evolution during thin film growth.
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FIG. 8. (a) Parameter obtained from fitting relaxation kinetics 1
τ

	 


vs 1/hgbL. (b) Parameter obtained from fitting stress recovery (A) vs 1/L.
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