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Stress and Morphology Evolution during Island Growth
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We performed a series of hybrid molecular-dynamics simulations of island growth on a substrate and
monitored island stress evolution for several different island/substrate interfacial energies. Smaller (larger)
interfacial energy yields islands with a stronger (weaker) compressive stress-thickness product. We
present analytical results that suggest that the stress-thickness product is a linear function of the substrate
coverage, with slope equal to minus the substrate surface stress, if the island is in mechanical equilibrium,
and verify these results with simulation data.
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The evolution of the stresses within a film during vapor
deposition is complex. In cases where the film evolves via
island nucleation and growth to coalescence to produce a
continuous polycrystalline nonepitaxial film [Volmer-
Weber (VW) growth], the film stresses generated can be
very large, the sign of the stress can change rapidly, and
interrupting the deposition causes large, abrupt changes in
the stress [1,2]. Wafer curvature measurements [3] show
that evolution of film stress during VW growth in many
different systems shares a common set of characteristics
[2,4,5]: The film stress is compressive during island nu-
cleation and growth, then becomes tensile as the growing
islands impinge on one another, and then slowly becomes
increasingly compressive as the continuous film thickens.
(In some cases, the different regimes are not well-
separated—see, e.g., Ag on SiO2 [2].) While the tensile
rise upon island impingement is relatively well understood
[6,7] and several models have been proposed for the stress
evolution mechanism that occurs on film thickening [1,8],
the origin of the compressive stress observed during the
island growth stage remains poorly understand. Earlier
models for this compressive film stress were based on
capillarity-induced stress in the islands constrained by
the substrate during growth [9,10] or upon the effects of
surface defects on surface stresses [11–13]. In the present
study, we employ a hybrid static-relaxation–molecular-
dynamics (MD) simulation method to determine the origin
of the large compressive stresses inside islands that de-
velop prior to island coalescence and propose a theoretical
model for this effect that accurately reproduces both simu-
lation and experimental results.

Island growth is characterized by both the deposition
of atoms from the vapor and surface diffusion controlled
transport of atoms along the surface. However, typical MD
simulations do not explore times sufficient to observe
many diffusion hops at typical film growth temperatures.
In the present study, we combine static-relaxation and
finite temperature MD simulations to model the growth
of well-separated islands. The island growth algorithm is
as follows: First, we release a test atom from many differ-
ent initial atom positions above the substrate and find its
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equilibrium position by minimizing the energy of the
system using a conjugate gradient method while all other
atom positions remain fixed. This is repeated for initial
atom positions located on a square grid above the substrate
(nearest neighbor spacing equal to the first neighbor spac-
ing in the island). Then we deposit an adatom at the
location corresponding to the test atom with the lowest
relaxed energy (compared to all of the other test atoms
released from the grid). Next we perform a 10 ps MD
simulation on the entire system. This process is repeated
until the appropriate number of atoms is deposited (depo-
sition is terminated before islands interact across the peri-
odic boundary conditions).

The island geometry is shown in Fig. 1. Although only a
single layer of atoms in the substrate is shown in the (111)
oriented substrate, the substrate is actually 34 Å thick
(14 atomic planes) and is 57:16� 57 �A2 in the X and Y
directions, respectively [i.e., 418 atoms=�111� plane]. The
MD simulations were performed at a constant temperature
T � 300 K, and the dimensions of the unit cell in the
directions parallel to the substrate surface were fixed. We
describe the atomic interactions using a simple parame-
trized potential appropriate for metallic alloys, that is, the
Lennard-Jones embedded-atom method (LJ-EAM) poten-
tial [14,15]. The substrate is composed entirely of A atoms
and the film or island of B atoms. This potential has the
following form: E �

P
i�Fti� ��i� �

1
2

P
j�i�titj�rij��, where

the subscript ti denotes the element type (�A or B) of atom
i, Fti� ��i� is the energy required to embed atom i in an
electron gas of density ��i, and �titj�rij� denotes the pair-
wise interaction between atoms i and j [16]. The functional
forms of F, ��, and � are as described in Ref. [15]. The
potential parameters, summarized in Table I, were chosen
such that pure A and pure B are both face centered cubic,
and the 300 K lattice parameter of pureB is 1.3 times larger
than that for pure A in order to avoid epitaxy between the
islands and substrate [14].

Since experimental evidence suggests the interfacial
bond strength affects the stress evolution during film
growth [2], we treat "titj in the pairwise term in the energy
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TABLE II. Substrate (A) and island (B) f111g surface energies
� and surface stress f, substrate/island interface energies for
different A-B bond strengths (J=m2), the predicted isotropic

FIG. 1. The morphologies of islands grown with (a) strong,
(b) intermediate, and (c) weak interfacial bonding. Dark and
light gray atoms represent island and substrate atoms, respec-
tively.
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�titj�rij� as an adjustable parameter for ti � tj. Table II
shows the (111) surface energies (�A and �B) and surface
stresses (fA and fB) [17] of materials A and B, along with
the A-B interfacial energy ��111�

A-B for three different values
of "AB (i.e., different interfacial bond strengths): 0.50
(weak), 0.53 (intermediate), and 0.55 eV (strong). Using
the Young-Dupre relation, we can relate the surface or
interface energies to the equilibrium wetting angle �. For
the range of "AB, the wetting angle varies from 0� (com-
plete wetting) to 68� (partial wetting).
TABLE I. Parameters used in the LJ-EAM interatomic inter-
actions (following the notation of Ref. [15]).

Pair "titj (eV) r0
titj �

�A� At �t Z0

A-A 0.8 3 0.8 6 12
B-B 0.5 3.9 0.8 6 12
A-B (strong) 0.55 3.6 
 
 
 
 
 
 
 
 


A-B (intermediate) 0.53 3.6 
 
 
 
 
 
 
 
 


A-B (weak) 0.5 3.6 
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Figure 1 shows the structure of typical islands grown
with different interfacial bond strengths. The islands
formed were all face centered cubic [this is ambiguous
for the island in Fig. 1(a) since the island is only two layers
thick] with the �111� direction perpendicular to the sub-
strate. In all cases, the interface contains a regular, trian-
gular array of misfit dislocations with four close packed
rows of atoms in the substrate for every three close packed
rows of atoms in the islands. This implies that the misfit
strain is nearly fully relaxed, since B atoms are 1.3 times
larger than A. Comparison of the shapes of the islands
formed with different A-B bond strength (see Fig. 1) shows
that, as the A-B bond strength increases (A-B interface
energy decreases), the islands become thinner, with a
broader island/substrate contact (i.e., larger radius-to-
height aspect ratio). If we assume the surface energy of
the island is isotropic, the equilibrated island shape will be
a section of a sphere, and the island height h will be a
function of its volume V and wetting angle �: h � �1	
cos���V=��1=3��2=3� 	 cos�� �1=3�cos3��	1=3. Table II
shows the predicted island height from this expression
and the island height measured from the simulations
(Fig. 1). The predicted and actual island heights are in
good qualitative (semiquantitative) agreement: In each
case, the predicted and actual island heights do not differ
by more than one atomic layer thickness. Therefore, we
can understand the variation of island shape with A-B bond
strength directly in terms of its effect on interfacial energy.
This result also demonstrates that the hybrid simulation
method produces nearly equilibrated islands.

To determine the stress-thickness product (this is pro-
portional to substrate wafer curvature normally used as a
measure of film stress in experiment), we imagine cutting
our model system along a plane that is orthogonal to the
substrate surface and calculate the difference in the normal
force across the cut plane before and after island deposi-
tion. The stress-thickness product is�xxh � �Fx 	 F0

x�=Ly
for the X direction, with h the average thickness of the film
(whether a continuous film or an array of islands), Ly is the
cell length along the Y direction, and Fx and F0

x are the
normal forces in the X direction after or before the island is
equilibrium wetting angle �, and the predicted and measured
(from Fig. 1) island heights h (in units of the number of f111g
layers).

A�111� B�111�
A-B

(strong)
A-B

(intermediate)
A-B

(weak)

� 1.58 0.58 0.95 1.12 1.36
f 1.84 0.68 
 
 
 
 
 
 
 
 


Predicted � 
 
 
 
 
 
 0� 37� 68�

Predicted h 
 
 
 
 
 
 1 2.73 4.17
Actual h 
 
 
 
 
 
 2 3 5
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deposited, respectively. Fx is given by Fx � �
P
imiv

x
i v

x
i �P

i�jf
x
ijr

x
ij�=

Lx, where Lx is the simulation cell length in the X direc-
tion, mi is the mass of atom i, and vxi , f

x
ij, and rxij are the X

component of the velocity of atom i, the force that atom j
exerts on atom i, and the vector that separates atoms i and
j, respectively. This force is the same across all possible
cut surfaces perpendicular to the substrate surface. In the
following, we report the biaxial mean value of this stress-
thickness product �h � ��xxh� �yyh�=2.

Figure 2 shows the calculated stress thickness versus
number of adatoms. In order to minimize statistical noise,
each data point represents the calculated stress thickness
averaged over 40 measurements (following 10 ps MD
relaxations). This figure shows that both the stress-
thickness product and its derivative with respect to the
number of adatoms (the stress in the newly added material)
are negative. As the A-B bond strength increases (the A-B
interface energy decreases), the magnitude of the compres-
sive stress within the island increases. In other words, the
island is under the largest compressive stress when the
interface energy is smallest. These results are consistent
with previous observations with Ag and Al islands on
amorphous SiO2 substrates [2].

To isolate the possible sources of measured compressive
stress-thickness product, we rederive the Stoney equation,
including the effects of surface or interface stresses. The
effect of interface stress was considered by Ruud et al. [18]
for the special case of continuous, multilayer films. Here
we examine the case when the film is not yet continuous.
Consider a cylindrical island with radius � and height tf on
a cylindrical substrate with radius R and thickness ts. The
total energy of the system can be written as Utot �

Ubending �Uisland �Usurface, where subscripts refer to en-
ergy contributions from bending of the substrate, the is-
FIG. 2. Stress-thickness product as a function of the number of
atoms deposited. Each data point represents an average of the
data obtained during the deposition of 40 adatoms (to minimize
statistical fluctuations).
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land, and the surface or interface. The biaxial strain
associated with pure bending is " � 	�z, where � denotes
the curvature of the wafer and z is the distance from the
neutral surface of bending (� > 0 refers to the center of the
wafer bent downward relative to the edges). The corre-
sponding bending energy for the substrate is Ubending �

�R2Est
3
s�

2=�12�1	 	��, where Es, 	 are the Young’s
modulus and Poisson ratio of the substrate, respectively
[10]. The elastic energy stored within the island has con-
tributions from both the residual stress (i.e., the mean stress
in the absence of wafer curvature) and from substrate
bending is Uisland � ��2tf��f 	 Ef��ts � tf�=2�2=Ef,
where Ef and �f are the Young’s modulus of the island
and mean stress inside the island. Since the surface or
interface is biaxially strained, the energy associated with
the surfaces or interfaces has contributions from the sur-
face or interface energies themselves and the surface or
interface stresses:

Usurface � ��2��f 	 ff�ts � 2tf��� � ��tf�2�t 	 ftts��

� ��2��i 	 fits�� � ��R2 	 �2���s 	 fsts��

� �R2��s � fsts��; (1)

where �f, �t, �i, and �s (ff, ft, fi, and fs) are the surface
energies (surface stresses) of the island upper surface,
island side face, substrate/island interface, and substrate
surface, respectively. Minimizing the system energy with
respect to substrate curvature � yields the relationship
between substrate curvature, island stress, and surface or
interface stresses (assuming a thick substrate ts � tf—
this is valid for the simulations since the substrate is
effectively semi-infinite, as described above):

Est
2
s

6�1	 	�
� � �

�
�ftf � �ff � fi� �

tf
�
ft 	 fs

�
; (2)

where the surface coverage (i.e., fraction of the substrate
surface covered by the islands) is � � ��2=�R2.
Equation (2) is the surface stress-modified Stoney equa-
tion. This correction is important if the residual stress
within the film is small (e.g., in homoepitaxy) or the film
(island) is thin (small). [The corrected Stoney equation in
Eq. (2) can be extended to the case of a continuous thin film
on a substrate simply by letting tf=� go to zero and � go to
unity.]

If we assume the island is in mechanical equilibrium, the
stress within the island is balanced by the surface or inter-
face stresses: �ftf � ff � fi � �tf=��ft � 0 (this is a
form of mechanical equilibrium). In this case, the surface
stress-modified Stoney equation reduces to

Est2s
6�1	 	�

� � 	�fs: (3)

This implies that the substrate curvature is a linear function
of the substrate surface coverage with a slope given by
minus the substrate surface stress, 	fs. Since the surface
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FIG. 3. Stress thickness vs substrate surface coverage �. The
continuous curve is the best fit line. The slope of this line is
	18:8� 0:9 GPa �A.
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stress is most commonly found to be tensile, the substrate
curvature measured during the island growth process will
be negative with a magnitude that increases as growth
proceeds. However, if the island is not in mechanical
equilibrium or other sources of island stress (i.e., islands
impingement, lattice mismatch) exist, Eq. (3) no longer
holds and Eq. (2) should be applied.

We replot the stress-thickness data in Fig. 2 as a function
of substrate surface coverage rather than number of atoms
deposited. The result is shown in Fig. 3 for the three
interfacial bond strength simulations reported above. The
stress-thickness products for all three cases are a nearly
linear function of surface coverage, and the �h data for all
three interfacial bond strength simulation data sets collapse
onto the same line with slope 18:8� 0:9 GPa �A. Accord-
ing to Eq. (3), this value should be equal to minus the
surface stress of the substrate. The independent measure of
the substrate surface stress reported in Table II is
18:4 GPa �A. The slope of the �h versus substrate surface
coverage plot (Fig. 3) is in excellent agreement with the
theoretical prediction that was based upon the assumption
that the island is self-equilibrated (to within 2%). These
observations show that the island itself is in mechanical
equilibrium, and the compressive stress comes solely from
the combined effects of surface or interface stresses to-
gether with substrate surface coverage. The measured
stress-thickness product does not reflect the stress state
inside the island itself. We can also explain why islands
grown with a strong interface bond exhibit larger compres-
sive stresses (as measured by the stress-thickness product):
Given the same number of adatoms, islands grown with
stronger interfacial bonding will have smaller wetting
angles � (and, therefore, exhibit larger compressive stress).

We have performed atomistic simulation of island
growth and monitored stress and island morphology evo-
lution as a function of numbers of adatoms deposited for
islands with different island/substrate interface energies.
The stress-thickness product was found to be compressive,
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in accordance with previous wafer curvature experiments.
When the interface energy is small, the islands tend to be
thin and broad and the magnitude of the compressive
stress-thickness product is relatively large. To study the
source of compressive stress, we rederive the Stoney equa-
tion, accounting for the effects of surface or interface
stresses, and find that, in the limit that the island is self-
equilibrated (the stress in the island balances the interface
and surface stresses), the stress-thickness product is a
linear function of the substrate coverage with slope equal
to minus the substrate surface stress. This prediction is in
excellent agreement with the simulation results. This
shows that the island is in mechanical equilibrium and
the stress-thickness product (wafer curvature) fails to rep-
resent the true stress state inside the island. The present
simulations and theoretical analysis yield a simple, accu-
rate, validated theory for stress development and demon-
strate the limitation of wafer curvature experiments in
obtaining film stress during the precoalescence stage of
film growth.
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