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ABSTRACT: A hybrid model incorporating two methods, i.e., the Potts model Monte
Carlo and the level set method, is developed to simulate the templated growth of a two-
phase CoPt/SiO2 thin film. Previously it was demonstrated experimentally that the film
grown on the prefabricated template followed the pattern of the template, forming a
highly ordered microstructure. The simulation in this study investigates the physical
mechanism by which such film growth behavior occurs and which parameters dictate
the resultant microstructure. To correctly represent the physical process, the interfacial
energies between different phases and the rate of each microevent to occur were
established through the simulated film deposition on a flat substrate and subsequent
comparison to the experimental observations. With the established interfacial energy and
rate of microevents, the resultant film microstructure grown on the templated substrate
is found to strongly depend on the geometries of domes fabricated on the template. The
dominant mechanism of the formation of the microstructure is shown to shift from the
surface energy gradient controlled lateral diffusion in the initial stage of film growth, which formed the rudiment of the ordered
microstructure, to an interfacial energy controlled process, which retained the ordered microstructure in the later stage.

■ INTRODUCTION

The current commercial hard drives of computers use a com-
posite thin film, comprised of a magnetic alloy and a non-
magnetic material, as the media for recording data. Despite the
continuous increase of the storage density of hard drives for the
past 50 years, the current generation commercial magnetic media
is approaching its theoretical limit. The challenges that the next-
generation hard drive technologies are facing, whether it is
heat-assisted magnetic recording technology (HAMR), bit-
patterned media technology (BPM), or microwave-assisted
magnetic recording technology (MAMR), are multidimensional,
which involves component design, materials selection and
fabrication process design and optimization, etc.
The fabrication of the media of any of the candidate next-

generation technologies becomes very challenging as the
recording schemes change. One of the most important ways of
improving the microstructure of magnetic media is to utilize the
substrate and subsequent underlayers to control the micro-
structure.1−5

In the most desired microstructure of the media film, the non-
magnetic material must isolate the magnetic grains completely by
filling their grain boundaries (GB). This is to avoid exchange
coupling between the magnetic grains, which is crucial for the

functioning of the media. Figure 1 shows a set of plane-view
transmission electron microscopy (TEM) images comparing the
effect of substrate topography on the magnetic thin film which
was composed of CoPt-SiO2.
When the substrate on which the CoPt grains grew is flat, the

CoPt grains cannot be completely isolated by the partial
segregation of SiO2, as shown in Figure 1a. If the substrate
topography is changed to one with nonflat dome-shaped
features, the amorphous SiO2 tend to fill the valleys between
the domes where the magnetic grains grew on the tops of the
domes, resulting in the microstructure shown Figure 1b. In this
case, the domes were formed by sputtering Ru at a relatively high
pressure. If a template is prefabricated by a process based on a
nanoimprint technique, a microstructure that consists of well-
isolated magnetic grains with long-range order can be achieved,
as shown in Figure 1c.
In a previous study, we demonstrated a novel media film

fabrication methods, in which the magnetic media film
was sputtered onto a template patterned into arrays of domes.1
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The templated two-phase growthmethod successfully controlled
the microstructure of the magnetic grains, in terms of grain size,
thickness of the GB segregants, etc. In particular, with the con-
trol of grain size, a distribution of 11% standard deviation was
achieved.1 However, much of the understanding of the physical
mechanisms of this technique is still speculation. This study,
using computational techniques, is an effort to acquire a better
understanding of the physical mechanism and materials param-
eters behind this templated growth and the effect from substrate
topography on the film as fabricated.
The complexity of the intended simulation arose from the

introduction of a patterned template and the number of materials
involved in the deposition, i.e., Ru as the template and on which
CoPt and SiO2 grew simultaneously during sputtering. Different
hybrid models using multiscale methods have been reported which
carry out the simulation of a system with multiple physical pheno-
mena occurring on different length scales, for instance, kinetic
Monte Carlo (kMC) modeling of cluster deposition considering
different growth scenarios reviewed in ref 6, multiscale modeling of
thin film growth by coupling the phase field method with level set
method (LSM),6,7 and the multiscale kMC method with LSM.8

There has also been a MC study on templated grain growth in
solar thin films,12 as well as a MC study on film growth with a
scanning surface.13 We develop a hybrid method in this work for
modeling the templated two-phase growth of themagnetic media
thin film. By coupling the scanning surface Monte Carlo (MC)
method with the level set method (LSM), a three-dimensional
model was built, within which the deposition process of the
CoPt-SiO2 magnetic media could be simulated.

■ FRAMEWORK OF THE SIMULATION
Monte Carlo Simulation. Potts Model. The MC simulation

of the current study is based on the Potts model,14 originally
derived from the Ising model15 for the computation of
magnetization. The Potts MC was later extended to the study
of grain growth driven by GB curvature and its microstructural
evolution.12 The main considerations of the Potts model are the
different types of energies in the system and the probability
of certain events occurring driven by theminimization of the total
energy of the system. The PottsmodelMCcan be used to simulate
thin film deposition because it is essentially a sequence of equil-
ibration of each arriving atoms and hence is also a process related
to energy minimization.14 Hence, this work studies the interplay
between different energies and their effects on the resultant
microstructure, and was conducted in a three-dimensional (3D)
scheme to fully present the final microstructure.
The 3D space in this model is discretized into cubes, or voxels,

with the voxel edge length being 0.8 nm. A random number is

assigned to each voxel representing different components in the
system at the beginning, but will change later driven by the
minimization of the total system energy, and the probability of
these changes are subject to the metropolis algorithm.16 As a
result, clusters of voxels with the same number will form and they
are considered as grains of the phases.
The total energy or the Hamiltonian of the system to be

minimized through the simulation can be expressed as eq 1:
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where Qi and Qj denote the species on site i and its neighbor j,
termed as phase ID in this paper; γQiQj

is the interfacial energy
between sites i and j, where this interface can be a GB or an
interface separating the two species. NN is the number of the
neighbors of one voxel and is taken to be 26 for a 3D cubic grid
considering up to the third neighbor. δ is the Kronecker delta
function (δmn = 1 if m = n; δmn = 0 otherwise).
Driven by the total system energy minimization, two events

could potentially happen in the system:
(1) The voxel may reorient (crystallographically).
(2) The voxels may exchange sites with other voxels of a

different species (as in a multimaterials system).
TheMetropolis algorithm16 determines the probability of each

event, namely, the Metropolis probability P shown in eq 2, and
compares it to a randomly generated number Prand, where Prand∈
(0,1). An event is accepted if P > Prand, and rejected otherwise.
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whereΔE is the energy change, k is the Boltzman’s constant, and
T is the temperature.M is essentially related to the “rate” at which
each event occurs. Mmax represents the maximum mobility of
surface diffusion.

Scanning Surface Method. The conventional Potts model
MC simulation can only be applied to a predefined fixed volume
filled with voxels. This does not apply to film growth scenarios,
where the volume of the system changes continuously. Without
resorting to more complicated computational methods suitable
for dynamic systems, the scanning surface method stood out as a
straightforward and computational efficient method, developed
specifically to simulate film growth alongside Potts MC.13

Figure 1. TEM micrographs of CoPt/am-SiO2 magnetic media (CoPt is gray and amorphous SiO2 is white) grown on substrate with different
topographies: (a) flat Ru substrate (similar to figure in ref 9); (b) substrate with sputtered Ru domes (similar to figure in ref 10); (c) prefabricated
template with domes (similar to figure in ref 11).
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This process is shown in the 2D cross-sectional view in Figure 2
for the magnetic media film in this study. In the initially predefined
volume, the Ru substrate is the bottom immobile layer. The two-
phase film to be deposited is a completely randomized mixture
of CoPt and SiO2 represented by the mixture of voxels with
different colors in Figure 2. The volume fraction of SiO2 was set
to 25% following the experimental study in ref 1 and was also
used throughout the entire study. The simulation started with
the first to-be-deposited layer of voxels activated and equilibrate
through a certain number of MCSs. Next, the scanning surface
moved up one layer and activated the next layer of voxels, while
deactivating the first layer. Note that the SiO2 vol % was fixed
to be 25% within every layer of voxels that was activated.
This procedure was repeated until reaching the desired film
thickness. In this way, the simulation of a non-isovolumetric film
growth process was achieved by using an isovolumetric method
that sequentially simulates the equilibration of a very thin layer of
the film deposited.
Materials Components of the Thin Film Systems. Two

substrates were used in this study: a flat substrate and a templated
substrate with dome-like features as shown in Figure 3, panels a
and b, respectively. Because the filmmicrostructure of the former
have been studied quite thoroughly and with abundant experi-
mental work available for comparison, such as in Figure 1a, the
parameter determination and validation was carried out using
a flat substrate. Once the appropriate simulation parameters
were chosen, the mechanistic investigation of microstructure
formation under the influence of the templated substrate could
be performed.
Considering the epitaxial relationship between Ru(0002) and

CoPt(0002), it is highly favored energetically for CoPt grains to
grow with their c-axis perpendicular to the plane of the film.17

Hence, integers were assigned to represent different orientations
of the CoPt grains with fiber texture whose c-axis are aligned
in the perpendicular direction while having different in-plane
orientations.

Experimentally, the templated substrate with dome arrays was
fabricated with a Pt film using block copolymer self-assembly.
Before the magnetic media film (CoPt + SiO2) was sputtered
onto the template, a thin Ru layer (∼5 nm thick) was deposited
onto the template, which was critical for the texturing of the CoPt
grains.
In this work, to simplify the building of the geometric model

for the templated film, we omitted the Pt layer present in the
experimental fabrication and built the domes entirely out of Ru.
The dome shape was approximated as a periodic cosine function,
which closely resembled the experimentally fabricated domes on
the template in ref 1. The domes on the template were organized
in a hexagonal array, as shown in Figure 3c. The pitch size of the
dome array was set to be 16 nm here, also following the work in
ref 1. The shape of the domes could be changed for various
simulations by altering the geometric parameters, which are also
controllable in experimental fabrication processes.

Energy Terms. As mentioned in the previous section, the
main considerations of the Potts model are the different types of
energies in the system and the probability of certain events
occurring driven by the minimization of the total energy of
the system. The resultant overall microstructure of themedia film
will largely depend on the interplay between different energy
terms in this multimaterial system. Table 1 tabulates all the
energy terms considered in our model and their notations, as well
as generalized notations. Thus, eq 1 can be rewritten as
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Figure 2. Schematic drawing of the scanning surface MC method: (left) initial state of the simulated film growth; (right) intermediate state during
simulated film growth (γ indicates the interfacial energy involved).

Figure 3. Schematic drawing of CoPt/SiO2 deposited onto different substrates: (a) flat substrate, (b) templated substrate with prefabricated domes;
(c) 3D visualization of a section of the dome array on the template.
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where NSiO2
, NCoPt, NRu, and NS are the number of voxels

occupied by SiO2, CoPt, and Ru, and the number of voxels on the
surface respectively;Qi orQj denotes the materials occupying the
site i or j, showing if site i or j is occupied by SiO2 or not; Gi or Gj
represents the orientation of the voxels occupied by CoPt; Ui or
Uj denotes the materials occupying the site i or j, showing if site i
or j is occupied by Ru or not; Ei

s is the surface energy of material i,
The voxel lattice temperature in the Potts model MC simu-

lation influences the probability of each event exponentially.
An optimal lattice temperature allows the system to overcome
the voxel lattice anisotropy,18 without introducing too much
randomness into the results. In this study, the lattice temperature
was optimized and expressed as kT, which satisfies γepi/kT = 1.2.
(γepi is the smallest energy term of the simulation.)
Mobility Considerations. The mobility term in the Potts

model MC, expressed as M in eq 2, is essentially related to the
“rate” at which each event occurs, either an exchange event
(otherwise dubbed surface diffusion) or a reorientation event.
The implementation of mobility enables the scaling of the rates
of different events within the same time length scale, i.e., one
Monte Carlo step, and helps explain the kinetics of the overall
film growth process. M stands for atomic mobility for surface
diffusion and the rate of reorientation for reorientation events,
similar to the GB migration rate19 and can be expressed by eq 4.
Accordingly, the maximum mobility is written as eq 5.
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However, the activation energies, EAct, for two types of events to
occur are different.20 M0 is a prefactor related to the atomic

vibration frequency. In this study, we estimated EAct following the
transition state theory,21,22 which related the activation energy
with the change of the bonds formed between a voxel with its
neighbors before and after the occurrence of diffusion, while the
bonding energies between different types of materials were
calculated from the broken bond theory. Mathematical details of
activation energies are described in Supporting Information S1.

Level Set Method and Its Coupling with Scanning
SurfaceMCMethod.Unlike films grown on a flat substrate, the
film growth in this study starts off from a nonflat surface, i.e., a
patterned template with a dome morphology. Thus, the planar
surface used for scanning in the ref 12 cannot be applied without
modification. Also, the film surface topography evolves as the
film thickens. Therefore, the surface to be scanned here must be a
dynamically evolving 3D surface as a function of time. The LSM
has been demonstrated to successfully simulate the evolution of a
crystal growth problem23−25 and was incorporated in this model
order to obtain an accurate mathematical description of the
undulated surface of CoPt−SiO2 film.
The CoPt-SiO2 film surface is the one to be traced during the

deposition and can be represented by a 2Dmoving hypersurface:
Γ. In LSM simulation, a level set value ϕ(x,y,z) is distributed
within the space being simulated, which stands for the distance
between the location (x,y,z) and the hypersurface, and could
indicate whether this point is on the hypersurface Γwithϕ = 0, or
not withϕ≠ 0. As time evolves, with the velocity field V ⃗x( ) being
well-defined with respect to the growth rate of film, the level set
value of a point, or the distance between each point and the
surface, changes following the level set function expressed below:26

ϕ ϕ∂
∂

+ ⃗ ·∇ =
t

V x( ) 0
(6)

It needs to be noted that in this approach, even though V ⃗x( ) is
the velocity of each location point, only those points close to the

Figure 4.Cross-sectional snapshot ofMonte Carlo simulated two-phase film growth on polycrystalline Ru (a) flat substrate; and (b) templated substrate
with aspect ratio = 0.8 and cone-like domes (MCS = Monte Carlo steps).

Table 1. Interfaces Present in the Current Multi-Material System and Their Corresponding Energy Terms Considered in Our
Model

interface types of interface notations
generalized
notations description

CoPt/CoPt grain boundary γCoPt/CoPt γGB GB energy of CoPt grains
CoPt/Ru epitaxial interface γCoPt/Ru γepi denoted as γepi hereafter due to the epitaxial interface between CoPt and Ru
CoPt/SiO2 general interface γCoPt/SiO2

γCoPt/SiO2
γCoPt/SiO2

and γRu/SiO2
were considered equal for simplicity and generalized as γCoPt/SiO2

Ru/SiO2 general interface γRu/SiO2
γCoPt/SiO2

CoPt/vacuum surface γCoPt ECoPt
S calculated from the broken bonds model, to be implemented in the mobility considerations

SiO2/vacuum surface γSiO2
ESiO2

S
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surface could change the morphology of the surface during
evolution.27,28 Numerical methods were then applied to solve
this equation by the discretization of the simulated space into
grids. More details of the mathematical derivations of LSM in this
simulation can be found in ref 29.
By substituting the planar surface in the scanning surface

method by the 3D dynamic surface obtained with LSM,
the scanning surface MC method can now be extended to the
templated film growth. The entire simulation consisted of a large
number of mini-MC processes, during each of which the film
microstructure is allowed to equilibrate with the surface provided
by LSM.
This hybrid simulation method is essential for us to study the

influence of substrate geometry, which was not necessarily a flat
plane, on film growth.

■ RESULTS AND DISCUSSION

Cross-Sectional Visualization of the Film Growth.
Figure 4 shows the cross-sectional snapshots of the simulated
two-phase film growth on polycrystalline Ru flat substrate. In
general, different colors represent different crystallographic
orientations. Polycrystalline Ru with the [0002] fiber texture
was implemented for both flat and templated substrates, and the
different Ru grains were represented by different shades of red.
Other colors, excluding black, were assigned for CoPt grains. The
black color represents amorphous SiO2 in the simulation. A
grain-to-grain matching between CoPt and Ru grains is observed
due to the small mismatch between Ru(0002) and CoPt(0002).
In addition, SiO2, colored as black, segregates to the grain
boundaries and partially fills them.
How the Resultant Microstructure Changes. Interfacial

Energies between Different Species. The functionality of the
current PMR media relies on the isolated magnetic grains
separated by a GB segregant to prevent exchange coupling
between neighboring grains. This requires the use of two
immiscible materials to fabricate the media film, and the
interfacial energies between them and the underlayer play a
crucial role in the formation of the microstructure. Hence, first
we investigated how the resultant microstructure changed
with the interfacial energy terms in this simulation, i.e., the
γepi,γCoPt/SiO2

and γGB terms. To avoid interference from other
effects, a flat substrate was used, and only interfacial energy terms
were considered. The scanning surface MC scheme was
applied and two voxel layers were activated during each scan,
allowing diffusion to occur in both the in-plane and out-of-plane
directions.
To present the results in a quantitative manner, the GB

coverage (in percentage) by SiO2 was used to reveal the effects of
the energy terms on the resultant film microstructure for the
reason stated above and was defined as the percentage out of the
total GB length that was covered by SiO2. The total volume
fraction of SiO2 in the composite film was fixed at 25%.
Referring to Table 1, γGB, γCoPt/SiO2

, and γepi are the terms
influential on the microstructure through energy minimization
process, if no other effects were taken into consideration.
The interface between CoPt and Ru(0002) planes, with lattice

mismatch less than 5%,30 is essentially considered as epitaxial,
and the corresponding interfacial energy γepi was the lowest
in this model compared to that of all the other incoherent
interfaces.
Because the CoPt/SiO2 interface remained largely unexplored

due to its complexity, it was simplified here as an isotropic

interface irrespective of all the possible atomic bonding between
four types of atoms. The ratio between γepi and the interfacial
energy γCoPt/SiO2

was fixed (γCoPt/SiO2
= 5·γepi) to represent

the immiscibility between SiO2 and Ru. The details of the
optimization of the γCoPt/SiO2

/γepi ratio through maximizing
the GB coverage can be found in Supporting Information S2.
The GB energy γGB was also treated as isotropic, irrespective of
the GB characters.
Figure 5 shows how the microstructure changes with

the changing of the ratio between γGB and γCoPt/SiO2
, between

0.1 and 6. The GB coverage of the resultant film microstructure
was plotted against the ratio of γGB/γCoPt/SiO2

, as shown in Figure 5a.
Simulated microstructures at specific energy ratios are shown in
Figure 5b.
As can be observed in Figure 5b(I), for small energy ratios

(γGB/γCoPt/SiO2
= 0.2), adjacent CoPt grains were poorly

segregated by SiO2, having low SiO2 coverage in the grain
boundaries and SiO2 (in black color) coalesced into small
clusters at triple-junctions of the CoPt grains. This was because
when γCoPt/SiO2

became comparable to γGB, there was no
particular advantage energetically to have higher GB coverage,
which should be the low energy state favored under energy
minimization.
When γGB/γCoPt/SiO2

increased beyond 1, i.e., the formation of
GBs became less energetically favored, SiO2 started to cover the
GBs to minimize total energy of the system, which meant
that grain boundaries became favored sites for SiO2 to occupy.
Figure 5b(II) shows a microstructure with GBs partially filled
by SiO2. In this case, γGB/γCoPt/SiO2

= 2. CoPt grains could be

considered as completely isolated by SiO2 when γGB/γCoPt/SiO2
=

3.2 in this model, which was indicated by a GB coverage of
∼93% at (III), also see Figure 5b (III). As γGB/γCoPt/SiO2

continued to increase, this full isolation of adjacent CoPt grains

Figure 5. Influence of interfacial energy on two phase film grown on flat
substrate: (a) change of GB coverage by SiO2 in percentage and (b)
corresponding microstructures.
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by SiO2 remained (shown as a plateau in the GB coverage
curve). Also, a roughly exponential increase of GB coverage as a
function of the energy ratio could be noted in the range swept,
which may be caused by the exponential dependence of the
probability of events occurring on the energy change in MC
method.
From the results described above, a strong dependence of

microstructure and interfacial energy could be observed which
extended the simulations from 2D carried out in refs 31 and 32,
to a 3D scheme. By comparing the simulation results to experi-
mental film microstructure grown on flat substrates in Figure 1a,
the former matched the latter the best at γGB/γCoPt/SiO2

= 2, and
therefore the relative ratio between the three generalized inter-
facial energy terms could be determined for the simulation of the
templated growth as γepi/γCoPt/SiO2

/γGB = 1:5:10 (with predefined

γCoPt/SiO2
= 5·γepi in S2). The semiequilibrium state of the system

was correctly represented by the film microstructure in which
CoPt grains were partially isolated by SiO2 on the flat substrate
and underlayer.
Mobility in Relation to the Surface Energies of the Two

Phases. To properly evaluate the effects of mobility on the film
microstructure, one must determine an appropriate interfacial
energy ratio γGB/γCoPt/SiO2

, at which such effects would be clearly
observable and not be influenced by anything else other than
mobility. Therefore, a ratio of γGB/γCoPt/SiO2

= 3.2:1 was chosen,
at which the GB coverage ≈ 100% and the variation in GB
coverage due to mobility change could be well represented.
As expressed in eq 4, the rate of each microevent to occur is

dependent on the activation energy, which is calculated from
bonding energy between different species according to the
transition state theory, and referring to the broken bond model,
bonding energy can be expressed in terms of surface energy.
The details of activation energy can be found in Supporting
Information S1.
A similar simplification, as the one made for γCoPt/SiO2

, was
applied here which took ECoPt

S to be isotropic even though, based
on broken-bond model, the calculation from density function
theory indicates that the surface energy of CoPt would vary on
different facets.33 The value of surface energy for CoPt used in
this model is 2.2 J/m2 which, as discussed in ref 34, is computed
using quenched molecular dynamic method and is on the same
order of magnitude of the Co and Pt surface energy measured
in experiment35 and calculated using broken bond model.36

This isotropic consideration of surface energy, and the hcp CoPt
grain boundary energy, is qualitatively accurate. However, to be
quantitatively precise, CSL model for CoPt grain boundary
energy and facet-dependent surface energy could be imple-
mented for accuracy improvement but is not the focus of this
study. The computed theoretical value for ESiO2

S for amorphous
SiO2 is ∼1.5 J/m2, achieved through computation using broken
bond model.37 This value was expressed as a ratio over the real
value of γepi, i.e., ESiO2

S /γepi = 15:1, in this result and the following
simulations. Using the same strategy as the evaluation on the
energy terms, with γGB/γCoPt/SiO2

= 3.2:1, the effect of different
rates, i.e., the mobility for diffusion and the rate of reorientation,
can be investigated by sweeping the ECoPt

S /γepi ratio (superscript
“S” stands for surface), in which the surface energy of CoPt, ECoPt

S

is an important energy term for diffusive mobility. Figure 6 shows
the resultant microstructures varying as a function of the ratio
between ESiO2

S and γepi in terms of the GB coverage.

When ECoPt
S is small, the bonding of CoPt/CoPt was the

weakest among the three bonds: ECoPt/CoPt
bonding < ECoPt/SiO2

bonding < ESiO2/SiO2

bonding

(details in Supporting Information S1). In this case, SiO2 with
stronger bonds had lower mobility, and the rate of SiO2 diffusion
was smaller compared to the diffusion of CoPt. Therefore, the
process of total energy minimization was hindered by the limited
mobility of SiO2, and the system could not move further toward
the final semiequilibrium state achieved in the previous section.
As a result, SiO2 formed small clusters to reach a local energy
minimum state with its limited mobility, whereas the CoPt grains
could still coarsen (shown in Figure 6b(I)). Also, for the

intermediate voxel layers (ones that were above the substrate and
below the surface layer of the film), their average GB coverage
was noticeably higher than that of the surface layer. The reason is
that ECoPt

S being the lowest energy led to CoPt enriching on the
surface, while the less mobile SiO2 segregates within the film.
This has not been experimentally observed.
When ECoPt/SiO2

bonding < ESiO2/SiO2

bonding < ECoPt/CoPt
bonding , the bonding of CoPt/

SiO2 became the weakest. Also, with CoPt/CoPt bonds being
stronger than SiO2/SiO2 bonds, CoPt is more likely to bond with
the neighboring voxels of the same material, making the mobility
of CoPt lower than that of SiO2 at CoPt/SiO2 interface. In other
words, this maximizes the mobility of SiO2 at the CoPt/SiO2
interface. Thus, comparing Figure 6b(II) and Figure 5b(II), SiO2
was able to cover the GB completely with increased mobility and
enabled the system to equilibrate globally. Moreover, regardless
of which species had higher surface energy, the SiO2 diffusion
from within the film to the film surface was still limited by the
oxide−oxide bonds formed in the GB beneath the surface.
Hence, the diffusion rates for both metal and oxide in the film
were limited, which was in fact a reasonable scenario for film
deposition carried out under room temperature or water-cooled
substrate, and the system was constrained to a semiequilibrium
state determined by the effect of interfacial energy.

Figure 6. Influence of mobility as a result of changing surface energy on
CoPt + SiO2 film grown on a flat substrate: (a) change of GB coverage
by SiO2 in percentage and (b) corresponding microstructures.
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When ECoPt
S was further increased, the SiO2/SiO2 bonding

became the weakest. Even though a SiO2/SiO2 neighboring pair
would have been the lowest energy state for SiO2, this state could
not be sustained for the amount of MC steps given in our
simulation for each scan. As a result, SiO2 dispersed within the
film due to its highly increased mobility. The corresponding
microstructure is shown in Figure 6b(III). The low coverage in
this regime was representative of the mixed microstructure even
though the equilibrium state of the system was set for SiO2 to
completely isolate the adjacent CoPt grains.
Hence, in order for the system to reach the minimized energy

state within a reasonable amount of time, the mobilities of the
components were crucial. Again, by comparing the simulation
results with the rate of each event taken into account to the
experimental film microstructure grown on flat substrates, the
surface energy of CoPt ECoPt

S fell within regime (II) in Figure 6a.
Nevertheless, if materials existed whose surface energy satisfied
that specified in regime I and III, the microstructures shown in
Figure 6b(I) and (III) would potentially be realized by changing
the components of the composite film.
Template Geometry. The simulation shown in Figures 5 and

6 were carried out to understand how interfacial energy terms
and mobility of the species affect the resultant film micro-
structure formed on a flat substrate. With these results, it was
also possible for us to determine a set of parameters with which
a simulated microstructure that matched very well to the
experimental ones could be produced. This set of parameters
closely represented the properties of the materials in the film
system as well as reflecting some aspects of the experimental
deposition conditions commonly used in fabricating this type
of media film. With these parameters, it is now possible to
investigate the effect from the templated substrate, its geometry
in particular, on the resultant film microstructure.
Moreover, for a nonplanar substrate, considerations of how the

surface energy would change due to local geometry (or curvature
relative to a flat surface) must be included in the simulation,
namely, the Mullin’s theory38 of surface energy and expressed as
eq 7.

μ μ γ κ= + Ωs 0 S (7)

where μs is the chemical potential, μ0 is the chemical potential of
a flat substrate, γs is the surface energy per area (J/m

2), Ω is the
atomic volume, and κ is the mean local curvature. This means, if
the chemical potential of a flat substrate is the same everywhere,
merely by having a nonzero local curvature introduces an
increased potential energy to the surface. If such curvature varies
continuously across the surface such that a surface energy
gradient as well as a chemical potential gradient are effectively
introduced and thus becomes the driving force for surface
diffusion to occur. The domes on the template in our simulation
have done just that. In other words, under the chemical potential
gradient introduced by the domes, the surface diffusion on a
patterned substrate will occur and following the direction of the
curvature gradient. The following results were obtained with the
optimized model by varying the geometry of the Ru domes on
the template during the simulation of the film growth.
1. Single Crystal Substrate Simulation. First, a simple

simulation with patterned single crystal Ru template was
performed, as shown in Figure 7. By using a single crystal, the
energy term γGB was eliminated, which simplified the clarification
of the interplay between the interfacial energy and mobility of
different species.

In Figure 7, the CoPt grains grew epitaxially on the single
crystalline Ru template. The microstructural difference between
Figure 7, panels a and b stems solely from the mobility. If CoPt
and SiO2 diffused with the mobilities as determined in regime II
in Figure 6a, the mobile species, SiO2, would diffuse following the
curvature gradient and start growing from the bottom of the
valley, as shown in Figure 7a, and the whole system would reach a
low energy state S1with total energy being reduced by SiO2 filling
the valley equaling to ΔE1. Whereas in the case of Figure 7b, if
both CoPt and SiO2 artificially acquired the same maximum
mobility, the species with higher surface energy, i.e., CoPt as
determined previously, would diffuse into the valley to minimize
the total energy, and the system would reach a state S2 with total
energy being reduced by ΔE2. Since the process with bigger
energy reduction is favored in MC simulation, with ΔE1 > ΔE2,
state S1 is favored than state S2, so that it is more energetically
favored for CoPt to fill the valleys, being state S1. However,
because of the limited mobility of CoPt, the probability of
overcoming the energy barrier between S1 and S2 was low, and
the transition from S1 to S2 was inhibited. Thus, Figure 7a shows
the case with mobile species SiO2 diffusing along the chemical
potential gradient from the top of the dome into the valley.
A comparison between Figure 7, panels a and c shows the

microstructure difference with and without Mullin’s theory
considered in our model, respectively. In case c, SiO2 would
coalesce and form clusters irrespective of the topography of the
domes if Mullin’s theory of surface energy is not considered. In
other words, there lacked a driving force for the SiO2 to diffuse to
the bottom of the valley. Detailed diffusion behavior is discussed
in Supporting Information S3 as a quantitative proof for the
different motion steps for CoPt and SiO2.

2. Domes of Different Aspect Ratios (AR). In this section and
the one that follows, results on the effect from the geometric
aspects of the template, i.e., the dome morphology in particular,
will be presented and discussed in light of the Mullin’s theory.
This enables us to quantify the modification of surface energy
due to local geometry and introduces an extra driving force for
surface diffusion. In the simulation of this regard, we varied the
dome geometry quantitatively in terms of aspect ratio (defined as
dome height divided by the pitch size) and shape. Other energy
related parameters that were determined in the previous sections
were kept the same. The grain size, its distribution, and the grain
center-to-center distance (and its distribution) will be used for
quantitative evaluation of the resultant microstructure. If the
template was able to guide the CoPt grain growth, then the most
ideal case would give a grain center-to-center distance equal to
the pitch size of the dome array, and accordingly, the average
grain size would be just slightly smaller than the dome array pitch
size with a very narrow grain size distribution (with SiO2 filling
the GBs). Also, to be realistic, the grain size of the Ru template
were kept smaller than the pitch size a.

Figure 7. Cross-sectional snapshot of two phase film growth on
patterned single crystalline substrate when (a) CoPt and SiO2 both
having physical mobility and surface energy taking the Mullin’s theory
into account; (b) both CoPt and oxide have maximum mobility;
(c) without taking the Mullin’s theory into account.
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As shown in Figure 8a, the grain center-to-center distance
becomes more and more narrowly distributed (σ≈ 16%) around
the dome pitch size (i.e., 16 nm) as the dome aspect ratio
increases, indicating that a sufficiently large aspect ratio is
required for the template to effectively guide the two-phase
growth of the film. It can also be speculated that a critical aspect
ratio exists, 0.7 in our simulation, at which guided two-phase
growth would become possible. Figure 8b shows that as the
aspect ratio of the domes increases up to 0.7, the grain size
increases in general, up to slightly less than 14 nm, while its
distribution in general narrows with increasing dome aspect ratio
(σ≈ 10%). The resultant microstructures on the two ends of the
dome aspect ratio axis are shown in Figure 8c.
There are two additional observations made on the simulated

microstructures. First, a small fraction of oxide was encapsulated

within CoPt grains, which was also observed experimentally in
another system.11 Second, since the Ru grain size was initially set
to be smaller than the dome pitch size, one dome may very likely
consist of several Ru grains. When this happens, multiple CoPt
grains grow on one dome due to the epitaxial relationship. This is
also observed experimentally.11

Recalling the previous discussion on the interfacial energy
terms, when the CoPt γGB was larger than γCoPt/SiO2

, the CoPt
GBs became energetically favored for SiO2 to occupy. Hence, the
CoPt grain boundaries locally served as the “trapping” sites when
SiO2 diffused along the surface. Now that such diffusion occurred
on a nonflat surface with certain curvature, with an extra chemical
potential gradient introduced, according toMullin’s theory, to be
added to the driving force of the surface diffusion in the direction
from the dome top into the valley. The effect of this extra driving

Figure 8. Effect of the aspect ratio of the domes on the two-phase growth and the resultant microstructure (a) grain center-to-center distance and its
distribution σ; (b) grain size and its distribution σ; (c) plane view of as-simulated films with different dome aspect ratio (shown below each plane view of
domes).
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force was fully manifested in the resultant microstructures as a
function of the dome aspect ratio.
In the Low AR case, with very small curvature gradient of the

domes, the effect of the curvature-introduced driving force
was correspondingly weak, that other effects such as interfacial
energy were more determinant in the microstructure formation.
Therefore, with “trapping” sites existing along the diffusion path
from the dome top into the valley, SiO2 might experience local
energy minimum at CoPt GBs. With small curvature-introduced
driving force, it was less probable for SiO2 to overcome the
“trapping” sites of local energy minimum and would tend to stay
in the CoPt GBs as shown in Figure 8b, the Low AR case. As a
result, the average CoPt grain size was much smaller than the
dome pitch size, with SiO2 occupying not only the dome valley
regions but also the CoPt grain boundaries across the domes.
The grain size distribution in this case was large also due to the

formation of multiple grains within the region of a single dome.
Overall, the growth of the CoPt grains was not guided by the
template with the dome aspect ratio being very small.
In the High AR case, with a sufficient curvature gradient, the

effect of the curvature-introduced driving force dominated over
interfacial energy, especially for the very first layers of voxels, that
the “trapping” sites, or the local energy minimum, now could be
overcome. This resulted in CoPt grains with an average size just
slightly smaller than the dome pitch size (due to a finite SiO2

segregant thickness) and an average grain center-to-center distance
very close to the dome pitch size. The simulated microstructure in
Figure 8b High AR case also clearly showed that the domes on the
prefabricated template successfully guided the simultaneous
two-phase growth of the CoPt grains and the SiO2 segregant.
In addition, the coverage of the dome valley regions by SiO2

was found to remain at a high level ∼98%, even with very small

Figure 9. Effect of the dome shapes on the two-phase growth and the resultant microstructure: (a) grain center-to-center distance and its distribution σ.
(b) Grain size and its distribution σ. (c) Plane view of as-simulated films with different dome shapes (shown below each plane view of domes).
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dome aspect ratios. This could be explained by the fact that the
valley region was maintained as energetically preferred sites by
being the curvature maximum, and hence the total energy
reduction would be the most when materials diffuse into the
valley. Even though SiO2 may experience local energy minimum
during the diffusion process, the SiO2 near the valleys would be
able to fill them, while the SiO2 far away from the valleys would
be more likely to be trapped by the CoPt GBs that were energy
minimum sites. This explains the case shown in Figure 1b in
which the media film was grown on a substrate with Ru domes
formed under high chamber pressure sputtering. Although we
did not simulate the film growth in this particular case, using the
understanding acquired in this study, it is reasonable to expect a
complete coverage by SiO2 segregant, and this would be the
result of surface diffusion of the SiO2 into the energy minima
location in the valleys between the Ru domes formed by high-
pressure sputtering. It should also be mentioned that there is
limited control on the dome pitch size and its distribution for this
type of Ru domes. In contrast, the dome pitch size and its
distribution on the prefabricated template can be much better
controlled.
3. Domes of Different Shapes. Another possible variation of

the template topography is the dome shape, which can be
manipulated during the ion milling process during fabrication.
As stated in the discussion on the effect from the dome aspect
ratio, the domes played a role in changing the surface energy
gradient through their curvature gradient, or more specifically the
chemical potential gradient, during the film growth. What is to be
emphasized is that it is the curvature gradient that is important.
In other words, the curvature maxima can remain the same while
the profile of the curvature gradient changes. In the case of the
changing dome aspect ratio, both the curvature maxima and the
curvature gradient changed. However, the curvature maxima do
not necessarily have to be changed in order for the curvature
gradient to change. This is the case presented in Figure 9 that
when the dome shape changes, the resultant microstructure
changes with the changing curvature gradient.
As shown in Figure 9a, when the dome changes from a cone

shape to a cylinder, the curvature gradient changed without
changing the curvature maxima at the dome tops and valleys;
however the guided two-phase growth effect from the template
vanished. This is apparently caused by the flattened curvature
gradient from dome top into the valley. The same results can be
seen from Figure 9b for the CoPt grain size and its distribution
(σ increased from 14% to 19% with cone-shaped domes to
26−34% with cylindrical domes).
However, one difference noticed in the case compared to the

aspect ratio simulation was the coverage of valley region, which
changed drastically when the dome shape changed. It was
obvious that for cylindrical domes, valleys were narrower com-
pared to a more open valley for cone-like domes. Thus, in order
to fully occupy the valley, SiO2 should not only overcome the
local energy minima created by GBs during lateral surface dif-
fusion, but also needs to diffuse vertically through a narrow
channel between the domes without any chemical potential
gradient within. Therefore, it was much less likely for SiO2 to
completely fill the valleys of such a template with neighboring
cylindrical domes, rendering a media film that cannot function
properly.
If the curvature on the domes is carefully designed, the

curvature gradient profile can also change with neither aspect
ratio nor dome shape being changed.

Even though the dome shape would not influence the specific
curvature within the valleys, the resultant microstructure
revealed that the percentage of the valleys being filled would
still vary greatly with the changing dome shape. This means that
the curvature gradient was dominant in controlling SiO2 to fill
the valley by changing the surface energy gradient. In addition,
with the presence of energy minima caused by CoPt GBs, the
probability of SiO2 not being “trapped” inside GBs depended on
the driving force of surface energy gradient as shown in Figure 8
and Figure 9. Therefore, it could be concluded that the surface
energy gradient induced by the prefabricated template dominated
the surface diffusion of mobile species through the growth of
the film, resulting in a highly ordered microstructure similar to
the experimental one shown in Figure 1c, or the simulated one in
Figure 10c.

The simulation results presented thus far have covered a
variety of factors that influence the resultant thin film
microstructure. Some aspects regarding the fundamental
mechanism have been briefly discussed. Through these results
and discussion, it has been identified that the key to a successful
templated two-phase growth is the surface diffusion process, of
which there are two aspects that need to be taken into account: a
thermodynamic point of view and a kinetic one.
The thermodynamics considerations on the driving force

of the surface diffusion in the two-phase growth include two
aspects: the interfacial energy minimization and the surface
energy gradient due to the curvature gradient of a nonflat sub-
strate. The former concerns mainly the interfacial energies
between species and the magnitude of the latter depends on both
surface energy of the materials and the surface curvature. The
kinetic consideration on the other hand mainly concerns the
mobility of thematerials. In this model, the mobility relates to the
surface energy of the materials and the bonding energy between
the different species. Potentially, the deposition temperature
of the film that relates to the simulation parameter “lattice
temperature” can also affect the filmmicrostructure. This was not
explored in this study since the deposition of CoPt−SiO2 films
were carried out at room temperature experimentally. From a
practical point of view, the thermodynamic as well as the kinetic
considerations in fact translate into materials selection that
determines all the energy-related terms and the dome geometry
that must be well-controlled for a successful two-phase growth
process.
From the simulations, we also conclude that during an effective

two-phase growth process (up to 8−10 nm film thickness), there

Figure 10. Plane view of CoPt/SiO2 film growth on polycrystalline Ru
substrate with different topographies: (a) flat substrate (b) patterned
substrate with cone-like domes with aspect ratio (AR) = 0.8.
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is a transition of dominant mechanism. During the very early
stages of film growth, i.e., the first couple of voxel layers, if the
curvature gradient is sufficiently large and it is the dominant
parameter defining the chemical potential gradient, it therefore
dominates the driving force of the surface diffusion. Given proper
interfacial energy ratios, the oxide will go to the valley between
the domes, while the CoPt grains grow epitaxially on the
dome tops. As the film grows thicker, the curvature reduces
continuously, the new materials arriving on the film surface
now see much less chemical potential gradient introduced by
curvature than that during the very early stage of film growth.
Therefore, the interfacial energy gradually takes over as the
dominant mechanism. In other words, if the desired film micro-
structure can be established early on with the appropriate
materials and domes, the later grown film will most likely follow
this microstructure regardless. In principle, this conclusion could
be potentially verified via experimental work through a series of
characterizations of the film sputtered at different thicknesses,
using transmission electron microscopy (TEM), or even in situ
TEM, and though challenging to do, such experimental
verification of the proposed mechanism is still worth considering
for future work.
Since this hybrid simulation model was developed based on

the Potts model MC method, the limitations from Potts model
were inherited. One limitation would be the discretization issue.
Trials were made for this hybrid model using different
discretization grids, and the voxel size could not be finer than a
certain limit, beyond which artificial cubic anisotropy could be
introduced while the atomic structure of the material did not
have cubic symmetry. Another minor limitation might be the
scaling of time. Usually, the scaling of real time and simulation
time of grain growth process for Potts model could be achieved
by scaling of the grain growth rate in simulation with the
experimental growth rate. However, in this model, the diffusion
of materials took place while the diffusivity of each component
could hardly be estimated systematically. Therefore, the
simulation time could not be scaled with respect to the real
time in this model. On the basis of the above-mentioned
limitations, molecular dynamics (MD) might be a more suitable
method for further investigation with quantitative accuracy on
this templated film growth process. However, it could be
expected that a MD study of this templated growth process on
the scale of interest, for instance, 100 nm wide, would require an
extraordinary amount of computational resource and time.
The developed hybrid model, on the other hand, was a fairly well
balanced compromise between simulation time and the physical
size of the system to be simulated. On the basis ofMC, this model
was computational efficient, and it was sufficiently instructive on
the understanding of the dominant mechanism of the concerned
film growth.

■ SUMMARY
(1) A hybrid model, combining the scanning surface Potts model
MC and level set method was developed and was used to study
the effect from the templated substrate on the simultaneous
growth of the two phases of the composite CoPt−SiO2 film.
(2) Through conventional Potts model MC simulations, the

relation between different interfacial energies and the rate of
different events was analyzed, and the roles they played in
microstructure formation were also evaluated. They were found
to greatly influence the resultant film microstructure.
(3) For the template to properly guide the two-phase growth

into the desirable microstructure, the driving force of the surface

lateral diffusionmust be the surface energy gradient that has been
sufficiently modified by the nonflat features of the template. This
can be achieved by either the dome features having a sufficiently
high aspect ratio or having a cone-like shape.
(4) It was also found that the surface energy gradient driven

surface lateral diffusion was the dominant mechanism in the early
stage of deposition, but later transitioned into the interfacial
energy dominated lateral diffusion in the later stage. The key to a
successful templated two-phase film growth is to control the
surface energy gradient through the optimized template features.
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