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Abstract: Co-deposited, immiscible alloy systems form hierarchical microstructures under specific
deposition conditions that accentuate the difference in constituent element mobility. The mechanism
leading to the formation of these unique hierarchical morphologies during the deposition process
is difficult to identify, since the characterization of these microstructures is typically carried out
post-deposition. We employ phase-field modeling to study the evolution of microstructures during
deposition combined with microscopy characterization of experimentally deposited thin films to
reveal the origin of the formation mechanism of hierarchical morphologies in co-deposited, immisci-
ble alloy thin films. Our results trace this back to the significant influence of a local compositional
driving force that occurs near the surface of the growing thin film. We show that local variations in
the concentration of the vapor phase near the surface, resulting in nuclei (i.e., a cluster of atoms) on
the film’s surface with an inhomogeneous composition, can trigger the simultaneous evolution of
multiple concentration modulations across multiple length scales, leading to hierarchical morpholo-
gies. We show that locally, the concentration must be above a certain threshold value in order to
generate distinct hierarchical morphologies in a single domain.

Keywords: physical vapor deposition; composition modulation; phase ordering; phase-field modeling

1. Introduction

Plasma-based, physical vapor deposition (PVD), such as sputter deposition, for in-
stance, is a fabrication technique widely used to deposit nanostructured thin films. Depend-
ing on the elemental composition and deposition conditions, PVD is known to produce
self-organized, phase-separated, nanoscale regions during the co-deposition of immiscible
alloys at an elevated temperature, where the concentration modulation (CM) direction may
be oriented laterally (LCM), vertically (VCM), or randomly (RCM) [1,2] with respect to film
growth direction. These concentration modulations are classified as monomodal, main-
taining a consistent microstructure morphology throughout the film. Several mesoscale
models employed classical thin-film growth theory [3-8] to elucidate and understand the
relevant kinetic and thermodynamics pathways [9-13], leading to the formation of such
monomodal concentration modulation. Recent experimental results present a fourth class
of concentration modulation with regions self-organizing into hierarchical microstruc-
tures [11,14,15]. These microstructures are multimodal, having multiple, distinct sets of
features across several length scales. In Figure 1, schematics of monomodal and hierarchical
structures are displayed. As shown in the schematic in panel (b), hierarchical structures
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in binary immiscible alloys typically display significant agglomerates with embedded
nanoprecipitates, while the remainder of the thin film consists of equimolar, monomodal
concentration modulations. The nanoprecipitate-rich region is termed nanoprecipitate
concentration modulation (NPCM).

Agglomerates

LCM matrix

(b)

Figure 1. Schematic illustrations of sample microstructure morphologies that can be produced
experimentally with phase separated regions (a) monomodal concentration modulation structure
(Monomodal structure); (b) multimodal hierarchical microstructure.

As discussed in previous studies [16], such hierarchical morphologies offer promising
emerging functionalities, since, for instance, their unique, multi-scale phase organization
enables both the suppression of shear bands and a homogeneous distribution of stress
when deformed. However, the exact mechanism during deposition leading to the forma-
tion of these multimodal hierarchical morphologies is presently unknown, as operando
observations of thin-film microstructure evolution during PVD interrupts the competitive
growth mechanisms at play and hampers further microstructural evolution [17].

A key characteristic of experimental multimodal hierarchical structures is the lo-
cal spatial composition heterogeneity seen near the surface of the deposited thin film.
Post-deposition experimental characterization suggests that these multimodal hierarchical
structures likely form via complex phase-separation thermodynamics and self-organization
processes with multiple simultaneous kinetic activities occurring across several length
scales [1,15]. However, simple phase-separation and film-growth mesoscale models lack
the ability to capture these concurrent and multimodal morphology developments. Indeed,
in most of the existing phase-field models for thin-film growth, the deposition process is
simulated by adding a single bulk layer of grid points of finite thickness with randomly
configured material to grow the thin film and extend the computational domain while
simultaneously imposing no-flux boundary conditions [8]. This numerical scheme artifi-
cially constrains the description of the growth and associated microstructure evolution
process, lacking the ability to correctly describe simultaneous kinetic activities related to the
solid-vapor interfacial conditions near the surface, as well as accounting for the difference
between surface and bulk diffusion of the different species being deposited. Furthermore,
these models completely neglect an explicit description of the ballistic transport of the
vapor phase to the growing surface, thus removing the possibility to study localized surface
effects such as local variations of the vapor concentration and off-axis vapor flux.

In contrast, we recently developed a generalized PVD phase-field model [13] which
addresses these limitations, and we demonstrated this model’s predictability and agree-
ment with experimentally observed microstructures across a broad class of immiscible
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alloys and deposition conditions in the context of standard monomodal concentration
modulations. In parallel, in our previous experimental observations [14,15], we studied a
range of binary and ternary immiscible systems and identified which systems exhibited
hierarchical (as opposed to the commonly observed monomodal) microstructures under ele-
vated temperature co-deposition. Based on these previous computational and experimental
studies, we are particularly interested in understanding what factors control the formation
of multimodal hierarchical morphologies during deposition. To address this question, we
postulate that multimodal hierarchical structures form via a multi-step, concurrent kinetic
pathway in immiscible binary alloy systems that can be attributed to nuclei (i.e., small
clusters of atoms) that form on the surface and that are inhomogeneous in composition.
The freshly-deposited inhomogeneous nuclei form on the surface due local variability in
the composition of the vapor phase composition. Such a (discrete) atomistic phenomenon
can be emulated in the phase-field method by simulating localized, non-equimolar vapor
regions near the surface of the growing film. As such, on the one hand, NPCM morphology
evolves where, locally, the free energy dictating the phase separation process is skewed.
On the other hand, in places near the film surface where the vapor phase fraction remains
near equimolar, VCM/LCM nanostructures can form. Taken together, the result of this
localized effect is a compositional driving force that encourages nanoprecipitate formation
of a minority phase for the less-mobile elements “trapped” within agglomerates, while the
remainder of the film, which remains at nearly equimolar composition, evolves into the
typical monomodal concentration modulation structures.

To test this hypothesis and fully comprehend this proposed phase-separating, self-
assembling hierarchical formation mechanism, we employed a joint experimental and
computational approach. Experimentally, we characterized a series of Cu-Mo thin films
co-sputtered at elevated deposition temperatures with the kinetic conditions noted above
to encourage hierarchical organization, e.g., disparate constituent elemental mobilities
and deposition at a high homologous temperature [15]. Computationally, we adapted
and exercised our previously developed phase-field model to simulate PVD [13,18] to
identify the factors and the necessary conditions that lead to the formation of multimodal
hierarchical structures in immiscible binary alloy films and validated our predictions with
the experimental characterization.

2. Methods
2.1. Phase-Field Model

We simulated the time-dependent deposition and growth of Cu-Mo thin films as
a function of deposition conditions using our previously developed PVD phase-field
model [13,18,19]. This phase-field model is a mesocale model that captures the dynamics
of film growth and the associated evolution of concentration modulations comprising the
growing film’s microstructure by describing the microstructure with a system of continuous
variables that evolve both in space and time. This mesoscale model has been shown to
capture a broad range of experimentally observed monomodal concentration modulations
dependent on inputted deposition conditions and deposition parameters. The model
explicitly accounts for major aspects of the PVD process, including: (i) the deposition of
the incident vapor phase of a binary alloy onto the substrate, (ii) surface interdiffusion, and
(iii) the subsequent phase ordering in the resulting inhomogeneous thin film. In this model,
the total free-energy functional used to describe the microstructure—evolution dynamics
is a function of three order parameters, one describing vapor transport to the thin film’s
surface (p), one describing the vapor—solid transition and the growing thin film (¢), and
the last one characterizing the compositional ordering and sub-surface phase separation
process (c) during thin film growth. The time evolution of these order parameters is given
by the following expressions:

)
S =V [DpVp] = V- (ov) = V- (ov), 1)
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Here, Equation (1) is the convection-diffusion equation describing vapor transport to
the growing thin film’s surface along with a sink that removes any vapor that has been
converted to solid. The quantity, D,, is the diffusivity of the vapor, while v is the velocity
field of the incident vapor (i.e., magnitude and angle, as measured from the substrate
normal). These two parameters effectively account for the energy and direction of the
sputtered atoms. For the evolution of the growing thin film in Equation (2), we solve
the Cahn-Hilliard equation with a source term (second term in the right-end side of the
equation) that couples the thin-film growth to the vapor transport, thus allowing for film
growth at the expense of the incident vapor. The quantity, My(¢), is the Cahn-Hilliard
mobility, which is taken to be constant here. The evolution of the compositional field in
Equation (3) is the standard Cahn-Hilliard equation, where M. (¢, ¢) is a structurally and
compositionally dependent Cahn-Hilliard mobility. The mobility function M, effectively
enforces separate diffusivities on the surface and in the bulk of the thin film, M?ulk and
Ml.surf, which was shown to be a crucial component for the formation of different concen-
tration modulations and surface roughness profiles at different deposition rates. This term
takes the form:

M, (¢’ C) — MBulk + MSurf , (4)

where

1
4
MSurf — exp(_(d)/o_Surf)Z) {h(c)Miurf + (1 _ h(C))M%urf _ MBulk} )

MBS = (2= 9)(1+ ¢ [H(e) ME™ + (1 = h(e)) ME™]

©)

In Equation (4), it should be noted that (c) and the ¢-dependent coefficients are smooth
interpolation functions between phases A and B and their respective bulk (MPulk) or surface
(Ml.Surf ) mobilities. The free-energy functional, , in both Equations (2) and (3), is the same
as in Ref. [13] without the elasticity contribution. As discussed in Ref. [13], elastic effects
are second-order effects, and therefore, the coupling of the phase separation with elastic
residual stresses is ignored in the present work. Further details on this model can be found
in Ref. [13]. We distinguish our present phase-field model from earlier models simulating
phase-separating systems, such as Ref. [8] for instance, by its ability to explicitly couple the
deposition process (via p) with the phase-separation, and surface/bulk kinetic processes in
the growing thin film (via ¢ and ¢). Combining these features with a set of inputs matching
experimental deposition parameters is necessary to simulate multimodal morphologies,
whereas previous studies only effectively modeled monomodal morphologies.

We numerically solved the set of coupled partial differential equations describing
the deposition process and microstructure evolution in Equations (1)—(3) using the finite-
difference method with second-order central difference stencils for all spatial derivatives.
Since our hypothesis is that local differences in the A-B composition of the film, along with
the relative disparities in the species’ mobilities, give rise to a hierarchical morphology (i.e.,
a concentration feature or an agglomerate feature), we performed qualitative simulations
to elucidate relevant pattern formation mechanisms with this initial condition (discussed
below) and did not attempt to make them quantitative with respect to a specific length
and time scale. As such, all simulations were performed on a uniform, two-dimensional
mesh of 512 x 512 grid points with dimensionless numerical and physical parameters
for simplicity and efficiency, where the spatial discretization was Ax = Ay = 1 and
the temporal discretization was At = 102 for numerical stability. To determine the
surface and bulk mobilities, we used surface diffusivity values for Cu and Mo based
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on observations from experimental depositions [20] and converted them into mobility
values based on their ratio (normalized with respect to Cu) to be used in our phase-field
model. The surface diffusivity values chosen for Cu and Mo were 2.5 x 107! m?.s~! and
3.9 x 107° m?-s~1, respectively. Based on previous experimental observations [15], these
choices were motivated by specific deposition conditions that accentuate the difference
in constituent element mobility. Therefore, we used the dimensionless surface mobility
values of 1.0 and 1.56 x 10~# for Cu and Mo, respectively. The inputted bulk mobilities for
both species were set to be an order of magnitude smaller than the corresponding surface
mobility values. This means that four distinct mobilities were used, as was built and
detailed into our original PVD model [13], to incorporate the separate kinetics for surface
and bulk diffusion for the Cu and Mo species. Such consideration stems from Monte
Carlo studies by Atzmon, Adams and coworkers [5-7] on atomic diffusion during film
growth, who showed that surface diffusion is the primary mode of material flux as the bulk
diffusion is limited to the extent that a “frozen bulk” assumption is permitted. As such, the
spatial discretization was chosen to enable us to capture the characteristic sizes governed
by the competition between bulk and surface ordering [7], where the bulk characteristic
length scale could be defined as ¢,k = v/2Dpu T and the surface characteristic length
scale was defined as {5 .f = v/2Dgyu A/ vV, where D; are the bulk and surface diffusivities, T
is the dwell time associated with the deposited species, and A is the surface layer thickness.
Finally, we note that, by adimensionalizing the surface and bulk diffusivity with respect
to the mobility of the fastest element, we could resolve the fastest diffusive time scale
associated with the development of the sought-out hierarchical structures.

We simulated a dimensionless deposition rate of v = 0.8, which, based on the size
of our computational domain and diffusivity parameters selected, corresponded to a
deposition regime that yields a VCM thin-film microstructure, as observed experimentally.
We simulated three different deposition conditions. The first condition corresponded to the
deposition of a homogeneous 50-50 at.% alloy composition in the vapor for which we did
not expect hierarchical structure formation. The second and third deposition conditions
simulated the local formation of inhomogeneous nuclei near the surface of the growing film
by introducing a local imbalance in the phase composition in the vapor near the surface of
the thin film. For these two conditions, we considered that the vapor composition was at
90-10 at.% composition for a localized region of the computational domain, while for the
remainder of the computational domain, the vapor was at a 50-50 at.% composition. We
considered a small and large localized region with this configuration for the imbalance in
the vapor composition in these second and third deposition conditions, respectively. By
assuming sub-domains with distinct vapor compositions within the computational domain,
we created a variation of the free-energy landscapes near the surface of the growing film.
Within the equimolar region, the film microstructure could therefore self-assemble as
LCM/VCM, etc., depending on the deposition parameters; however, in regions (or sub-
domains) where the vapor composition was non-equimolar near the surface of the thin
film, the free-energy landscape was skewed and became locally penalized, leading to the
formation of NPCM microstructures in the growing film.

2.2. Synthesis and Characterization of Co-Sputtered Cu-Mo Thin Films

To complement and provide credence to our simulated predictions, we compared
our simulation results to experimental PVD co-sputtered Cu-Mo thin films. We used Cu
(99.999%) and Mo (99.95%) 2” targets to co-deposit Cu-Mo thin films, with the Cu set at
250 W and the Mo target set at 110 W, onto an oxidized Si substrate rotating at 20 rpm.
We applied a 50 W RF bias with a 5” throw distance from the targets to deposit three
distinct films at differing temperatures: 600, 700, and 800 °C. The base pressure at room
temperature of 6.5 x 108 Torr increased slightly after heating the substrate to 600 °C and
was measured to be 1.7 x 10~ Torr at 600 °C using a Kurt J. Lesker 392 Series Wide-Range
Combination gauge. The targets were oriented above the substrates in a “sputter-down”,
off-axis configuration. The off-axis angle was approximately 30 degrees. The sample was
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biased before and during deposition to pre-clean the substrate and enhance film density and
adhesion, respectively. Power was provided to each target with individual direct-current
power supplies and power was constantly maintained throughout the deposition process.
We used this configuration to deposit 1 um-thick films at a combined Cu-Mo deposition
rate of 0.8 nm-s~!. This deposition rate has been shown to yield the formation of VCM
microstructures [2,11]. We characterized cross-sectional and planar foils of the films using
a JEOL 3100R05 double-Cs corrected scanning transmission electron microscope (STEM)
(Japan Electron Optics Laboratory Company, Limited, Tokyo, Japan), operated at 300 keV
with a point-to-point resolution of 0.055 nm and a convergent angle of 111° for high angle
darkfield (HAADF) imaging and an 8 cm camera length for true Z-contrast imaging. Cross-
sectional transmission electron microscopy foils were prepared using conventional focused
ion beam preparation and placed onto a silicon TEM grid. To eliminate any influence of
the FIB sectioning on the film morphology, two low-energy “cleaning,” passes with the
Ga beam operated at 5 keV were made on the foil. Energy dispersive X-ray spectroscopy
(EDS) compositional maps were collected using a JEOL SDD X-ray detector (Japan Electron
Optics Laboratory Company, Limited, Tokyo, Japan) with a 60 mm? active area.

3. Results and Discussion

We first examine the sufficient (local) conditions for film compositional distribution
leading to multimodal microstructures. In Figure 2a—c, simulated microstructures for
three compositional conditions are shown for the binary system with disparate constituent
mobilities at a relative deposition rate, v = 0.8. Figure 2a represents the configuration
where the vapor concentration is homogeneous at a 50-50 at.% vapor phase fraction when
the co-deposited alloy lands on the substrate and initially phase separates into a locally
RCM microstructure [19] (see left panel of Figure 2a). As the deposition progresses, newly-
deposited material phases separate and diffuse a limited distance via surface diffusion
before being buried by subsequent layers. After coarsening via bulk diffusion, the thin
film yields concentration-modulation layers in the direction of film growth, i.e., VCM (see
middle and right panels of Figure 2a), aligning with our previous predictions for equimolar
deposition [13,21] and experimental depositions in the case of Cu-Mo thin films [11]. In
contrast, as seen in Figure 2b, the presence of a local concentrated 90-10 at.% vapor region
(i.e., the presence of nuclei with an inhomogeneous composition), over a small domain
near the surface of the thin film drastically affects the subsurface microstructural evolution.
The minority phase in the concentrated region becomes spherical and interspersed in
a random spatial distribution in the majority phase. The spherical precipitates coarsen
during deposition to form an NPCM structure, while the adjacent 50-50 at.% regions
simultaneously form VCM. This self-organization is due to energetic minimization in both
the concentrated region and the VCM structures. Within the concentrated region, the
minority deposited specie with reduced mobility is unable to diffuse to the adjacent VCM
regions, becoming encapsulated into spherical precipitates to reduce surface energy within
the majority phase agglomerate similar to what has been noted in co-deposited Cu-Ta
systems [14]. The VCM regions follow the same pathway as described for Figure 2a. For a
wider local concentration region, a similar observation is noted (see Figure 2c). Again, the
agglomerates/precipitates and VCM morphologies concurrently evolve during deposition.
The juxtaposition of the two microstructure morphologies, NPCM and VCM, in Figure 2b,c
correlates with the experimental observations of the formation of hierarchical structures,
which show adjacent differing microstructure morphologies at separate length scales [15].
All microstructures in Figure 2 exhibit coarser features towards the bottom of the film via
limited bulk diffusion during the solid-phase deposition.
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Figure 2. Simulated time-dependent co-deposition of two species under three compositional domains: (a) 50-50 at.%

(v = 0.8, equimolar); (b) designated region in middle of mesh with 90-10 at.% and remaining area 50-50 at.% (v = 0.8,

equimolar with thin region of localized vapor phase concentration); (c) v = 0.8, equimolar with wide region of localized

vapor phase concentration, similar to (b) but with wider designated region. The different panel from left to right shows

snapshots at different times of the simulation for given deposition conditions.

The difference in elemental kinetics and a local imbalance in the free energy both
lead to preferential agglomeration of one specie during deposition, generating a spatially
inhomogeneous composition affecting microstructural evolution [14,15]. A similar com-
positional influence on film growth has been noted in other systems such as Zr-W thin
films [22], which present similar disparity in diffusivities. To assess the concentration—
morphology dependence, we now compare the microstructure of Cu-Mo films co-sputtered
at 600 °C with a deposition rate of 0.8 nm-s~! with our phase-field predictions using inputs
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that corresponds to these experimental deposition parameters. In our model, we inserted
localized, highly-concentrated vapor regions into the computational domain to mimic
inhomogeous nuclei forming on the surface of the thin film during deposition and simulate
the effects of preferential agglomeration. The size of these highly-concentrated vapor
regions was chosen to capture similar domains observed experimentally. Each simulated
microstructure depicts a differing elemental distribution, but all four simulated domains
replicate the hierarchical features observed experimentally. Figure 3a—d present the cross-
sectional and planar HAADF micrographs with their matching simulated microstructures
for four distinct Cu-Mo films. Although the deposition parameters are the same for the
four films, the micrographs emphasize different regions of the hierarchical morphology (a
concentration modulation feature or an agglomerate feature). The difference in each region
is driven by the localized compositional variance of the film’s Cu and Mo species, with
the localized equimolar regions presenting a concentration modulation feature, while a
localized disparate concentration with composition akin to 90-10 at.% presents an agglom-
erate. Further details on the microscopic characterization of the Cu-Mo films can be found
in previous studies [11,15].

In Figure 3a, the cross-sectional HAADF micrograph reveals a darker-contrast Cu-
rich region populated by lighter-contrast Mo-nanoprecipitates surrounded by alternating
layers of Cu-Mo VCM. The related simulated microstructure predicts a co-deposition
with a third of the domain occupied by a Cu-rich domain (90 at.% Cu-10 at.% Mo) and
the remainder having an equimolar Cu-Mo concentration. The simulated microstructure
evolved both regions simultaneously, coarsening the features with limited bulk diffusivity
and ultimately forming the familiar hierarchical morphology with juxtaposed NPCM
and VCM morphologies. In Figure 3b,c similar results are shown for similar deposition
conditions. The difference is that a larger concentrated agglomerate region in the simulated
microstructure with highly concentrated localized regions representing 50% and 75% of
the domain are shown in Figure 3b and Figure 3c, respectively. The first EDS image inset
in Figure 3c shows a size dichotomy in the Mo nanoprecipitates, with one population
approximately 20 nm in diameter and another population approximately 7 nm in diameter.
To a degree, while no specific size-dependent formation mechanism is implemented in
our model [23], the simulated microstructures capture the binary size distribution of
the nanoprecipitates evidenced in Figure 3a—d. Figure 3d and the corresponding Cu-Mo
HAADF image reveal a concentrated region surrounded by two equimolar regions in
VCM orientation. Our mesoscale predictions again captured the hierarchical morphology,
suggesting the boundary regions have a negligible effect on the evolution of the 90-10 at.%
region. One noticeable difference is that in isolated cases, the experiments’ results reveal
that the interface between the agglomerate and VCM region is curved, a phenomenon
not observed in our simulations. Shadowing effects and a greater local variability in
the composition of the vapor phase in the deposition chamber during the experimental
synthesis of the thin film are factors not currently considered in our model. In our model, we
inputted the experimental kinetic parameters and note a qualitative agreement between the
hierarchical morphologies observed experimentally and those predicted by our simulations.
In our simulation, we obtained a planar interface between the regions, since the spatial
variation in the vapor phase is also planar. We note, however, that to naturally capture
the actual experimental variations in the vapor distribution, our phase-field model would
need to be improved to explicitly account for the separate sputtering targets present in
a PVD chamber and also explicitly model the transport of sputtered atoms through the
gas phase and potential re-sputtering at the surface of the film. This could be achieved,
for instance, by simulating the transport of atoms from the source to the substrate using
Monte Carlo simulations to predict the spatial composition of the vapor phase when
combining different sources [24,25]. In this work, we simplified the problem and used a
spatially varying distribution of the vapor phase as input (as a continuous field variable) to
repesent inhomogeneous nuclei and show the effects of those variations on the resulting
microstructure, vis a vis hierarchical microstructures. Other factors, such as the energy



Nanomaterials 2021, 11, 2635

90f13

e
N AN

l.
DOV

(XX XL
men

+ 0o e0 0o . Yemme
@.% 0% 0\

.

¥ =
:) Y<§
!:.. S
45 =
i S\
o5

ot 0

sSe

(and momentum) of the sputtered atoms and reflected argon neutrals, are known to affect
the film growth stress and the morphology [3,26,27], e.g., inter-columnar porosity can be
closed with increasing energetic bombardment and growth residual stress can transition
from tensile to compressive, for ambient temperature (or low homologous temperature)
deposition. In this investigation, the depositions were carried out at elevated temperatures
(~600 °C or higher) and the observed phase-separation was presumably driven by diffusive
mass transport in the deposited film. Nevertheless, there may be second-order effects
due to the energetic bombardment, particularly at lower deposition temperatures. Such
improvements warrant further studies and the development of our PVD model. Finally,
the observed experimental microstructure is representative of the process parameters,
specifically the deposition time and temperature. If the films were to be reheated after
deposition and annealed at an elevated temperature for a long time, the microstructure
length scale and morphology may coarsen/evolve further. The simulation could be run
to study annealing of as-deposited microstructure, but experiments/simulations on the
thermal stability of the hierarchical microstructure are outside the scope of this manuscript.

Figure 3. (a-d) Comparisons of STEM-HAADF images of four distinct Cu-Mo films co-deposited at 600 °C at a flux of
0.8 nm-s~! with their respective simulated microstructures with compositional domains from the experimental data. Each
experimental micrograph is a magnified image interface of a Cu-rich agglomerate, including Mo nanoprecipitates, and the
surrounding Cu-Mo concentration modulations. Darker contrast in HAADF shows Cu-rich regions; lighter contrast shows
Mo-rich regions. EDS images of the agglomerate region and the adjoining concentration modulations showing the spatial
elemental distribution in each are displayed in the inset (c). The corresponding simulation results were taken after the thin
films were deposited to a thickness of 512 grid cells, corresponding a 1 pm-thick film.

Finally, we examine the necessary (local) conditions for the film’s compositional dis-
tribution leading to multimodal microstructures to complement the above qualitative
reasoning. We conducted a parameter sweep in terms of the concentration of localized
vapor regions to determine the threshold local (non-equimolar) concentration necessary for
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the formation of multimodal hierarchical structures. In Figure 4, we present six simulated
domains with differing vapor phase fractions in the first half of the computational domain,
incrementing the vapor concentration by 5 at.% for subsequent simulations, while the
second half of the computational domain remains at an equimolar concentration. The
simulated phase fractions illustrated in Figure 4 show that the transition from a monomodal
VCM to a multimodal, hierarchical VCM+NPCM occurs for a local vapor phase fraction
between 70 and 30 at.% and 75-25 at.%. Thus, these results point to the fact that the nec-
essary condition for multimodal hierarchical formation will only occur when the kinetics
of the constituent elements generate agglomeration regions of at least 70-25 at.% phase
fraction in the vapor (i.e., inhomogenous nuclei with such a phase fraction). Therefore, the
experimental deposition parameters during thin-film deposition must favor the accumula-
tion of one species during film growth to create the 70-30 at.% regions. Such preferential
agglomeration may be influenced by spatial inhomogeneities of the deposited atoms in
the deposition chamber as they land from the vapor phase. Kinetically, the diffusivity of
the co-deposited elements can be tuned using the deposition temperature and elemental
selection [28]. The conditions of low deposition rate and reduced noble gas partial pressure
must be present for one species to have an advantageous surface interdiffusion length,
leading to its clustering on the film surface during phase separation.

55-45 at.% / 50-50 at.% 60-40 at.% / 50-50 at.% 65-35 at.% / 50-50 at.%
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Figure 4. Simulated microstructures with split compositional domain with respect to x-axis. The
first half of the computational domain had varied phase fraction incrementing by 5 at.%; the second
half had equimolar phase fraction. Dashed line delineates the transition from a monomodal VCM to
multimodal VCM + NPCM morphologies.

4. Conclusions

This work was focused on testing the hypothesis that the evolution of different mor-
phologies at different length scales in a growing film can be explained in terms of the
compositional heterogeneities near the surface of the film that are created in the early
stages of the deposition due to local agglomerations that are rich in the faster diffusing
species. Our results can be summarized as follows. Immiscible alloys are likely to form
hierarchical morphologies if locally inhomogeneous nuclei form near the surface of the
deposited film due to compositional variations within the vapor phase. We showed that
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their composition needs to be greater than 70-25 at.% (approximately) to locally trigger the
development of such hierarchical structure. We assessed our hypothesis by exercising a
generalized, mesoscale PVD model that can effectively predict the evolution of different
morphologies at different length scales during vapor deposition. We simplified the problem
of representing the formation of inhomogeneous nuclei by using a spatially varying distri-
bution of the vapor phase as input (as a continuous field variable) and showed the effects
of those variations on the resulting formation of potentially hierarchical microstructures.
Our model incorporated the deposition behavior (vapor to solid transition) explicitly and it
distinguished a bulk and surface diffusivity for each element and induces phase-separation
for the species. The vapor composition was an input to the model and did not account
for complex sputtering depositions mechanisms. What our model demonstrated is that
local imbalance in the vapor composition near the surface of the growing film for a binary
alloy with significant differences in diffusivity between the two species can lead to the
formation of graded, hierarchical microstructures, while other existing models do not
encompass multimodal microstructure formation. By replicating experimental conditions
with this assumption, the majority of the material flux was facilitated via surface diffusion,
which, combined with thin film growth kinetics, produced the multiple kinetic pathways
responsible for multimodal microstructure morphologies. A logical expansion of this work
would be the incorporation of more complex thermodynamic free-energy potentials and
sputtering mechanisms (i.e., shadowing effects, the development of residual stresses in the
film) during depositions into our phase-field model. Our experimental characterization
revealed non-equilibrium phases present in multimodal hierarchical structures, indicating
multiple localized minima in the free-energy functional that describes the solid phase
equilibria of the system. A metastable state in the NPCM could be stabilized with a third
energetic well, akin to prior simulations of three-phase C:Ni thin films [29].
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Abbreviations

The following abbreviations are used in this manuscript:

PVD physical vapor deposition

cM concentration modulation

LCM lateral concentration modulation

VCM vertical concentration modulation

NPCM nanoprecipitate concentration modulation
RCM random concentration modulation

EDS energy dispersive X-ray spectroscopy
HAADF high angle darkfield

STEM scanning transmission electron microscope
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