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Abstract

Self-assembly by spinodal decomposition is known to be a viable route for
synthesizing nanoscaled interfaces in a variety of materials, including metama-
terials. In order to tune the response of these specialized materials to external
stimuli, knowledge of processing-nanostructure correlations is required. Such
an understanding is more challenging to obtain purely by experimental means
due to complexity of multicomponent atomic diffusion mechanisms that gov-
ern the nanostructural self-assembly. In this work, we introduce a phase-field
modeling approach which is capable of simulating the nanostructural evolu-
tion in ternary alloy films that are typically synthesized using physical vapor
deposition. Based on an extensive parametric study, we analyze the role of the
deposition rate and alloy composition on the nanostructural self-assembly in
ternary alloy films. The simulated nanostructures are categorized on the basis
of nanostructured morphology and mapped over a compositional space to cor-
relate the processing conditions with the film nanostructures. The morphology
maps reveal that while deposition rate governs the nanostructural evolution at
around equi-molar compositions, the impact of composition on nanostructuring
is more pronounced when the atomic ratios of alloying elements are skewed.

Keywords: phase-field model, ternary alloys, phase separation, PVD,
diffusion-controlled
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1. Introduction

Metamaterials are described as engineered periodic composites for altering electromagnetic
properties of materials to obtain responses that are not observed naturally. The presence of
nanoscale modulations or periodicities allows for tuning of these responses e.g. in optical
metamaterials, where the periodicity of nanostructures allows them to operate in the visible
and near-infrared wavelength regimes, that induce negative refraction, optical magnetism,
and hyperbolic dispersion. For fabricating 3D metamaterials, techniques such as multilayer
deposition, nano-imprinting, and layer-by-layer lithography can be employed. However, apart
from materials and process control challenges, these techniques induce roughness at interfaces
which contributes to scattering loss. Bottom-up techniques that leverage nanoscale phase sep-
aration, such as electrochemically grown metal wire arrays, block copolymer self-assembly,
DNA-assisted self-assembly of nanoparticles, and pulsed-laser deposition, are useful altern-
atives for synthesizing metamaterials, however, most of these approaches require labor- and
time-intensive post-processing steps.

Self-assembly via spinodal decomposition is known to be a viable route for synthesizing
nanoscaled interfaces in metamaterials [1-4]. In the context of thin films, fabrication is typ-
ically accomplished by sputtering two or more pure elements on a substrate; depending on
processing conditions, ensuing phase separation results in nanostructured interfaces that are
characterized by lateral, vertical, or random concentration modulations. The development of
films with periodic nanoscale patterns has been the focus of considerable research due to a vari-
ety of applications, including in optoelectronics, superconductivity, and catalysis [5—8]. Tun-
ing the morphology of nanostructured interfaces in these materials requires the knowledge of
processing-nanostructure relations that are non-trivial to establish, particularly due to complex
multicomponent atomic diffusion mechanisms that govern the nanostructural self-assembly.

Numerous studies have explored nanoscale morphologies in phase-separated binary alloy
films. As mentioned above, two-phase films with near-equal atomic percentages of the alloying
components have yielded vertical concentration modulations (VCMs) where the two phases
form layered domains [9-13], lateral concentration modulations (LCMs) where the phases
separate into interpenetrating shafts that grow vertically [14—19], and mixed morphologies
with characteristics of both LCMs and VCMs [20-22]. When the elemental film compositions
deviate slightly from equiatomic, additional variants, namely, aligned rods, and perforated
VCMs evolve. While the former comprises rods of the minority phase that grow vertically
in a matrix of the majority phase [22-24], the latter consists of continuous layered domains
alternating with a bicontinuous network of the majority and minority phases that are stacked
perpendicular to the deposition axis. However, when the elemental composition ratio is highly
skewed, globules of the minority phase within the matrix of the majority phase evolve [22].

Previous investigations on morphological evolution in fernary phase-separating systems
have primarily focused on bulk multicomponent alloys [25-27] and rapidly cooled bulk metal-
lic glasses [28—30]. However, a comprehensive study of phase separation during the synthesis
of ternary vapor-deposited films has never before been done. Self-assembled morphologies
such as those demonstrated in binary alloys are likely to form in ternary immiscible alloy
films, as well, however, the state-of-the-art phase-field modeling studies are limited to bin-
ary alloys [20-22]. Since actual physical vapor deposition (PVD) experiments and charac-
terization of nanostructured domains formed using high-resolution electron microscopy is
resource-intensive, a numerical modeling technique that is capable of simulating the nano-
structural evolution in films for a range of compositions, temperatures, and deposition rates
can render deeper insights into the phase separation mechanisms. With this objective, in the
following study, we reformulate a previous-reported ternary phase-field model by Chen [31]
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and Bhattacharyya et al [32] to mimic the PVD process. The primary goal is to predict the
morphological evolution during co-deposition of phase-separating ternary alloy films for an
entire range of compositions and deposition conditions. Based on our simulations, we report a
rich variety of previously unknown periodic morphologies such as pseudo-VCM (pV), core—
shell (CS), binary, and ternary LCMs. Finally, we classify the characteristic morphologies by
constructing morphology maps.

2. Phase-field model

In this section, we revisit a phase-field model based on a ternary Cahn—Hilliard approach to
simulate the nanostructural evolution in ternary phase separating alloy films with reference
elemental components A, B, and C [31, 33, 34]. Phase separation occurs via the minimization
of the total free energy functional which is given by

F= /Nu [f(¢A7 o8, bc) + ka(Voa)® + rp(Vop)* + ke(Voc)?*|dv, (D
%

where, N, represents the number of molecules per unit volume and is assumed to be independ-
ent of composition and space, while x; (i = A, B, and C) are the gradient parameters associated
with the concentration fields. The order parameters, ¢4, ¢, and ¢¢ denote the scaled concen-
trations of the alloying elements, A, B, and C in the film, such that their sum equals unity to
conserve mass

da+ o+ e =1 ()

The chemical free energy per molecule, f(¢a, Pg,dc), follows a regular solution model,
such that

1
/(O 88:00) = 3 _xididy+ 3 dilog s, 3)
i#j i

where, x; (i,j = A, B, v; i # ) are the pairwise interaction coefficients between the compon-
ents, kg is the Boltzmann constant, and 7, the absolute temperature. Equation (3) can be expan-
ded and re-written as

f(¢A7 ¢B7¢C) = kBT[XAB¢A¢B + XB1)¢B¢C + XAU¢A¢C
+palogpa + gplogep + ¢clogpc] - “4)

¢c can be eliminated by replacing with (1 — ¢a — ¢g) in equation (4), and rewriting as

f(da,¢B) = kT [xAB®APB + XBuPB(l — Pa — ¥B) + XAvPa(l — da — ¥B)
+¢alogoa + dploggp + (1 — da — ¢p)log(l — pa —¢B)].  (5)

The chemical potentials, ;14 and up, corresponding to the A-rich o and B-rich 3 phases are
obtained by performing the variational derivatives of the free energy functional in equation (1)
with respect to ¢ and ¢g, such that

_O0F Of
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and
oF of 5 s
P = —— =~ — — 26V @B — 2kBAV A (7
dpp O ’
where, kap = KA + Kc, KBB = KB + K, and Kap = Kpa = k. We use a continuity equation
to derive the phase-separation kinetics, which may be written as,

0¢;
ot

where J;’ is the net flux. We adopt a formulation that incorporates the net vacancy flux, J,,
during the diffusion process as reported earlier by Kramer et al [35, 36] and Bhattacharyya
et al [32, 37], to obtain the net flux of each component, i, given by

]iI:Ji+¢iJO l:A7B7C (9)

=-V-J/' i=AB,C ®)

Here, J; is given by
Ji =MV, i=A,B,C (10)

where, M; and p; are the Onsager coefficient of the ith component and chemical potential per
site, respectively. The vacancy flux, Jo, is given by

Jo=—(a+Jg+Jc). (11)

By substituting equations (11) and (9) in equation (8) and using the Gibbs—Duhem relationship
[36, 37], we obtain expressions for the temporal evolution of the a: and (8 phases:

0 0
% = MaaV? [&ﬁ]; —2kAA VA — 25A3V2¢B]
2| Of 2 2
+MapV™ | == —26BAV ¢a — 2688V 0B (12)
OB
and
0 0
% = MBBVZ afé; — ZHBBV2¢B — ZHBAV2¢B
2| Of 2 2
+MaV Bon 26ABV 9B — 26AAV PA |, (13)

where, Ma and Mgg represent atomic mobilities of A and B atoms in non-« and non-{ phases,
respectively, while Mag and Mga represent mobilities of A atoms in S phase and B atoms in «v
phase, respectively [32, 36]. We extend the Nernst—Einstein relation to a ternary system [38]
and couple the mobilities to the diffusion coefficients of the alloying components, D;, using

1
Mii - 7Dt¢t(l - ¢l) l?]: AaBaC (14)
kgT
and
1
M = —Didi9; i,j=AB,Ci#j. (15)
kgT

We solve equations (12) and (13) by non-dimensionalizing the parameters using the charac-
teristic length and time scales given by, I* = (x;/2kgT)"/?>Ax, and ¢* = (kg T/M:I*?), respect-
ively, where M; is the dimensional mobility for phase i = A, B. The equations (12) and (13) in
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Figure 1. Schematic diagram illustrating a layer-by-layer deposition method adopted to
simulate physical vapor deposition of ternary alloy films. The non-dimensional depos-
ition rate, v = 1/(nAt), where At is the dimensionless time step for numerical integra-
tion and n is the number of time steps between the deposition of consecutive layers.

dimensionless form are solved via an explicit finite difference scheme for temporal and spatial
derivatives. We follow a forward difference Euler scheme for the temporal derivatives and a
second-order central difference for the spatial derivatives. The chemical potentials, p;; and
wy, L,J=A,B, I#J are first calculated at each grid point. The discretized equations are
given by

t < of ) ) Grivijt Pz T Orijer + Pijor — 400,
i—\ a3 — <k
L

b, 2
— 25y ity Priz1iF ¢lf};i21i+1 + Bij1 — 4¢5,w” (16)
and
H’;J,i,j = L?ad{] — 2Ky d);’iﬂ*" * d)z"*lJ + ¢5},li2J+1 + ¢5,i4’—1 - 4¢5,i,j
ar
gy Qi F Oicry i * Pijor = 4904 (17)

h2

The Laplacian of the chemical potential is calculated by another central difference scheme
such that the final equation in the discretized form reads

O; iy Wity 11+ B jen + B 1 — 40y
ot " h?
L L T S LA ) LA
+M”N1],z+1,; Hiyi—1 NIZ;J-H Hiy.ij—1 MIJ,:J. (18)

A schematic diagram showing the computational technique for simulating nanostructural
evolution in ternary films based on a temporally increasing box size is shown in figure 1. This
two-dimensional simulation box consists of 300 grid points in the horizontal direction, while
the film is grown in the vertical direction until the film thickness exceeds 300 grid points. The
deposition is initialized from a seed layer of thickness 20Az with average alloy composition,
Gio+90i,, (i=A,B,C), where d¢; , denotes the concentration fluctuation of ~+0.05%. To
simulate deposition flux and concurrent increase in film thickness, we add a fresh layer of a
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Table 1. Thermodynamic and kinetic parameters used for phase-field simulations.

Parameters A B C AB AC BC
D 50 50 — — — —
K 4.0 4.0 4.0 — — —
X — — — 3.5 3.5 3.5

noisy, non-decomposed mixture of the alloying components of thickness, Az, at designated
time intervals, n/Af, where n denotes the count of elapsed timesteps prior to addition of new
layer. The non-dimensional deposition rate, v, is given by ﬁ. The relevant model parameters
are listed in table 1. While periodic boundary conditions are imposed along the lateral edges
of the film (x-axis), no-flux (Neumann) conditions are maintained along the deposition axis
(z-axis). At this point, we caution that as opposed to actual PVD experiments, the deposition
flux in the present phase-field model is assumed to be non-continuous with the lowest pos-
sible deposition rate being 1 grid point (Az) per timestep (Af). However, the above simulation
approach has previously been reported to yield binary alloy film nanostructures that compare
favorably with experiments [21, 22], therefore employing a similar approach to simulate nano-
structural evolution in ternary films seems to be a reasonable choice. Based on the formulated
model, we explore the influence of film composition and deposition rate on the evolution of
characteristic nanoscale structures. We assign values ranging from 0.1 to 0.7 to ¢a, ¢g, and
¢c, ensuring that ¢ + ¢ + ¢c = 1, and deposition rates, v, that range from 0.31 < v < 1.25.

3. Characterization of self-assembled morphologies

In this section, we classify and analyze the distinct nanostructured morphologies that evolve
when the film composition and deposition rate are varied. Depending on the morphology of
the phase-separated domains, we categorize the resulting nanostructures into seven variants.
As shown in figure 2, we map these variants on an isothermal section (y = 3.5) of the phase
diagram using the labels «, 3, and y, which correspond to A-rich, B-rich, and C-rich phases,
respectively. Zone boundaries designate the regions across which nanostructural transitions are
observed if the processing conditions are unaltered. We have also sub-divided the morphology
map into inner, middle, and outer zones, which allows us to correlate the film nanostructure to
the relative skew in the elemental composition.

3.1. Nanostructural evolution at inner zone compositions

The central or the inner zone consists of morphologies that form in the region where the
composition of the alloying elements is nearly equal, i.e. in the range of 30-40 at.% X
(X = A, B, C). Within the inner zone compositions, the A-rich, B-rich, and C-rich phases
compete to form periodic nanostructures, giving rise to ternary lamellae at lower deposition
rates, and vertically oriented beads and randomly phase-separated domains that show no self-
organization, at larger deposition rates.

When the film composition is equimolar (33.33 at. %A, 33.33 ar.%B, C), labeled P in
figure 2, low deposition rates of v < 0.5 results in the formation of vertically oriented tern-
ary lamellae (tL), as shown in figure 3(a). Within the resulting nanocomposite, the three
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100 at. % A

Inner Zone

Middle Zone: A, B, C €[30,40]

AB,C €[1575]
*not including Inner Zone

Quter Zone:
A,B,C €[10,90]

*not including Inner and

Middle Zones

B‘~\/\/\4/gixw o

100 at. % B 20 60 80 100at.%C

Figure 2. Compositional space divided into distinct zones, namely inner, middle, and
outer. Labels in upper case pertain to compositions for which the corresponding nano-
structural evolution has been discussed in the following sections of this manuscript.

(nRed) B Y Composite

0 0.33 Q.67 1

ey U

Figure 3. Nanostructural evolution of films at composition 33.33 at. %A, 33.33 at.%B,
C forming (a) ternary lamellae (tL) at » = 0.5 and (b) random non-assembled nanostruc-
ture (R) at v = 1.0. «, B and +y phases are also plotted separately in red.
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phase-separating domains form lamellae that are aligned parallel to the deposition axis but
tri-continuous in the surface plane. A slow deposition rate combined with equal proportions of
A, B, and C in the alloy film ensures that the phase separation is complete well before a fresh
layer is added on top. Clearly, the penultimate layer i.e. the layer just below the film’s surface
acts as a template to drive successive phase separations in the newly deposited layer. The ‘tL”
nanostructure is also observed at other compositions, such as 30 ar. %A, 30 at.%B, C, which
falls within the inner zone, provided that the deposition rate is small enough such that phase
separation kinetics exceeds the deposition rate. This is further accentuated by our parametric
studies where tL film nanostructure stabilized when we varied the composition within the inner
zone without altering the deposition rate. It can therefore be inferred that a slight deviation in
the composition from equimolar does not impact the tL nanostructure.

Within the designated inner zone in figure 3(a), self-organization is lost at larger deposition
rates (v > 0.83). Unlike the tLs that evolve at low deposition rates, random nanostructures with
no apparent self-assembly, evolve when the deposition rate is increased. Figure 3(b) shows the
«, 3, and «y phases that do not self-assemble into a recognizable pattern. This absence of self-
assembly arises from the larger v, which ensures that no phase separation can occur on the film
surface before a new layer is deposited. The normal vectors to the interfaces formed point in all
possible directions, which indicates that the phase separation mechanism is similar to the one
observed in the bulk nanostructure. Film depositions carried out at even higher rates for other
composition variations within the inner zone, also produced similar random nanostructures.

3.2. Nanostructural evolution at middle zone compositions

Within the middle zone indicated in figure 2, at least one of the three elements, that comprise
the alloy, always remains in minority, such that the atomic fraction of the minority element
is below 0.33. Typically elemental compositions range from 15-75 at.% A and 15-75 at.%
B whilst excluding any composition that falls within the inner zone. Film nanostructures that
form in this region are diverse with interesting morphologies, such as vertically-oriented beads,
and binary lamellae (bL) interspersed with globules, although the beaded morphologies dom-
inate. Additionally, globular nanostructures that are relatively well-known are also observed
to evolve.

At a film composition of 25 ar. %A, 25 at.%B, C, shown in figure 2 as point Q, the minority
« and (3 phases form alternating beads which align vertically in a ¥ matrix to form the vertically
aligned bead morphology (B), as shown in figure 4(a). This type of self-assembly is favored for
concentration ranges within the middle zone where one of the alloying elements forms a major-
ity phase, while the remaining elements form minority phases of comparable atomic fractions.
Beaded microstructures of ternary alloys undergoing spinodal decomposition have previously
been reported [31, 32]. However, in the current simulations that correspond to film deposition,
the nanostructured beads are observed to be aligned along the deposition axis, which in all
certainty implies the impact of deposition kinetics on nanostructural evolution. Moreover, the
beaded film nanostructures are found to be stable as we did not find these nanostructures to
transition into any other morphology when simulations were repeated for several deposition
rates.

At the film composition of 15 at. %A, 15 at.%B, C, labeled in figure 2 as R, A and B form
« and 3 phases that separate out of the majority phase (C-rich, ) while retaining a globular
morphology. The initial separation occurs between the majority phase, 7y, and an unseparated
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Figure 4. Nanostructural evolution of films at various compositions within the middle
zone.(a) 25 at. %A, 25 at.%B, C resulting in vertically oriented beads (B), (b) 15 ar. %A,
15 at.%B, C resulting in globular (G) morphology, and (c) 20 at. %A, 40 at.%B, C res-
ulting in hybrid G-L morphology. Nanostructures show evolution of «, 8 and y phases
separately, as well as a composite.

transition phase, which then rapidly separates into jointed globules of o and 3 phases, as seen
in figure 4(b). If the deposition rate is reduced (v = 0.31 and 0.42), the joined globules undergo
coarsening, as seen in figures 5(a) and (b). This is likely to happen at depositions performed at
higher temperatures where atomic mobilities are larger. On the contrary, finer globules form
at faster deposition rates (v = 0.83 and 1.0). We also observed that the joined globules have
a greater tendency to pinch off into independent globules at a faster deposition rate, as seen
in figures 5(d) and (e). The globular morphology (G) is observed to evolve for a range of
deposition rates for this composition, while at some of the other composition ratios, such as
20 at.%A, 20 at.%B, C, they transition to a beaded nanostructure for v >0.625.

When the film composition is 20 ar. %A, 40 at.%B, C (label S in figure 2), B and C form
majority phases that evolve into vertical lamellae, while C forms a minority phase that evolves
as globules dispersed amidst the lamellae, to form a hybrid G-L nanostructure, which is essen-
tially a combination of bL (discussed above in section 3.3) and globules (G) (figure 4(c)).



Modelling Simul. Mater. Sci. Eng. 30 (2022) 084004 R Raghavan et al

Figure 5. Figure morphological evolution of films of composition 15 at.% A 15 at.%
B, C at non-dimensional deposition rates, v, (a) 0.31 (b) 0.42 (c) 0.62 (d) 0.83 and
(e) 1.0.

The G-L nanostructure, similar to the beaded and globular variants, was found to be stable for
a wide range of deposition rates. The hybrid nanostructure is found to evolve all across the
outer edge of the middle zone demarcated in figure 2, which is distinct from the LCM-VCM
hybrids observed in binary phase-separated films [21].

3.3. Nanostructural evolution at outer zone compositions

As shown in figure 2, the outer zone has the largest disproportionality of alloying elements
with the most concentrated element forming the majority phase, while the remaining two
phases separate into minority phases. Moreover, when the composition of the third element is
<10 at.% of the overall composition, it is unable to separate fully into a third phase leading
to the formation of a metastable phase at the boundary between the majority and the minority
phases. On the first glance, this nanostructure appears to be composed of two phases only, how-
ever, upon a closer examination, the metastable third phase at the interface can be observed.
At a film composition of 40 ar. %A, 50 at.%B, C, indicated by point L in figure 2, a nano-
structure that is primarily composed of « and S lamellae (bL) and resembles the LCM in
binary immiscible alloy films [20-22], forms. As observed in figure 6(a), C does not fully
separate into a stable «y phase, instead, it forms a metastable phase at the interface between «
and (3. Apparently, the formation of a nearly two phase nanostructure is caused due to a very
low concentration of the third element. Unlike the tL. and LCM morphologies which disappear
when the deposition rate increases, the bL self-assembled nanostructures remain stable at all v.
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Figure 6. Morphological evolution of films at various compositions within
the middle zone.(a) 40 ar.%A, 50 at.%B, C resulting in binary lamellae (bL),
(b) 30 at. %A, 60 at.%B, C resulting in pseudo-VCM, and (¢) 20 at. %A, 70 at.%B, C
resulting in core—shell (CS) morphology. Nanostructures show evolution of «, 5 and y
phases separately, as well as a composite.

» N

When the film composition is changed to 30 ar.%A, 60 at.%B, C, as indicated by label M in
figure 2, bL gives way to a pV structure, which comprises horizontal bands of « in a 8 mat-
rix. pV nanostructures, as seen in figure 6(b), resemble the VCMs that are typically observed
in binary immiscible films [20-22] of equimolar compositions, with the distinction that the
width of the minority phase bands are smaller than that of the majority phase. Similar to bLs,
the metastable third phase, which is C-rich, forms at the interface between the o and 5 bands
and was found to stabilize at all the tested deposition rates. Upon reducing the atomic ratio of
A even further (20 at. %A, 70 at.%B, C, point N in figure 2), globules of the A-rich o phase
form in a matrix of the majority /3 phase, while C forms a metastable phase at the interface,
giving rise to a CS nanostructure. The CS nanostructures are observed to evolve at all depos-
ition rates, within a small composition range around point N (see figure 2). Apparently, CS
nanostructures are widely found in films of polymer blends [39—41] therefore, it is interesting

-

1
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Vapor-deposition Post-deposition annealing—,;

Figure 7. Morphological evolution of CS nanostructures during vapor-deposition and
post-deposition annealing. Snapshots correspond to non-dimensional times (a) 10
(b) 100 (c) 200 (d) 290 (e) 500.

to isolate the small compositional window within which it can evolve in metallic systems,
as well. During post-deposition annealing, the CS nanostructures have a strong tendency to
coalesce as seen in figure 7.

4. Morphology maps

Constructing morphology maps, which involves correlating the zone boundaries with the res-
ulting nanostructures, requires hundreds of simulation runs every time the processing condi-
tions change. Therefore, the scope of the present study is limited to deposition rates (v) of
0.31, 0.5, and 1.0. As shown in figure 8, the film compositions at which seven distinct nano-
structured variants, one of which is hybrid (G-L), are mapped. Nanostructures with no periodic
self-arrangement are labeled as random (R). We note that alloy composition along with the two
kinetic factors, phase separation (M) and deposition rates (v), determine the film nanostruc-
ture. Ternary lamellar (tL) morphology, shown yellow in figures 8(a) and (b), dominates the
inner zone at lower v < 0.5, while vertically aligned beads and random non-assembled nano-
structures form at larger v. The bead morphology and hybrid G-L variants, shown in figure 8
in shades of blue and red, dominate the middle zone, accounting for nearly all of the nano-
scale structures that evolve within this region. Additionally, the globular (G) morphology also
appears at the extremities of this zone at a smaller v = 0.31. However, when v is increased to
1.0, we note that the G-L hybrid nanostructures evolve in the regions originally occupied by
globular nanostructures (G). This transition is one of the two notable v-dependent transitions
that occur across zones, and in this case, across the middle and outer zones. Noticeably, the
other transitions appear at the boundary between the inner and middle zones. As the depos-
ition rate increases, simulated films in the vicinity of 33 at.% A, 33 at.% B, C evolve as random
non-assembled nanostructures (R). This transition happens in conjunction with the prolifera-
tion of the bead morphology into the inner zone at a composition of 30 at.% A, 30 at.% B,
C. The outer zone morphologies are mostly unaffected by the deposition rate, with the binary
lamellar (bL) (lavender), pV (purple), and CS (yellow) forming within their respective narrow
composition ranges at all values of v, except the globular (sky-blue) nanostructures, which
also appear in the middle zone at low v (figure 8(c)).
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Figure 8. Ternary morphology maps plotted at distinct deposition rates, (a) v =0.31,
(b) »v=0.5,and (c) v =1.0.
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5. Conclusion

In summary, we developed a phase-field model to simulate nanostructural evolution in vapor-
deposited ternary phase separating alloy films. Numerical simulations yielded a rich variety
of nanoscaled film morphologies across a wide range of compositions and deposition rates.
These nanostructured films were classified based on the morphology of the different phase-
separated domains which were found to be sensitive to alloy composition and the deposition
rate. Dividing the compositional space into inner, middle, and outer allowed us to correlate it
to the nanostructural morphology which is the highlight of our work. At equimolar compos-
itions, the film nanostructure evolved into a ternary lamellar morphology at low deposition
rates of 0.31, which transformed into a random nanostructure with no apparent self-assembly
at rates higher than 1.0. With a slight alteration in film composition (30 at.%A, 30 at.%B,
C), vertically aligned beaded nanostructures formed at an intermittent deposition rate of 0.5,
while the lamellar and the random nanostructures continued to form at low and high deposition
rates, respectively. For middle zone compositions, vertically aligned beads dominated, while a
mixed lamellar-globular morphology appeared to form when the atomic ratio of one of the ele-
ments was lower than the other two. When the composition was adjusted such that two of the
components were less than 15 at.%, globular nanostructured evolved. Within the outer zone,
binary lamellar and pV morphologies were primarily observed. A CS nanostructure, which is
more commonly observed in polymer blends, was also found to evolve. A low atomic ratio of
C in the alloy prevented the formation of a y-phase, leading to the formation of a metastable
phase at the /3 interface in all the above three variants.

Morphology maps revealed that while deposition rate governs the nanostructural evolu-
tion at inner zone compositions, the impact of composition on nanostructuring is more pro-
nounced in the middle and outer zones. These maps can potentially be used as guidance in the
design of metamaterial films, however, since the reported study leverages a generic model with
model parameters, the input parameters may need to be re-calibrated to the actual material and
deposition condition. As a good starting point, the morphology maps reported in this work can
be used to control the physical vapor-deposited Cu-Mo-Ag film nanostructures, known to be
sensitive to the deposition rate and temperature [42]. Beyond alloy films, the above-reported
phase-field approach can also be reformulated to simulate the nanostructural evolution in ver-
tically aligned nanocomposite films of ZnO-Au, ZnO-Cu, and ZnO — Au,Ag,_,, for use as
hyperbolic metamaterials [43]. The present phase-field approach assumes the deposition flux
to be occurring in discrete steps which are realized via the periodic addition of noisy layers.
However, this can be substituted with a continuous deposition flux that would more closely
resemble an actual PVD experiment.

Another interesting avenue worth exploring is the mechanisms by which nanostructural
transitions occur in vapor-deposited ternary films. In our former work that focused on bin-
ary alloy films [21, 22], we deduced the mechanism of nanostructural transitions to be the
minimization of total nanostructure interfacial energy. However, this criterion may have to be
re-examined since ternary films entail three distinct interfaces («/3, 8/, and /) as opposed
to one (a//3) in binary films. Previous simulations of nanostructural evolution in elastically
homogenous binary immiscible films have shown that a large eigenstrain associated with the
elastic misfit energy, slows down the kinetics of phase separation, causing a net increase in
deposition rates at which distinct nanostructures can self-assemble. On the contrary, elastic
inhomogeneity can selectively penalize the formation of interfaces during phase separation
depending on the anisotropy of elastic modulus, especially at low deposition rates [44]. How-
ever, the role of misfit strains in the context of ternary films was not considered, which is worth
analyzing [32, 37, 44]. Finally, the film surface in the present study was assumed to be flat to
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limit the influence of surface irregularities on nanostructural evolution. However, the physics
of hillock formation can be introduced to more closely resemble the film topology that is seen
in experiments, by accounting for an additional vapor phase [45, 46].
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