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ABSTRACT

A new processing route has been discovered through which far-from-equilibrium, metastable archi-
tectures with unprecedented properties are synthesized. This novel architecture contains many
orders of hierarchy with multiple concentration modulation wavelengths. At one length scale, the
matrix is comprised of lateral modulations of BCC Mo and pseudomorphic BCC Cu with a wave-
length of 10 nm. FCC, Cu-rich islands of approximate 250 nm diameter are woven in-between the
Mo-Cu matrix and contain ordered arrays of pseudomorphic, FCC, Mo-rich, coherent precipitates of
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approximately 1.0 nm diameter spacing. The resulting material exhibits unprecedented mechanical

behavior of extensive plastic deformability at room temperature.

i, R

IMPACT STATEMENT

Traditional phase separated thin film morphologies are monolithic in architecture with only one con-
centration wavelength. By carefully manipulating the self-assembly kinetics through the deposition
rate, we processed a structure with multiple concentration modulation wavelengths.

1. Introduction

Abrupt changes in the external conditions can force sys-
tems into nonequilibrium states. These systems’ kinetic
relaxation pathways are often complex and involve phase
transitions that may lead to multiple metastable phases.
Understanding phase-ordering kinetics is central to con-
trolling the way in which phases organize in a number
of material systems [1], particularly in vapor deposited
thin films where control of grain [2] or multi-phase [3]
morphology is crucial to obtaining novel and enhanced
functionalities for technological application [4].

Given the unique governability over the deposi-
tion temperature and rate, physical vapor deposition
(PVD) has often been the synthesis technique of choice
to study phase ordering in immiscible systems [5-8].
Furthermore, unlike bulk phase separation in which the

system’s bulk thermodynamics dictates the rate of phase
separation, PVD allows external control over the rate of
separation through the deposition rate, at a given tem-
perature [9]. In this article, we report on a novel PVD
synthesis route that dictates dramatic differences in con-
stituent mobilities of Cu and Mo during co-sputtering
and results in far-from-equilibrium, metastable, multi-
modal architectures during deposition.

Normally, there are two processing routes that can
be used to create and study multi-phase morphologies
using PVD sputtering: low temperature deposition to
produce an amorphous film followed by annealing [10]
or depositing at elevated temperature [11]. In the case
of the former approach, a binary alloy which is highly
immiscible is co-sputtered. Deposition at room temper-
ature results in a chemically homogeneous amorphous
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film [6]. Annealing the samples at elevated temperature
induces phase separation as a result of nucleation and
growth or spinodal decomposition depending on the sys-
tem [12-14]. This generally results in randomly oriented
concentration modulations of the two constituents in a
bicontinuous morphology if the constituents are of equal
phase fraction.

Another processing route involves co-sputtering each
immiscible element while heating the substrate. At tem-
peratures high enough to activate phase separation dur-
ing deposition, constituents self-organize into concentra-
tion modulations that are oriented in different directions
based upon the deposition conditions [9,11]. The inter-
play between the rate of phase separation and the rate
of deposition determine the final morphology. Laterally,
vertically, and randomly oriented concentration modu-
lations have resulted by controlling the substrate tem-
perature. Phase field simulations have confirmed this
self-organizing behavior [5].

In both synthesis routes, the resulting morphologies
possess a single concentration modulation wavelength
with phase separated domains oriented laterally, verti-
cally, and randomly with respect to the substrate [5].
The challenge is to deposit a film with phase separation
at multiple length scales forming a hierarchical struc-
ture. The current work addresses this challenge by delib-
erately depositing immiscible constituents, Cu and Mo
chosen as the model system, at low deposition rates and
high temperatures. The high temperature activates self-
assembly via phase separation during deposition as has
been shown before, while the low deposition rate creates
alarge disparity in mobility between the sputtered species
assembling on the growing surface.

With differences of orders of magnitude in adatom
mobility of the constituents [15,16], heterogeneous struc-
tural evolution results in a bimodal architecture with
Cu-rich and Mo-rich domains stabilizing at multiple
length scales and undergoing further separations within
each domain to produce pseudomorphic—or lattice-
mismatched metastable phase — crystal structures that do
not correspond to the bulk ground state of the constituent
elements, namely BCC Cu and FCC Mo. Further, we
altered the substrate temperature to coarsen the hierar-
chical morphology and change the crystal structure of the
domains. Finally, we utilize cluster expansion formalism,
parameterized with density functional theory (DFT) cal-
culations to investigate the phase stability of metastable
Cu and Mo domains given the constraints of the sys-
tem. Compression tests performed in situ in a transmis-
sion electron microscope (TEM) show unprecedented
mechanical behavior of extensive plastic deformability
at room temperature at flow stress in excess of 2 GPa.
This study provides new insights for bottom-up design

of nanometallic architectures with high strength and high
deformability.

2, Methods
2.1. Materials and deposition

Pure Cu (99.999 %) and Mo (99.95 %) targets were posi-
tioned confocally and 5 degrees from normal to a sub-
strate and 180 degrees from each other. A pure Si sub-
strate in the 100 orientation with a micron thick layer
of thermal oxide (SiO;) was positioned in the middle
of a rotating platen (20 rpm) 5 inches from both targets.
The base pressure in the chamber prior to deposition was
3.6 E-6 Pa. The substrate was first cleaned using an RF
bias of 50 W for 100 s before deposition. The platen was
then heated to the desired temperature and held at this
temperature for 300s before deposition. This temper-
ature was maintained throughout the deposition. Both
targets were ramped to the target power setting and
burned-in for 60 s before deposition. Power at each gun
was constant for the duration of the deposition. The Mo
target was set to 100 W and the Cu target to 50 W to
achieve the same deposition rate for each species. A 45
at.% Cu phase fraction was measured by XRF in the as-
deposited film. All of the deposited films were 1 micron
in thickness.

2.2. Electron microscopy

Scanning/transmission electron microscopy (S/TEM)
foils were prepared using a focused ion beam (FIB) tech-
nique in an FEI Helios 650 nanolab SEM/FIB. The foils
were attached and thinned on a silicon TEM half grid
to prevent any compositional background from the TEM
grid. Samples were plasma cleaned for 300s prior to
insertion into the S/TEM. A JEOL 3100R05 double-Cs
corrected S/STEM with a point-to-point resolution of
0.055 nm was used to collect HAADF images of the sam-
ples. The convergent angle for all image collection was
set to 111 degrees at a camera length of 8 cm for true
HAADF imaging. Compositional maps were collected
using a JEOL SDD X-ray detector with an active area of
60 mm? capable of detecting elements with Z > 5.

2.3. Nanomechanical testing

Cylindrical nanopillars with diameters of 450 nm and
height of 1 + m were fabricated using FIB in a FEI Helios
650 nanolab SEM. The sample was then mounted onto
the stage of a Hysitron PI 95 Picoindenter for in situ test-
ing in TEM. A flat-tip indenter with a 1.5 4 m-diameter
end surface was used to conduct the compression test at



constant displacement rate with strain rate of —0.2%s™!.
After the test, FIB was used to prepare TEM samples of
the deformed pillars for post-mortem characterization.
An image of the micropillar before in situ compression
is presented in Figure S14.

2.4. DFT calculations

We used the ATAT package [17] to explore the entire
composition space, calculating the energies of forma-
tion for each configuration, relative to the pure end
members, Cu and Mo (in the FCC or BCC states,
respectively), through DFT calculations using the VASP
software package [18]. All configurations investigated
were allowed to completely relax, i.e. volume, shape and
atomic coordinates were all allowed to relax to the local
equilibrium state. The CE itself was carried out until
the error between the predicted energies of formation
of arbitrary configurations and those calculated through
the DFT code converged approximately within less than
approximately 10 meV/spin.

3. Results

3.1. Cu-Mo hierarchical structure and
characterization

The morphology, including chemistry and crystal struc-
ture, of a co-deposited Cu-Mo film at relatively low depo-
sition rate is shown in Figure 1. The synthesis procedures
can be found in the Supplementary Figure S1. In HAADF
phase contrast imaging, it was observed that these sam-
ples exhibited morphological features on at least two
different length scales.

Atlow magnification, relatively large Cu-rich domains
in the darker contrast of approximately 100 nm in lateral
and vertical dimension were interspersed in a Cu-Mo
bicontinuous matrix. These faceted Cu-rich domains
were homogeneously distributed through and across the
thickness of the film as shown. The chemical composi-
tion of these domains were approximately 95 at.% Cu
as measured by EDXS. The bicontinuous matrix main-
tained an approximate 45 at.% Cu composition as mea-
sured by EDXS and thus, Cu species were not removed
from the matrix to form these large Cu-rich domains
and abnormal grain growth can be ruled out as a cause
of this growth, even though Cu in this structure has a
mobility advantage compared to Mo [15,16]. The ori-
gin of these large Cu-rich domains is instead from a
modified Volmer-Weber thin film growth mechanism.
In the Volmer-Weber growth mode, the adatom cohe-
sion is stronger than surface adhesion and forms 3D
adatom cluster or islands [19]. The dramatic difference in
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mobility of Cu compared to Mo leads to in homogeneous
agglomeration in the growing film as the more mobile
Cu readily coalescences compared to the Mo, which lags
behind in surrounding, smaller clusters.

Probing the large Cu-rich domains in HAADF imag-
ing at high magnification showed that these islands
exhibited the bulk ground state crystal structure of FCC
Cu. However, regions of periodically distributed Mo
nano-particles were observed throughout each of the Cu-
rich grains. Figure 1(b) shows an EDXS mapping of the
Cu-rich matrix in yellow and agglomerations of Mo-rich
particles in an ordered FCC superlattice arrangement.
FFT analysis shown in Figure 1(c) taken from the high
magnification HAADF image in Figure 1(d) shows bulk
FCC Cu frequencies in the <110 > direction. Interest-
ingly, FCC Mo spots are present in the FFT pattern as
well, but tightly surrounding the center spot. These are
frequencies from the ordered Mo nanoparticles within
the Cu-rich matrix encircled in Figure 1(d).

Previsouly, Mo has only been found to exist in an
FCC state under high pressures [20]. However, our DFT-
parameterized cluster expansion calculations described
below have shown that the FCC Mo does have a low
energy metastable state at compositions close to the Mo-
end of the composition rage, which is consistent with
what we observe here. In the Supplementary Materials
section, it is shown how other Cu-refractory metal pairs
exhibit an analogous behavior. The ordered arrangement
of Mo particles formed an FCC superlattice within the
Cu-rich domains. This superlattice is not unlike those
found in ultra-thin metallic multilayers and quantum
dots [21,22]. In our case, insufficient mobility in the Mo
atoms results in them becoming ‘trapped’ within the Cu-
rich domains, preventing their agglomeration into larger
precipitates. Critical accumulation of Cu leads to island
nucleation and growth whereas regions with slightly less
Cu and more Mo phase-separate into lateral concentra-
tion modulations.

At a larger length scale, the matrix surrounding the
Cu-rich domains was observed to have a bicontinuous
morphology with lateral Cu-rich and Mo-rich sheets
extending from the substrate to the top surface of the
film. The selected area diffraction pattern (SADP) shown
in Figure 1(e) only shows frequencies from the BCC Mo
crystal structure. EDXS analysis of the matrix shows the
presence of Cu-rich and Mo-rich domains with a lateral
morphology that extend into the thickness of the film
as sheets. High-resolution imaging of the bicontinuous
matrix shows a coherent structure where Cu has stabi-
lized into a metastable BCC Cu crystal structure and
taken on the BCC Mo lattice parameter. A high mag-
nification image of these Cu and Mo-rich domains can
be accessed in Supplementary Figure S2. This has been
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Figure 1. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images taken along the < —111 >
direction of FCC Cu. The high-level view of the sample in (a) displays the hierarchical structure of the sample throughout the thickness
and length of the film. Direction of growth is from bottom to top in the image. Scale bar, 1 micron. At one length scale in (b-d), the
single crystal Cu grains contain FCC Mo dispersoids arranged in an FCC superlattice as indicated in the power spectrum (c) taken from
(d); indexed down the FCC < —111 > zone axis. The energy dispersive X-ray spectrum map in (b) shows a concentration of Mo corre-
sponding to the brighter spots in the STEM image. Scale bars, 1 nm (b), 10 nm (d). Another length scale is presented in (e-f) where Cu
and Mo are constrained to a coherent BCC Mo-Cu solid solution and exhibit lateral concentration modulations with respect to the film-
substrate interface. (e) shows an SADP from the bicontinuous region and only BCC Mo frequencies are present, but Cu—Mo concentration
modulations are observed in the EDXS mapping in (f). Scale bar, 50 nm.

shown before in Ti/Al [23], Cu/Nb [24], and Mg/Nb
[25,26] multilayers where absolute length scale of the
structure and the relative thickness of the individual
layers have given rise to metastable structures. A plan-
view image of the sample is shown in Supplementary
Figure S3. This ordered structure has been discovered
before in our work on Cu-Mo [11] and other reports on
Al-Si systems [8], where the rate of deposition is slower
than the rate of phase separation of the growing surface.
This difference in rates allows for the formation of a phase
separated template where each domain is at its terminal
composition and subsequently deposited layers diffuse to
like domains underneath [8,11].

3.2. Equilibrium structures at higher deposition
temperatures

Coarsening of the structures at all lengths scales was
observed when Cu and Mo was deposited at higher sub-
strate temperatures. At 600°C, as shown in Figure 2(a),
the Cu-rich domains have expanded to approximately
200nm in both the lateral and horizontal dimension.
The spacing between the Cu-rich domains has also

increased. As shown in Supplementary Figure S3, the fre-
quency of observable, periodic FCC Mo particle domains
also increased. The most striking morphology change
was the lateral concentration modulations that com-
prised the matrix. The chemical separation of the Cu-
and Mo- rich domains was maintained at the higher
temperature as compared to the sample deposited at
400°C, but the two-fold increase in length scale in
the Cu-rich domains no longer support a coherent
BCC Mo, BCC Cu crystal structure. Instead, the Cu-
rich domains have crystallographically transformed into
their bulk FCC Cu phase as shown in 2(b). The inter-
face was observed as semi-coherent with the Kurdju-
mov-Sachs orientation relationship, Cu(111)//Mo(110)
and Cu< 110> //Mo <111 >. This is similar to Cu/Nb
multilayers although oriented 90 degrees in relation to
the substrate/film interface [5]. A plan-view image of this
sample is shown in Supplementary Figure S3.

At 700°C, further coarsening was observed as seen
in Figure 2(c). Interestingly, the periodicity of the FCC
Mo particles was no longer observed. Rather, larger
FCC Mo domains were found throughout the Cu-rich
islands as if the Mo domains observed at lower substrate
temperatures have coalesced as shown in Figure 2(d).
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Figure 2. HAADF-STEM image of a Cu—Mo film under the same conditions as in Figure 1, but deposited at 600°C. The sample exhibits
coarsening of all features and the phase separated matrix exists as BCC Mo and FCC Cu. Scale bar, 200 nm. (b) A highly magnified HAADF
image showing the Cu—Mo interface in the bicontinuous region. A K-S orientation relationship was present. Scale bar, 1nm. (c) At a
substrate temperature of 700°C further coarsening was observed and the larger Cu grains still contain FCC Mo particles, but each particle
ismuch larger and are no longer arranged periodically. One of these particles is magnified in high resolution in (d) with the corresponding
FCC[O11] FFT patternin the inset. Scale bar, 10 nm. For a Cu-Mo sample deposited at 800°C as shown in (e), the features are again coarser.
Only coarser BCC Mo particles were present in the Cu grains, one of which is shown in (f). Scale bar, 10 nm.

Even at the higher substrate temperature and larger size,
the crystal structure of the Mo domains are still in the
metastable FCC phase.

However, another crystallographic transformation
occurred for the Mo particles at 800°C as shown in
Figure 2(e) and (d). For substrate temperatures up to
700°C, the Mo particles varied in size but maintained
the metastable FCC crystal structure. There was a small
density of equilibrium BCC Mo at this temperature. It
was observed that only Mo particles above 8 nm were
in the BCC phase. At 800°C, most of the Mo agglom-
erates existed as larger particles, and have fully formed
into the bulk BCC Mo state. The density of FCC vs. BCC
Mo particle size and density are plotted in Figure S9.
To obtain the density we measured the thickness of the
TEM foil using EELS and then counted the number of
particles in a given image with certain X and Y dimen-
sions. We measured no BCC Mo in the Cu grains until
700°C. The density of BCC Mo was still very small com-
pared to the FCC Mo even at at this temperature. At
800°C, the density of stable BCC Mo particles increase
dramatically. The size of each Mo structural polymorph
trended linearly with increasing deposition temperature.
As aforementioned, the size of the BCC Mo particles were
no smaller than approximately 5 nm. This is much larger
than the approximately 1 nm FCC Mo particles. In future

experimentation, we will look to annealing the struc-
ture deposited at 400°C to further study the Mo particle
transition inside the large Cu grains.

3.3. High strength material without shear banding
after compression

The mechanical properties of this hierarchical structure
are of particular interest to us because they provide a
platform to study heterogeneous materials which have
domains that are expected to be softer (the Cu-rich
islands) and matrices that are expected to be exception-
ally strong (Cu/Mo nanocomposite).

The structure studied here is comprised of Cu and
Mo at two length scales: an interpenetrating 5nm BCC
Cu and 5nm BCC Mo matrix; and 200 nm FCC Cu-
rich domains containing FCC Mo nanoparticles that are
approximately 1 nm in size. The stress—strain response of
the hierarchical structure was investigated using nanopil-
lar compression tests. Figure 3 shows a true stress—strain
curve obtained by this technique. Appreciable strain
hardening can be observed until a maximum stress of
2.3GPa was obtained at 12% plastic strain. Directly
under the indent it was observed that the thickness of
both Cu and Mo LCM domains increased to 7 nm. Fur-
ther away from the indent tip, the LCM domains were
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True Stress (GPa)
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Figure 3. (a) True stress—true strain curves measured from nanopillar compression tests of the hierarchical structure (blue line and image
(c)) and a 3 nm Cu/Mo multilayer (red line and image (b)). (b) STEM image of a 3 nm Cu / 3 nm Mo multilayer nanopillar after the com-
pression test. (c) STEM image of a nanopillar made from the Cu/Mo hierarchical structure deposited at 400°C after a compression test. (d)
Magnified image of sample shown in (c) showing no plastic flow localization in the Cu/Mo LCM matrix. (a—c) Scale bar, 200 nm. (d) Scale

bar, 50 nm.

reduced to 1.5 nm in length. The shape of the laminates
was also altered to conform to the shape of the indent
tip. The enhanced plastic deformation of this structure
without shear banding is accounted for by the large Cu
domains. The plasticity begins in the lower strength Cu
domains, but the distributed Mo particles in these Cu
grains increase the strength of the composite as a result of
precipitate hardening. As can be seen in the in-situ TEM
compression tests presented in Figure 3, while the Cu
domains are strain hardening, the bicontinuous Cu/Mo
region begins to plastically deform. As elucidated in [27],
the absence of shear banding is a result of the Cu grains
diverting once a shear band encounters the Cu domains.
In the bicontinuous region, the tortuousness of the inter-
faces make the glide of a dislocation difficult and thus
limiting flow localization. Further high resolution in-
situ TEM testing is required to confirm what happens
to the Mo particles during deformation. An image of

the micropillar before in situ compression is presented in
Figure S14.

In contrast, the red curve in Figure 3a shows data
measured from a Cu/Mo multilayer with an individual
layer thickness of 3nm. A strain burst and stress drop
were observed immediately after yielding. The lack of
plasticity in the multilayer can be ascribed to localized
shearing. A STEM image of the multilayered pillar after
compression can be found in Figure 3(b), where the top
corner of the pillar completely sheared along the dotted
line. Figure 3(c) shows the nanopillar of the hierarchical
structure after compression. The pillar remained intact
with the deformation distributed throughout the thick-
ness of the whole sample. A significant amount of strain
came from the deformation of Cu rich islands, which
is evidenced by the extrusions circled in Figure 3(c).
Because of the Cu island has access to the free surface
of the nanopillar, the 2.3 GPa stress is an underestimate



of the strength of the bulk material. With Cu rich islands
fully constrained by the fine scale matrix, the stress level
that can be sustained is expected to be higher. How-
ever 2.3 GPa is already comparatively high, close to the
2.8 GPa maximum flow stress measured in the 3nm
multilayer, which is the highest stress value reported
from a Cu/Mo based metallic material [27,28]. Grad-
ual strain softening was observed in the hierarchical
nanopillar after the peak stress. The stress remained
above 2 GPa up to 20% plastic strain and no catastrophic
failure was observed when the test stopped at 22% plas-
tic strain. Figure 3(d) shows a magnified image of the
region in the rectangle in Figure 3(c), where the matrix
underwent highest amount of deformation. Shear band
like those observed in Cu-refractory metal multilayers
were not evident in the region [27,29,30]. Our hier-
archical Cu/Mo structures thus provides high strength
and sustainable plasticity with suppressed shear band
formation.

It has been reported in previous works [20] that
shear deformation will cause a structural transforma-
tion in BCC Mo. Mo will transform into FCC under
significant pressure (=~ 8 GPa) even at room tempera-
ture. In this work, structural transformations from BCC
Mo to FCC Mo as a result of our nanopillar com-
pression tests were not observed post-mortem. While
further study is needed to confirm this by completing
in-situ compression tests, the required shear stress was
not applied during the nanomechanical testing in this
work. Further experimentation will be conducted to con-
firm any potential phase transformations in FCC Mo
particles.

It has been reported in previous works (Wang, 2014)
that shear deformation will cause a structural transfor-
mation in BCC Mo. Mo will transform into FCC under
significant pressure (8 GPa) even at room temperature. In
this work, structural transformations from BCC Mo to
FCC Mo as a result of our nanopillar compression tests

w
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were not observed post-mortem. While further study is
needed to confirm this by completing in-situ compres-
sion tests, the required shear stress was not applied during
the nanomechanical testing in this work.

Local stresses and strains where the localized defor-
mation was observed were not determined in this work.
This will need to be studied using crystal elastic-plastic
and FEM models in future work. Additionally, micropil-
lar compression tests on larger samples (not just in situ
TEM) as well as tensile and bend tests will be reported in
future reports.

3.4. DFT calculations of Cu—-Mo phase stability

We used the cluster expansion (CE) formalism [17,31,32]
to parameterize the energetics of FCC- and BCC-based
lattice alloys between Cu and Mo (as well as other Cu-
refractory element pairs, as reported in supplementary
information). Formally, a CE is defined by assigning
occupation variables (with integer values), o}, to each site
I of a lattice that has configurational degrees of freedom,
i.e. where more than one species can occupy a lattice
site. Using this framework, we proceeded to explore the
ground state of the FCC and BCC Cu-Mo systems by
systematically enumerating different occupancy config-
urations within an underlying FCC/BCC motif. Figure 4
shows the results of these investigations.

Figure 4 is notable in many respects. First of all, our
investigation of the ground state in the case of the FCC
Cu-Mo system suggests, contrary to expectations based
on the observed bulk phase diagram in the Cu-Mo sys-
tem, that Cu and Mo are actually miscible when the
system is restricted to exist in the FCC state through-
out the entire composition range. More specifically, the
calculations show that the system undergoes a transi-
tion from endothermic to exothermic mixing as the
system becomes richer in Mo. The calculations even
suggest a high exothermic state at compositions close

250
< 200 ( )
3 N
£ *
P .
& - -
= .
o 100 . ~
= . o8
g 2 . ee
g 50 * ®
] R * S
.
0 - - random energy s6——4
@ structure energies - 3
ground state
0.0 0.2 0.4 0.6 0.8 1.0

X

Figure 4. (a) Plots of the energy per spin in meV versus the mole fraction of Mo (x) in a Cu-Mo FCC system in the ground state.The
calculations suggested a high exothermic state at compositions close to x = 5/6 = 0.83. (b) shows the same calculations for a Cu-Mo

BCC system where immiscibility is preferred.
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Figure 5. Schematic of phase stability competition between the
FCC and BCC states in the Cu-Mo system.

to x = 5/6 = 0.83333. At this composition, the system
undergoes a LRO transformation and the ordered com-
pound has an energy of formation relative to pure Cu
and Mo in the FCC state of —200 meV/spin or close to
—20 kJ/mol-atom. In the case of the BCC Cu-Mo system,
on the other hand, the calculated energies of formation
for configurations across the entire composition range
suggest instead a tendency towards immiscibility, with
a maximum energy of mixing of approximately +150
meV/spin or 415 kj/mol-atom. Notably, in this case there
are configurations that exhibit ideal mixing (and to some
degree exothermic tendencies) at compositions close to
x = 5/6 = 0.83333.

These results are remarkable in that in neither case any
type of constraint was imposed on the system, other than
preserving the underlying FCC/BCC lattice. Each con-
figuration, as stated above, was allowed to relax towards
a (local) equilibrium, so the stabilization of a highly
exothermic configuration in FCC Cu-Mo at x = 0.83333
cannot be ascribed to coherency constraints of any kind.
Liu and Zunger [33,34] have shown how such constraints
can lead to ordering in systems intrinsically immiscible
in the bulk but in this specific case. Thus, contrary to
what one might infer from the bulk phase diagram, Cu
and Mo are at least partially miscible in the FCC state.
The question then arises as to the reason for the observed
immiscibility in the phase diagram. While a full phase
stability analysis is beyond the scope of this work, the
most likely explanation is the fact that the BCC-Mo state
is very stable and the most stable tie-line between the
Cu- and Mo-rich phases in this system are shared by a
Cu-FCC and a Mo-BCC state, as shown schematically in
Figure 5.

To rule out any systematic issue with the calculated
energetics for this system, we proceeded to investigate the
alloying behavior in other Cu-refractory metal (RM) sys-
tems ( Cu-Nb, Cu-Ta, and Cu-W) in the FCC state. As
can be seen in Supplementary Figure S4, in all of these

systems, similar asymmetric trends in which the system
goes from immiscible to miscible as the amount of RM
increases can be observed. Any systematic error in the
DFT calculations or the CE-based search are thus ruled
out. Interestingly, these results are somewhat corrobo-
rated by recent investigations in the Cu-V multi-layered
system [35]. In this system, Guo and coworkers inves-
tigated the evolution of growth stresses and interfacial
structure in Cu-V multi-layered thin films and found
that when the individual layers had thicknesses less than
0.5nm considerable intermixing was present. In their
films, due to the considerably higher stiffness of V relative
to Cu the BCC Cu state was stabilized. The explana-
tion for the observed intermixing in the Cu-V case was
ascribed to a surface exchange mechanism that resulted
from the system attempting to minimize the interfacial
energy between individual Cuand V layers. These results,
however, suggest that an intrinsic thermodynamic ten-
dency towards mixing may be prevalent in these
systems.

For completeness, and to gain a better sense of the sig-
nificance of the results presented above, we proceeded to
calculate the ground state for the Cu-Ni FCC system, as
shown in Supplementary Figure S5, using the same CE-
based framework as before. In this case, it is shown that
the system exhibits a small degree of immiscibility (of less
than 2.5 kJ/mol-atom) although there are a large num-
ber of configurations lying on the Cu-Ni ground state.
Cu-Ni form a prototypical isomorphous phase diagram
at finite temperatures but the fact that it exhibits some
degree towards phase separation is a consequence of the
Third Law as at low temperatures, when entropic con-
tributions are vanishingly small, systems either order or
phase separate.

4. Discussion

We have demonstrated that nominally immiscible
Cu-Mo mixtures are able to self-organize into surprisingly
rich, hierarchical structures. Our DFT calculations show
that there are thermodynamic factors favoring such self-
organization. However, understanding why these struc-
tures only form within a specific window of deposition
rates and temperatures calls for an analysis of the kinet-
ics of their formation. Phase separation during thin film
growth has been shown to occur only on the exposed
free surface because the surface interdiffusion rates, tem-
peratures, and deposition times are too small to allow
for significant diffusion in the bulk in many systems,
including Al-Ge and Cu-Mo [7,13]. This situation has
been named the “frozen bulk approximation” by Adams
et al [9]. In it, the morphology of the film below the sur-
face is a record of the history of the surface composition



profile in systems that phase separate during deposi-
tion. This means that depth into the film is equiva-
lent to time [9]. Since thin film organization is strictly
confined to the growing surface, any net vacancy flux
required by Darken’s analysis may be accommodated
by changes in surface topography [36]. This is consis-
tent with our observation of mounds that developed on
the surfaces of the hierarchical structures as shown in
Figure S8.

Previously, the frozen bulk approximately has only
been used to analyze homogeneously distributed concen-
tration modulations with a single bilayer wavelength. To
adapt this assumption to the morphology observed in
our work, we combine it with a modified Volmer-Weber
growth mechanism that results in large Cu domains dis-
tributed throughout the film. The inhomogeneity in crys-
tal structure, chemical composition, and morphology in
the Cu-Mo hierarchical films studied here is a result of
large differences in surface diffusion rates of the con-
stituents combined with a low deposition rate. The slug-
gish diffusion of Mo atoms or clusters moving on the
surface of the film is an order of magnitude smaller than
the measured surface mobility of Cu [15,16]. The frozen
bulk approximation restricts atoms to only diffusing on
the growing surface and the dissimilarity in surface dif-
fusion rates leads to the Cu-rich and Mo-rich domains
found on multiple length scales that were observed in this
structure. A cartoon schematic in Figure S6 shows the
growth progression.

In Figure S6, the first layer to arrive on the surface
of the substrate is composed of an approximately equal
phase fraction of Cu and Mo constituents. Phase decom-
position begins as atoms begin to to wet the surface
and like-atoms attempt to aggregate in like-domains as
described by Wang and colleagues [5]. Before the next
layer of material arrives on the surface, the faster Cu
species diffuse on the surface and agglomerate much
more readily than Mo and form Cu-rich domains.

At the next time step in Figure S6, the subsequent few
layers of material have arrived to form a complete mono-
layer of material. The Cu domains have enlarged while
the Mo-rich domains have also grown in size but at a
slower rate and are left in-between the Cu domains. Cu
atoms that have not yet reached the large Cu-domains
are buried in between the Mo domains beginning the
template for the lateral concentration modulated matrix.
This first complete layer of material forms a template or
seed for subsequent depositing atoms. During the rest of
the deposition, the Cu and Mo atoms simply follow this
template formed at the start of the films and develop a
hierarchical structure.

A calculation of the surface diffusion length for Cuand
Mo species is plotted in Figure S7. We simply used the
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diffusion length equation, Equation (1)
VDt = d, (1)

where D is the surface diffusivity of Cu, t is the average
time to deposit a monolayer, and d is the approximate
spacing between the large Cu islands, to compute the
surface diffusion length and compare this to the approxi-
mate spacing of the Cu ‘islands.” In the associated plot, at
each of the deposition temperatures exposed to the con-
stituents during sputtering—473, 673, and 873 K—the Cu
atoms are allowed to diffusion to greater distances than
the average spacing between large Cu domains. This is
unlike Mo, where at each of the deposition temperatures,
the Mo species cannot diffuse long enough to agglomer-
ate as the Cu atoms do.

Previous work on the Cu-Mo system done at much
higher deposition rates (0.7 nm/s) for each constituent
does not exhibit hierarchical morphologies containing
large Cu domains [11]. In this case, the higher deposition
rates means that the growing surface is buried and frozen
in place much faster. As such, there is not enough time
for Cu atoms to agglomerate before being buried by the
subsequent layer and the difference in mobility between
the constituents is negligible, forming homogeneously
distributed Cu/Mo concentration modulations.

The modified Volmer-Weber growth process pro-
posed here does not explain several aspects of the the
hierarchical structure we observed, calling for further
investigation. Examples include the pseudomorphic Mo
precipitate lattice contained within the Cu domains, the
observation that the large Cu domains eventually stop
growing (i.e. do not form columns), and that lateral
domains of Cu/Mo eventually form atop the Cu domains.
The topics will be addressed in future studies.

In summary, we have synthesized a novel, pseudomor-
phic Cu-Mo hierarchical thin film with differing struc-
ture on multiple length scales. Cu and Mo constituents
are chemically separated in the structure, but exist in
metastable crystal structures at different locations within
the film. These metastable states rationalized via DFT cal-
culations. At low temperatures, the matrix is comprised
of coherent BCC Cu-Mo lateral concentration modu-
lations and large Cu-rich domains with ordered FCC
Mo particles are scattered throughout the film. At higher
temperatures, the structure on all length scales coarsens
and the metastable Cu and Mo domains relax towards
their bulk crystal structures. This structure proved to be
both strong and plastically deformable in compression.
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