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ARTICLE INFO ABSTRACT
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Nano-structured copper thin films present numerous applications for miniaturization of electronic devices. Their
long term stability is key for reliable functionality. This work explores the thermal stability and solid state
dewetting of a Cu-Co solid solution thin film and compares it to pure Cu. As according to the phase diagram Co is
practically immiscible in Cu at room temperature, a metastable solid solution of Cu-15 at. % Co was deposited as
thin film on a sapphire wafer. The microstructural evolution of the Co super-saturated film at temperatures
ranging from 673 to 1073 K was evaluated using X-ray diffraction and high resolution microscopy techniques
such as scanning electron and transmission electron microscopy. Interestingly, there is a competition between
grain growth and phase separation. Co precipitates at grain boundaries acting as pinning sites preventing rapid
grain growth during heat treatment at intermediate annealing temperature. However, grain growth occurs very
quickly at higher temperatures, once the elemental phases of Cu and Co are formed. The competition between

grain growth and phase separation and their consequence for dewetting are discussed.

1. Introduction

The importance of thin films in different technologies, from micro-
electronics with conductors and interconnects [1-6] to sensors [7] and
magnetic recording media [8], has increased by daily emerging in-
novations in nanotechnology. By decreasing the size of devices, the
thermal and mechanical stability of their components becomes more
important.

The size-affected stability of thin films is a subject which has previ-
ously been widely studied [9-12]. For instance, there are studies about
microstructural evolution and the dewetting of single element FCC
metals [13,14], showing that 100 nm Ni films on sapphire are still intact
after 1 h of annealing at ~ 50 % T, (melting temperature) in an at-
mosphere of Ar and Hy mixture. However, the grain size reached 2-5
times the film thickness after this time and further annealing at 873 K for
another hour led to groove formation at the surface of the film [13]. In
another study, the formation of holes was observed in a 100 nm thick
polycrystalline Cu film at ~ 30 % T, after three consecutive heat
treatments with 10 min duration each [14]. What is commonly

* Corresponding authors.

explained in all of these studies is that the solid state dewetting usually
starts with grain growth followed by grain boundary grooving and hole
formation at triple junctions [15], and finally leads to the formation of
isolated particles. Moreover, the annealing atmosphere [16], tempera-
ture [16,17] and duration [17], as well as film thickness [13], can affect
the dewetting behavior of the film in terms of morphological evolution
and hole formation. However, very few studies have analyzed the effect
of alloying on dewetting. Minamide et al. [18] found that the onset of
dewetting in Ag films is delayed by adding Cu and Nb in different per-
centages. Each of these elements affected the dewetting behavior in a
different way. Cu changed the Ag film texture and grain orientation
evolution, while Nb oxides surrounded Ag grains and made the diffusion
of Ag more sluggish [18]. Miiller and Spolenak [19] have observed that
the stability of Au films increased by adding less than 10 at. % Pt to the
film. While there have been several studies on the alloying effect on
dewetting of highly conductive elements such as Ag and Au, the exact
mechanisms are not yet fully defined. One approach to address these
mechanisms more precisely is to resolve the dewetting process of similar
super-saturated alloy systems (CoCu in this study) with higher
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resolution. Moreover, investigating the thermal stability of more abun-
dant yet highly conductive elements such as Cu can be useful for future
applications. Therefore, in this study we explored the effect of alloying
on solid-state dewetting of Cu films. We chose Co as the alloying element
to avoid multiple phase transformations during heat treatments (see
CoCu phase diagram in Ref. [20]). Thin films of Cu alloyed with mag-
netic elements such as Co have been the main focus of many studies. For
example, Childress and Chien [21] studied the magnetic behavior of
CoCu alloy films over a range of compositions. In addition, Mebed and
Howe [22], as well as Hiitten and Thomas [23] investigated the spinodal
decomposition of CoCu thin films with different compositions and its
correlation with giant magnetoresistance (GMR). In another study [24].
Mebed investigated the microstructural evolution and pointed to the
dewetting of partially amorphous CoCu films during thermal annealing.
However, the correlation between the decomposition process of a solid
solution CoCu film and the solid state dewetting process has still
remained unresolved. As these two phenomena, decomposition and
dewetting, both occur as a result of temperature, a more in-depth study
is needed to understand the sequence of the different mechanisms at
play and their mutual effects.

Choosing Co in this study also provides a common ground, in terms
of phase transformation, to discover stability of other compositions of
CoCu films. On the other hand, we intended to keep the electrical con-
ductivity of Cu unchanged during the annealing processes. So, we chose
CoCu films with ~ 15 at. % Co to stay within the solid miscibility gap of
the phase diagram [20], and applied high resolution techniques such as
transmission electron microscopy (TEM) in parallel with scanning
electron microscopy (SEM) and X-ray diffraction (XRD) in order to
resolve how the introduction of a low amount of ~ 15 at. % Co into the
Cu matrix affects morphological/ microstructural evolution and solid-
state dewetting of Cu films. To complement previous studies on the
CoCu system, we analyzed the onset temperatures of decomposition as
well as the dewetting process. Moreover, we reveal how the phase
separation leads to delay in dewetting of super-saturated CoCu films
compared to pure Cu film resolving and understanding the competition
phenomena between grain growth and precipitation.

2. Experimental procedures

CoCu films with elemental ratio of about 85/15 at. % were deposited
on sapphire wafers by the physical vapor deposition (PVD) technique
using a magnetron sputtering system (Bestec GmbH, Germany). For this
purpose, standard 2-inch sapphire substrates, 0.33 + 0.025 mm in
thickness, epi-polished on one side (purchased from CrysTec Kris-
talltechnologie, Berlin, Germany) were used. These wafers have a
maximum miscut of less than 0.1° from the < 0001 > direction normal
to the surface. The polished surface of the substrates was cleaned with a
stream of nitrogen gas, and after this preparation, Co and Cu were co-
sputtered to produce alloy films with the desired chemical composi-
tion. The purity of the metallic materials used for depositions was 99.95
and 99.999 % for the Co (EVOCHEM Advanced Material GmbH,
Offenbach, Germany) and Cu (Kurt J. Lesker Company, England and
Wales) targets, respectively. Depositions were carried out at room
temperature using a background pressure of ~ 10°® Pa. The powers on
the cathodes and the durations of deposition were chosen to reach Co-Cu
films of about ~ 100 nm in thickness.

As-sputtered samples were cut into smaller pieces after deposition
using a diamond tip (on the deposited side) to evaluate the effect of
temperature on the solid-state dewetting process. These samples were
annealed at different temperatures of 673, 773, 873, 973 and 1073 K for
4 h in a furnace equipped with an alumina tube. As the oxidation of the
samples during heat treatment could greatly affect both, the surface
diffusion and dewetting behavior, they were processed under a gas
mixture of 91 vol% Argon (Ar) and 9 vol% Hj. After introducing the
sample into the furnace, a continuous flow of Ar and H; of of 9.1 and 0.9
cc/min, respectively, was held for 1 h for purging the system of air. After
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the end of this cycle, the gas valves of the furnace were closed and the
system was heated to the desired final temperature at a heating rate of
20 K/min. Furthermore, three larger samples (compatible with XRD
measurements) were encapsulated in a quartz tube filled with similar
composition of Ar and Hy. These samples were then annealed at 673,
873 and 1073 K and then quenched in air to room temperature.

The microstructure of an as-deposited as well as of the heat-treated
samples was analyzed using a Rigaku SmartLab X-ray Diffractometer
(XRD), and a Zeiss Sigma 500 Scanning Electron Microscope (SEM), a
FEI Titan probe corrected (PC) Transmission Electron Microscope (TEM)
equipped with bright field (BF), annular dark field (ADF) and high angle
annular dark field (HAADF) detectors and a Jeol JEM-2100 TEM, all of
them equipped with an energy dispersive X-ray spectrometer (EDS). The
surface of the samples was coated with a thin layer of carbon (~2 nm)
before introduction into the SEM to prevent charging. SEM images were
used to analyze both, the surface morphology on an area of 23 x 17 ym
and the thickness of the film cross sections at three different locations.
Thickness measurements showed an average value of 98.1 + 2.0 nm.
This value is representative for the typical thickness of materials in
nanotechnology applications. On the other hand, compositional homo-
geneity in both as-deposited and annealed samples was verified from
EDS spectra recorded at 15 keV maintaining similar acquisition pa-
rameters (count rate, current, acquisition time and pixel size).

The phases present in the samples and their crystallographic texture
were determined from the XRD measurement performed using a
diffractometer equipped with a copper rotating anode (A K,; = 0.15406
nm), a Goebel mirror for parallel-beam geometry and an energy
dispersive 2D detector. As films were sitting on a substrate, conventional
6-20 scans were recorded in reflection mode over a 26 range of 10-100°
with a step size of 0.01° and scan speed of 2°/min over an area of 500 x
500 pmz. The collected patterns were analyzed using the version 4.2 of
Rietveld analysis program DIFFRACplus TOPAS (Bruker AXS GmbH,
Karlsruhe, Germany) [25] and a structural model containing the crys-
tallographic information of Cu and Co. These refinements included
explicitly the lattice parameters of these two phases.

TEM images and corresponding EDS-maps with elemental distribu-
tion of Cu and Co were taken from the cross-sections of the as-deposited
and annealed films. For these measurements, lamellas of about 100 nm
thickness were prepared using a FEI-Scios2 focused-ion beam (FIB).
First, ~8 nm carbon layer was added on the layer previously deposited
for SEM-EDS measurements to avoid charging the surface and beam
drift. Through all milling and thinning processes, a 30 kV Ga* beam was
used. Prior to milling, a 500 nm Pt layer was deposited on the surface
with the ion beam of 50 pA to protect the surface. This Pt layer was
further increased to ~ 3 pm using 300 pA current. After the milling
process, the ~ 1.5 um thick lamella was transferred to the grid and
thinned down to ~ 1 ym with an ion beam current of 1nA using the CCS
(cleaning cross section) pattern. Further thinning to 500 and 200 nm
was carried out using 300 and 100 pA currents, respectively. Last
thinning step to 100 nm was done with 10 pA and finalized with a short
thinning by 5 kV/ 7.7 pA ion beam.

The cross-sectional TEM images and their corresponding EDS
elemental maps were acquired in a probe corrected Titan for the as-
deposited film and heat-treated samples at 673 and 873 K, using 300
keV beam. Similar measurements for the film annealed at 1073 K were
carried out in a Jeol JEM-2100 using a 200 keV beam.

The grain size characterization in the as-deposited and annealed
films was carried out using cross-sectional TEM images. The length of
the horizontal line passing through the center of 10 grains was measured
for each TEM sample and the obtained average value was taken as
representative of the whole sample.

3. Results and interpretation

High magnification SEM secondary electron (SE) images recorded
from the as-deposited film show a nano-scale rough surface
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characterized by cells of about 20 nm in size, as displayed in Fig. 1a. The
TEM cross-section image of Fig. 1b reveals that this cellular-like struc-
ture can be related with a microstructure consisting of nano-sized grains.
This microstructure is characteristic of thin films deposited at temper-
ature well lower than the melting point of the target materials, since
under these conditions the thermally activated mobility processes are
quite limited. Fig. 1a and b show also the absence of defects such as
cracks or holes which may be key features for initiating dewetting. On
the other hand, the TEM-EDS maps of the cross sections of the deposited
film presented in Fig. 1c and d show a homogeneous solid solution phase
and the absence of an oxide layer on the surface, respectively.

The average Co concentration of the films in as-deposited state and
its evolution with the annealing temperature is shown in Fig. 2. Since the
content of this element remains constant within the error bars of film
composition in the as-deposited state at 14.8 + 3.9 at. % Co, it was
concluded that there is no loss of Co or Cu during the thermal treat-
ments. Therefore, the changes in the surface morphology and micro-
structure of the films that could be observed in the annealed samples are
not related to a compositional change of the film.

SE-SEM images of the film surface and the corresponding elemental
concentration maps of Cu and Co are displayed in Fig. 3 for as-deposited
film and after heat treatment at temperatures ranging from 673 to 1073
K. It is observed that the defect-free continuous smooth film surface of
the as-deposited sample (Fig. 3a) progressively breaks up into individual
particles (Fig. 3k) as the annealing temperature is increased. No
ordering is observed in this discontinuous particle network. This change
of the surface morphology of the film is accompanied by variations in
the distribution of Co and Cu starting from 873 K, as can be observed in
the SEM-EDS elemental mapping shown in Fig. 3h. In this figure, regions
appearing red in the micrograph represent the Cu phase, regions
appearing blue correspond to the Co phase. The conclusion here is that
the homogeneous solid solution of as-deposited film is metastable and
first decomposes into two phases during the annealing treatment. It has
been reported that a spinodal decomposition process of Cu-Co super-
saturated solid solutions occurs after annealing in this temperature
range [26]. Although some morphological variations on the surface of
the films are easily detected in the SEM micrographs of the samples
annealed for 4 h at 673 and 773 K (Fig. 3c and e), changes on the
elemental distribution of both Co and Cu cannot be resolved in the SEM-
EDS elemental mapping of Fig. 3d and f. Co rich regions can be clearly
observed by SEM-EDS elemental mapping in samples annealed at tem-
peratures above 873 K due to coarsening by Ostwald ripening [37] after
spinodal decomposition. This process will be further discussed in details.

Cu and Co agglomerates sparsely distributed on the sapphire sub-
strates begin to be detected in the SE-SEM images recorded at low
magnifications for annealing temperatures higher than 973 K (see
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Fig. 2. Average composition determined from SEM-EDS spectra of the films in
the as-deposited (pink shaded region) and post-annealed states (red squares).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

supplementary material Fig. S1). Finally, isolated and dewetted particles
of almost spherical shape with sizes ranging from hundreds of nano-
meters to several microns can be observed in Fig. 3k on the sapphire
substrate in the samples annealed for 4 h at 1073 K. Since the solubility
of Co in Cu is less than ~ 2 at. % at 1073 K [20], SEM-EDS maps (Fig. 31)
show that Co is practically absent from the coarser particles, but is
gathered in the shape of isolated particles of about 100 nm in contact
with the Cu particles.

XRD patterns recoded in the 20 range between 10° to 100° on the
sample in the as-deposited state and after annealing at 673, 873 and
1073 K are shown in Fig. 4. The evolution of the most intense peaks with
increasing the annealing temperature can be clearly followed in Fig. 4b
and ¢, which corresponds to zoomed regions of these Bragg reflections. It
can be observed in Fig. 4b that only the diffraction peaks of a unique FCC
phase are present for the as-deposited film, which agrees with the good
mixing of Co and Cu atoms observed in SEM-EDS and TEM-EDS
elemental mapping. With the configuration used for XRD measure-
ments, only the lattice planes lying parallel to the film surface contribute
to the recorded patterns. The fact that only {111} and {222} reflections
are strong while the others are absent or have a very weak intensity in
the diffraction patterns reveals that the film in all conditions (as-
deposited and annealed at 673, 873 and 1073 K) has a strong {111}

Fig. 1. a) SE-SEM plane view of the as-deposited film, b) ADF cross section image of the as-deposited film, c) elemental distribution at the cross-section of the film
obtained from the TEM-EDS of ¢) Co and Cu and d) O. The gradient in the signal density of Co and Cu in (c) and O (from sapphire) in (d) is due to the gradient of the

lamella thickness.
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Fig. 3. SE-SEM plane view images (all at the same magnification) of the films in the as-deposited and post-annealed states and their corresponding SEM-EDS maps.
Color code: red is Cu and blue is Co. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

crystallographic texture. Additionally, {111} pole figure measurements
indicate that the film, even in as-deposited state, has a preferred
orientation relationship (OR) with the sapphire substrate (CoCu film
(111)[110]|| Al,0O3 (0001)[1010], see supplementary material Fig. S2),
although many fine grains are visible in the TEM cross-section of the film
(Fig. 1b).

The positions of {111} and {222} peaks are closer to the vertical
solid line corresponding to the position of pure Cu peaks than to the

position of pure Co, as expected from Vegard’s law for a binary Cu-Co
solid solution with low alloying concentrations of Co. Thus, the lattice
parameter determined using the Rietveld refinement (Fig. 4d) is about
~ 0.36 % lower than that of pure Cu when ~ 15 at. % Co is in solid
solution.

Fig. 4b and c show broadening of Cu diffraction peaks in the sample
annealed at 673 K for 4 h that were found to be asymmetric in nature.
Peak profile analysis by Rietveld refinement showed that line
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Fig. 4. a) XRD patterns of the film in the as-deposited state and after annealing at 673, 873 and 1073 K for 4 h including sapphire substrate peaks marked by
rectangles; detailed evolution of b) {111} and c) {222} Cu (FCC) and Co (FCC) phase reflections and d) lattice parameter of each phase determined using the

Rietveld refinement.

broadening cannot be associated to micro-strain and/or crystallite size
contributions. In this case, composition fluctuation around the as-
deposited composition would cause splitting of the diffraction peaks,
which will be masked by the lines’ broadening. Thus, significantly
anisotropic peaks of a unique FCC phase will be observed in the
diffraction pattern. It was concluded that significant compositional
heterogeneity due to some phase separation must occur during anneal-
ing at 673 K, which was related with the spinodal decomposition process
of the Cu-Co super-saturated solid solutions reported previously. Despite
these observations justifying Co separation from Cu, the Cu lattice
parameter determined using the Rietveld refinement (Fig. 4d) is about
~ 0.20 % lower than the lattice parameter in the as-deposited state. This
point will be discussed later.

After annealing at 873 K the XRD patterns shown in Fig. 4b and c
exhibited a minor Co phase fraction besides the Cu phase reflections.
Only the {111} and {222} Co peaks appeared in the diffraction pat-
terns. Furthermore, the position of the Cu reflections was shifted to
lower angles, which implies an increase in the lattice parameter of this
phase (by ~ 0.17 %) as shown in Fig. 4d. These observations agree with
SEM-EDS observations of Fig. 3h showing that when the sample is
annealed at higher temperatures (873 K), phase separation accelerates.

The evolution of the lattice parameter of the two phases with
increasing annealing temperature observed in Fig. 4d show that the Cu
phase still contains some Co solutes after annealing at 873 K since its
lattice parameter is smaller than that of pure Cu (3.615 nm) [27].
However, the Co-rich phase formed from the metastable Cu-Co solid
solution do not contain a detectable amount of Cu and the lattice pa-
rameters shown in Fig. 4d is similar to the pure Co FCC (3.548 nm) [27].

Finally, at 1073 K the phase separation is complete as the 20 position
of the {111} and {222} peaks of both FCC Cu and FCC Co phases i.e.
their lattice parameters match with those of pure FCC Cu and FCC Co
(Fig. 4b, c and d). Another conclusion from this observation is that the

system has reached a thermally stable state and peak broadening anal-
ysis of the diffraction peaks shows no contribution associated with either
micro-strain and or crystallite size.

TEM cross-sectional ADF images of the films annealed at 673, 873
and 1073 K along with their corresponding TEM-EDS composition maps
are shown in Figs. 5, 6 and 7. The microstructure of nano-sized grains
shown in Fig. 1b for the as-deposited films coarsens during annealing at
673 K causing a decrease of the height to diameter ratio, as observed in
Fig. 5a. On the other hand, TEM-EDS mapping presented in Fig. 5b
shows phase separation due to spinodal decomposition during annealing
that gives rise to Co-rich precipitates at the grain boundaries as well as
inside the grains. The lack of diffraction peaks of this phase in the XRD
pattern of Fig. 4b and c¢ can be due to the small size of the crystallite
resulting from a very limited growth rate at this annealing temperature.
Since the crystallite size observed in Fig. 5b is about several tens of
nanometers, severe peak broadening will produce a peak height lower
than the limit of detection. Finally, the elemental distribution map of
oxygen in Fig. 5c displays the presence of some oxides at the surface of
the film formed during annealing.

Fig. 6 shows that the size of Co clusters has increased by an order of
magnitude for the sample annealed at 873 K due to coarsening by Ost-
wald ripening [37] after spinodal decomposition. This figure also shows
copper rich grains with hillock shape, which was also observed previ-
ously in the plane-view SEM images of Fig. 3g.

Finally, in Fig. 7, the formation of dewetted and isolated particles
consisting of (almost) pure Cu and Co after annealing at 1073 K is
observed (as it was also observed in SEM-EDS maps in Fig. 31). This
figure shows two connected Cu-rich and Co-rich particles, both with
faceted morphology which include recrystallized twins inside (shown by
white arrows in Fig. 7a). In addition, very small Co-rich regions confined
to the initial film thickness are observed in the corresponding TEM-EDS
map (shown by arrows in Fig. 7b). Similar small Co-rich particles,
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Pt layer

Fig. 5. TEM microstructural analysis of a film annealed at 673 K for 4 h: a) ADF cross section image and corresponding elemental distribution obtained from EDS
spectrum of b) Co and Cu and ¢) O, which was related with the formation of oxides at the surface.

a) Pt layer

Fig. 6. TEM microstructural analysis of a film annealed at 873 K for 4 h: a) ADF
cross section image including black arrow to highlight Cu-rich hillock and b)
corresponding elemental distribution of Co and Cu obtained from
EDS spectrum.

however isolated, are also observed in the SEM-EDS of this experiment
(Fig. 3D).

Grain size evolution determined from TEM cross-sectional images as
a function of the annealing temperature is plotted in Fig. 8. This figure

shows that the average columnar grain size has increased from 25 nm for
as-deposited film to over 75 and 125 nm for the films annealed at 673
and 873 K, respectively.

4. Discussion

In this section, we address three mechanisms which have mainly
affected the microstructural evolution of our CoCu solid-solution film
observed in the previous section.

1. Grain growth and groove formation

As Mullins [28] had pointed out, grooving is one of the mechanisms
which prevents grain growth in thin films. Grooves form at energetically
favorable locations such as dislocations, high energy grain boundaries
and triple junctions. These grooves transform into holes and cause film
rupture by deepening with time and expanding across the entire film
thickness. When we formulate the groove depth in terms of the film
thickness and grain size [9,15], a critical value for the grain size, R,, is
obtained:

3sin’6

R=—""7 4
2 — 3cosf + cos*0

with 0 = sin"" (y4/2y,) 1)
7 and y, are the grain boundary and film surface energy, respectively, 6
is the equilibrium angle at which the film surface intersects the grain
boundary and t is the film thickness. If during the annealing process and
growth of the grains, the size of the grains reaches this value, grooving is
expected to happen in the film. These grooves stop grain growth and the
grain size stagnates at R.. If the grain size stagnates below R, before the
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Fig. 7. TEM cross section from an isolated particle in a sample annealed at 1073 K for 4 h: a) bright field (BF) image where the white arrows indicate a twin boundary
and b) corresponding elemental distribution of Co and Cu obtained from TEM-EDS. The white arrows indicate small Co-rich regions.
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Fig. 8. Evolution of grain size as a function of the annealing temperature. The
error bars included in the figure correspond to the standard deviation calcu-
lated from 10 measurements.

end of the annealing process (when there is a force against grain growth
such as Zener drag), then it is not expected that the film dewets through
groove deepening [9]. Using the surface and grain boundary energy of
pure Cu at 773 K (1361 & 668 mJ/m?, respectively) [17] we calculated
R., considering that the alloy consists mainly of Cu (~85 at. %). These
calculations show that R, is almost 14 times the film thickness, which is
~ 1400 nm for our film. However, when the films were annealed at 673
K and 873 K, it is observed that the average grain size is much smaller
(below 150 nm) than R, (Fig. 8).

It has been reported that, in isothermal experiments, grain growth
and texture evolution occur mostly at the beginning of the annealing and
longer annealing time does not dramatically affect the grain size
anymore [29]. This observation means that the grain size that has been
reached in our system was already stagnating before the end of the ~ 4 h
annealing duration. This suggests that some dragging force hinders
further grain growth. According to Refs. [30,31] precipitates forming at
grain boundaries can hinder grain growth by exerting the so called
“Zener drag” on grain boundary motion. TEM-EDS cross-section of the
film at 673 K (Fig. 5b) actually shows the formation of Co precipitates at
grain boundaries and interfaces. These precipitates have formed as a
result of annealing and alloy demixing since it is shown by XRD (Fig. 4b,
¢) and cross sectional TEM-EDS (Fig. 1c¢) that the as-deposited film had a
homogeneous solid solution structure.

2. Phase separation

Considering the relatively small mixing enthalpy of Co and Cu, of the

order of 20 kJ/mole [32], phase separation occurred at the beginning of
the isothermal annealing experiments, resulting in the formation of Co
precipitates. The diffusion length of Co atoms after 4 h of annealing at
673 K can be calculated via the following equation:

x = V2Dt 2)

x Is the diffusion length, D is the diffusion constant at 673 K and t is the
annealing duration. Using the diffusion constant of Co in Cu reported in
Ref. [33] (1.58 107 ¢cm?/s at 680 K) the diffusion length is ~ 6.7 nm.
This value shows that Co atoms are not very mobile at this temperature.
Moreover, Co content is much smaller compared to Cu in the system.
These simple estimations can explain why many small dispersed Co
precipitates have formed locally within the Cu grains and some larger at
energetically favourable sites i.e. Interfaces and grain boundaries.
However, the size and volume fraction of these precipitates are not large
enough so that an XRD diffraction peak for Co phase, comparable in
height with other intense peaks, could be observed (Fig. 4b, c). Instead,
this phase separation represented itself as line broadening (after Riet-
veld refinement) in Cu diffraction peaks which could not be associated
with micro-strain or crystallite size, as mentioned in the previous sec-
tion. In addition to the above mentioned so-called “binodal” decompo-
sition, spinodal decomposition might have occurred simultaneously.
The decomposition process in this case is driven by diffusion as well. In
previous studies, spinodal decomposition in CoCu alloy with 10 at. % Co
has been observed in coexistence with binodal decomposition at 703 K
[34]. Considering the free energy of the CoCu system [35]

G. = ¢* +RT[cIn(c) + (1 — ¢)In(1 — ¢)] 3

> (1)

7
Q(T) = — 60225+ 16.226T (_z>
o,

J
Q,(T) =7150 — 1.9376T< 1)

mo

for spinodal decomposition we should have:

0G?
oc?

<0 @

G. and T represent the free energy at composition ¢ (in Co) and tem-
perature , respectively. In our case where ¢ ~ 15at.%, the spinodal
decomposition is expected below 1200 K. In any case, the Co precipitates
are energetically favoured to nucleate at grain boundaries and
interfaces.

Although we did not observe the initiation of dewetting in the
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alloyed CuCo film at 673 K, Derkach et al. [14] have observed hole
formation in a pure Cu film of similar thickness already at 573 K after
annealing for 30 min. Additionally, Sonawane and Kumar [36] have
observed complete agglomeration of a 100 nm thick Cu film into par-
ticles and islands after annealing at 873 K for 2 h. From what has been
discussed earlier, we can conclude that the formation of Co precipitates
at the grain boundaries in the CoCu film activates the Zener drag force
and causes the stagnation of grain size below R.. As a result, the film
does not dewet at the mentioned temperatures (673 and 873 K) by the
grooving mechanism.

A larger volume content of Co-rich regions can be observed at 873 K
(Fig. 6b) and 1073 K (Fig. 7b) when compared to 673 K (Fig. 5b), and
therefore they are clearly resolved by XRD (Fig. 4b, c). This observation
can be explained in terms of Ostwald ripening [37]. Diffusion becomes
faster by increasing temperature, which leads to larger Co-rich particles.
On the other hand, some small clusters were still observed, especially at
1073 K, either confined to the initial film thickness (Fig. 7b) or turned to
individual Co-rich particles dispersed on the substrate (SEM-EDS of
1073 K, Fig. 3). Co atoms should first overcome the positive mixing
enthalpy with Cu [32] and diffuse out of clusters, in order to join other
Co atoms and form larger clusters/particles. This process makes the
energy barrier larger for Co diffusion and the mobility of Co becomes
smaller compared to Cu self-diffusion. As a result, some Co clusters join
together to build larger Co-rich particles whereas some others stayed in
place. On the other hand, according to Fig. 4d the Cu matrix contains a
small amount of Co solutes at temperatures lower than 1073 K. By
annealing the CoCu film at 1073 K, the remaining Co separates from the
Cu matrix and forms the small Co clusters.

The larger Co-rich particles are almost Co pure as no large shift is
observed in the Co {111} peak between 873 K and 1073 K (Fig. 4b), and
the solubility of Cu in Co is very low at these temperatures (<2 at. %)
[20]. Moreover, these particles adopt an FCC structure, in agreement
with the phase diagram of CoCu [20], where Co has a FCC structure at
temperatures of 873 and 1073 K. Through the relatively fast cooling
process after each heat treatment, Co maintained an FCC structure and
did not reach its equilibrium structure (HCP) at lower temperatures as
previously observed also in literature for pure Co thin films [38]. On the
other hand, Co particles maintained the symmetry of their Cu-rich ma-
trix, leading to adoption of the same phase of Cu FCC at a low energy
cost since the stacking fault energy which allows to switch from HCP to
FCC is low.

As mentioned earlier, the lattice parameter of the Co-rich and Cu-
rich phases at 1073 K coincides with those of the pure Cu FCC and Co
FCC. Since the lattice parameters are not affected by a slight solid so-
lution effect, then it can be concluded that there is no noticeable stress in
the film. However, such conclusions does not apply to the films in the as-
deposited state and those annealed at 673 and 873 K. Despite of this, we
can still address stress relaxation mechanisms and their representation
in our films.

3. Stress.

The as-deposited film is under compressive stress indicated by wafer
curvature measurements (see supplementary material Fig. S3), as ex-
pected from the deposition method via sputtering. By annealing this
stress is partly relaxed from the film. This relaxation corresponds to a
decrease in the lattice parameter of the film annealed at 673 K (Fig. 4d).

On the other hand, thin films undergo thermal stresses at higher
temperatures. Thermal stress can be tensile or compressive depending
on the difference of the thermal expansion coefficients between the
substrate and the film. In the case of pure Cu films on (0001) Al,Oj5 this
stress is compressive during heating and tensile while cooling [39]. We
make a similar assumption for our alloy containing Cu in majority.
Furthermore, a polycrystalline structure and presence of grain bound-
aries puts additional constraints on the film. Compressive stress relax-
ation occurs via a mix of dislocation plasticity, twinning and diffusional
creep [40]. Twins and dislocations that were observed in the film after
annealing e.g. at 1073 K (Fig. 7a) are the signature of such phenomena.
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Besides, diffusional creep can lead to grain boundary motion and grain
growth [41] which was also observed in Fig. 8 for the film annealed at
673 K. Hillock formation is another consequence of diffusional creep.
Normally, in the absence of a passivation layer, surface diffusion occurs
prior to grain boundary and bulk diffusion due to the smaller activation
energy [42]. When there exists a passivation layer at the surface, the
surface diffusion is suppressed and grain boundary diffusion becomes a
dominant mechanism for atomic diffusion.

In the CoCu films of this study grain growth was stagnating at early
stages due to the formation of Co precipitates at grain boundaries (as
discussed earlier), which in turn prevent further stress relaxation
through grain boundary motion. Moreover, the formation of Co pre-
cipitates at the film surface as well as the presence of an oxide layer,
clearly observed at 673 K (Fig. 5c), suppressed the surface diffusion.
Therefore, the stress must have been released through other mechanisms
such as hillock formation (Fig. 6). The hillocks, which have formed at
873 K, mostly consisted of Cu because of the smaller diffusivity of Co
compared to Cu as discussed earlier.

5. Summary and conclusion

In this study, we investigated the effect of Co in a super-saturated
CuCo alloy thin film on the microstructure evolution and solid-state
dewetting behavior. Super-saturated CoCu solid solution films of 15
at. % Co were produced by sputtering and heat treated at different
temperatures. We observed the hole formation and dewetting within the
CoCu film occurring at a higher temperature compared to pure Cu films.
The temperature delay in dewetting is mainly caused by the formation of
Co precipitates at grain boundaries and interfaces as a result of a
spinodal-type decomposition occurring at relatively low temperatures of
673 K. Co precipitates at the grain boundaries hinder the grain growth
and as a result, the critical grain size (Rc) for initiation of grooving was
not reached in the alloyed film. Moreover, these precipitates at the in-
terfaces also slow down the diffusion of Cu atoms.

According to our observations, the following stages are proposed for
achieving dewetting of CuCo films:

e Phase separation occurs prior to completion of grain growth. As a
result, Co precipitates form at grain boundaries, applying Zener drag
forces, which stagnate the grain size below a critical value R, at
which grooving is expected.

e Ostwald ripening of Co precipitates leads to coarsening especially for
precipitates at the grain boundaries. Thus, Zener drag preventing
grain growths diminishes.

e Finally, grain growth and grooving occur creating holes in the film.
Through diffusional processes these holes grow and the film dewets.
Simultaneously, the phase separation process continues until
decomposition reaches thermodynamic equilibrium.

The study provides fundamental concepts, which can be employed to
enhance the stability of structural and functional metallic films exposed
to high temperatures.
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