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Abstract

The effect of film thickness as well as the influence of heat treatment on the deformation
behavior of thin cobalt films (50 — 2000 nm) on polyimide substrates was investigated using
various tensile tests. Straining under an optical light microscope provides information about the
fracture strain and cracking behavior. The annealed films exhibit enhanced crack onset strains
between 4 and 7 % compared to the as-deposited films with fracture strains of 1-2 %. This is
partly achieved by a mechanically induced martensitic phase transformation of cobalt from the
face-centered cubic (FCC) to the hexagonal-closed packed (HCP) phase. Thereby, it was shown
that the heat treatment can be used to increase the amount of metastable FCC phase.
Complementary synchrotron diffraction experiments were used to determine the lattice strains
which initially increase during straining. After reaching a maximum, the lattice strains decrease
in the case of the as-deposited films due to crack formation and in the case of the annealed films
due the strain-induced phase transformation and localized plastic deformation in the form of

necks. At higher engineering strains, the formation of cracks is also observed in the heat treated
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samples. Additionally, a decrease of the maximum lattice strain could be found for the HCP
phase below a film thickness of 200 nm and grain size of 50 nm in the as-deposited films which

is caused by cracking.

1. Introduction

Cobalt is a common material in magnetic storage devices [1] and can be used in form of
cobalt oxide as supercapacitors [2] or as the anode material in lithium ion batteries [3]. Due to
the advanced miniaturization of these devices and the consequential geometrical constraints,
thin cobalt films exhibit a completely different magnetic and mechanical behavior compared to
the bulk material [4-8]. For example, nanocrystalline cobalt shows a two to three times higher
yield strength and enhanced ductility at low strain rates compared to polycrystalline cobalt [7].
To further enhance the reliability and lifetime of such devices, it is important to understand the
deformation behavior with respect to the film thickness or grain size. A multitude of studies
concerning the deformation behavior of thin films with a face-centered cubic (FCC) or body-
centered cubic (BCC) structure like Cu, Au or Cr can be found in literature [9-15]. However, a
thorough understanding of the deformation mechanism of hexagonal close-packed (HCP) thin
films like cobalt, especially for nanocrystalline cobalt, is still lacking. Only data for Ti films
used as an interlayer material are available [16-18].

During cooling cobalt shows a martensitic phase transformation from the FCC to the HCP
phase, which is the stable phase at room temperature. In coarse grained cobalt without residual
stresses, the transformation temperature is 421 °C [19]. However, in the presence of metastable
FCC cobalt at room temperature, for instance observed in thin films, a mechanically induced
phase transformation can occur in the film and could possibly be used to enhance the damage
tolerance of such film systems. Thus, the aim of this study is to investigate the mechanical
performance of thin cobalt films with film thicknesses between 50 and 2000 nm in the as-

deposited and heat treated state.



2. Experimental methods

The cobalt films were deposited on a 50 um thick polyimide substrate (UPILEX) by
sputtering with a pressure of 3.9 x 10 mbar and 150 W power. In order to study the influence
of the film thickness on the deformation behavior, five different film thicknesses were
fabricated: 50, 100, 200, 500 and 2000 nm. Additionally, the effect of annealing (8 h at 350 °C
in argon atmosphere) was studied so that the samples consist of 50-2000 nm as-deposited and
50-2000 nm annealed cobalt films. Before mechanical testing, phase analysis was performed
on all samples in a Seifert X7 X-ray diffractometer with a wavelength of 1,789 A under grazing
incidence (1-2°) from a 26 range between 30 and 130°.

In order to study the mechanical behavior, different in situ tensile tests were performed
on the as-deposited and annealed cobalt films in a synchrotron and under an optical light
microscope (LM). First, the samples cut with a scalpel to a size of 5 mm x 30 mm were strained
continuously to 12 % engineering strain with an Anton Paar TS600® straining device in the
beam line KMC-2 at BESSY Il (Berlin, Germany) [20, 21] and then unloaded to O N.
Simultaneously, the peaks in the 20 range between 46 and 57° were measured at five y angles
with a Bruker VANTEC area detector. A wavelength of 1.77 A was selected to avoid X-ray
fluorescence from cobalt. The acquisition time of the detector was 10 s for every frame. From
these measurements, the lattice strains in the tensile direction can be calculated with the sin2y
method. Furthermore, the lattice strains allow the determination of the film stresses using the
X-ray elastic constant (1/2 Sy) for untextured HCP cobalt [22] calculated with the Hill model.
The X-ray elastic constants for FCC cobalt at room temperature were not available in literature.
In order to provide information about the lattice strains and film stresses of the FCC phase, the
(111)rcc and the (0002)wce peaks which lie close together are considered separately in the
evaluation. The (111)rcc peak is at a 260 angle of 51.25° and the (0002)Hcp at 51.6°.

Further tensile tests were performed with the Anton Paar TS600® straining device (as-

deposited samples) and with a custom-build screw driven device (annealed samples) under an
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Olympus BX51 optical light microscope and a Zeiss Axio Scope optical light microscope.
Therefore, the samples (1 cm x 3 cm) were strained stepwise until 14 % engineering strain and
the images were taken at each straining step. From these LM images, the crack onset strain, i.e.
the engineering strain at which the first crack is visible, can be determined.

The averaged crystallite sizes of the as-deposited samples were estimated from the
synchrotron data at 0 % engineering strain using the (1010)nce, (0002)nce and (101 1)Hcp peaks
and the Scherrer equation [23, 24]. The instrumental broadening was corrected for using a
silicon reference powder. Due to grain growth during annealing, the grain size of the annealed
films was determined with electron backscatter diffraction (EBSD) in a Zeiss AURIGA®
workstation before straining which provides information of the grain orientation and phase
content. The average crystallite and grain sizes of all samples are listed in Table 1.

The post-analysis was performed in the Zeiss AURIGA® workstation which includes a
field-emission scanning electron microscope (SEM) and a focused ion beam (FIB) for cutting
cross sections in the material to verify if channel cracks are forming which extend across the

complete film thickness.

3. Results

Before mechanical testing of the cobalt films, qualitative phase analysis was performed
in the as-deposited and annealed state of the films. Figure 1a and b show diffractograms of both
film systems with five different film thicknesses. In both sample sets, a mixture of the HCP and
FCC phase is present. Due to annealing at 350 °C, changes between the as-deposited and the
annealed samples are visible in the diffractogram: the (1010)ncp, (1011)ncep and (112
0)Her/(220)rcc peaks decrease while the (0002)ncp/(111)ecc, (002)rcc, (0112)Hce, (011 3)Hce,
(1122)ncp/(311)rce, (0221)Hce and (0004)wHce/(222)rcc peaks increase. Additionally, the
annealed peaks are sharper with less background. However, the intensity of the thinnest films

is too low for meaningful measurements. The very strong intensity rise of the
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(0002)Hcp/(111)rcc peak is more pronounced in the synchrotron data (Figure 2). The inserts
show that the (1010)ncp and (1011)Hcp peaks nearly vanish during annealing.

In order to study the mechanical behavior dependency on the film thickness and heat
treatment, different in situ tensile tests were performed. The post mortem SEM images, as
illustrated for the 50, 200 and 2000 nm thick films in Figure 3, show the different cracking
behavior of the films. In the case of the as-deposited films, all film thicknesses have relatively
straight channel cracks without necking. In contrast, annealed films show a large number of
necks forming in between the cracks (see Figure 3). Furthermore, in all systems, the cracks are
inclined by 45° with respect to the film plane independent of the heat treatment as found by
analyzing FIB cross sections. This is exemplarily shown for two film thicknesses, 100 nm and
2000 nm, in both conditions, as-deposited and annealed in Figure 4. This points towards
significant plastic deformation rather than brittle failure of the films. It is assumed that the
crystals are sheared off which is supported by the fact that adjacent to the “shear crack” a
reduction of the grain size is observed. However, neither the phase of the small grains in the
strained state nor their parent phases could be determined.

Figure 5 shows the crack onset strains of the as-deposited and annealed films which
were determined from the in situ tensile tests performed under the optical light microscopes. It
can be observed, that the fracture strain of the as-deposited films is between 1 and 2 % (+/- 0.5
% standard deviation) and is much smaller than of the annealed films which have crack onset
strains between 4 and 7 % (+/- 1 % standard deviation).

To link the cracking behavior with the lattice strains of the cobalt films, tensile tests
were performed at KMC-2 using the sin?y method. Figure 6 shows the lattice strains and film
stresses of selected diffraction peaks (see Figure 2) versus the engineering strain during tensile
testing, exemplarily for the as-deposited and annealed 2000 nm thick film. The lattice strains
of the (1010)ncp peak are drawn in black, of the (111)rcc peak in red, of the (0002)nce peak in

blue and of the (101 1)ncr peak in green with all curves following the same trend. During tensile
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testing, the lattice strains increase reaching a maximum at approximately 1.5-2.5 % engineering
strain. After this, the lattice strains decrease until around 7-8 % engineering strain where a
plateau is formed. Independent of the heat treatment, the lattice strains of the (111)rcc peak are
in the same range. The values for the (1010)nce and (0002)wce peak are slightly higher for the
as-deposited than for the annealed films.

The lattice strains of the 50-200 nm annealed films could not be evaluated due to a
strong texture of <0001>ncp and <211>rcc With insufficient accessible y angles. Furthermore,
the intensity of the 50 and 100 nm thick films was not sufficient for any in situ evaluation.
Figure 7 shows the (1011)nce lattice strains and film stresses for different film thicknesses of
the as-deposited and annealed films which were evaluated. In the case of the as-deposited films,
no clear trend of the lattice strains with film thickness was observed. Up to an engineering strain
of approximately 2 %, the lattice strains of the 200 and 500 nm thick as-deposited films increase
revealing a tendency for higher lattice strains than the 2000 nm thick film. The lattice strain
peaks for the annealed films are reached at engineering strains of approximately 1 % followed

by a monotonic decrease in lattice strains with increasing engineering strain.

4. Discussion

In this study, all investigated films, as-deposited and annealed, consist of the stable HCP
and the metastable FCC phase in the unstrained state at room temperature. As shown in a
previous work [25], the amount of the FCC phase is enormously increased by the heat treatment,
however, decreases during straining due to a strain-induced phase transformation from 51 % to
8 % in case of the 2000 nm annealed film as measured by EBSD. Thus, besides plastic
deformation, grain growth and fracture of the films, the strain-induced phase transformation
has to be taken into account. Furthermore, it has to be mentioned that annealing also leads to a
change in the microstructure, especially grain size, and most likely the grain boundary structure

as well. A separation of the aforementioned mechanisms is not feasible with the applied in situ
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methods and is beyond the scope of this work. However, several scientifically and industrially
interesting observations could be made:

Q) Annealing leads to a strong texture formation with sharper X-ray peaks.

(i)  The fracture strain deduced from straining experiments under an optical light
microscope is significantly higher for annealed films.

(iii)  The evolution of lattice strains during tensile straining of the as-deposited films
weakly indicates an expected film thickness or grain size dependency. The
maximum lattice strains are smaller for the largest film thickness and grain sizes
while the 200 and 500 nm thick films show similar results for the peak lattice strain
within the error bars.

Annealing of the films results in (i) a strong fiber texture with a <0001>Hcp and <211>rcc
fiber axis. The origin of this behavior had not been investigated in this work, but a texture
formation caused by heat treatment is well known [26, 27]. Additionally, the peak width after
annealing has significantly decreased due to grain growth as well as the annihilation of grown-
in defects.

The substantially delayed onset of cracking in the annealed films compared to the as-
deposited films (ii) is of great interest from an applications viewpoint. It could be shown in a
previous work on a 2 um thick annealed cobalt film on polyimide [25], that annealing increases
the fraction of the metastable FCC phase and that the strain-induced phase transformation,
which begins at 2 % engineering strain, is partially accommodating the applied strains and
prevents strain localization and cracking. Therefore, the transformation enhances the ductility
leading to a shift of the crack formation to higher fracture strains of 6-7 % [25]. This leads to
the conclusion, that annealing of the cobalt films can enhance the lifetime of devices at
application strains below 4 % engineering strain. However, its magnitude is more pronounced

for the thinnest and the thickest films as shown in Figure 5.



All cracks independent of the film thickness and heat treatment are inclined by 45° through
the film thickness and additionally show torn crack flanks. This behavior indicates a significant
amount of plastic deformation for the annealed as well as as-deposited films, which was
unexpected by the rather brittle-like behavior of the as-deposited films and especially for the
thinner films (see Figure 3). It is therefore concluded that the zones are entirely sheared off
leading to crack-like deformation patterns. This view is further supported by the small grains
in the vicinity of the crack which might be formed during localized shear (as shown in Figure
4 for the 2000 nm thick annealed film). However, neither the orientation nor the phase in the
vicinity of this regions is known prior to straining. Thus, no satisfying conclusion on the failure
mechanism can be drawn based on these experiments. Future experiments based on EBSD or
pLaue diffraction [28] have to be performed to unravel the sequence of damage in these zones.

The lattice strains (iii) of the as-deposited and annealed film follow similar trends which
was also observed for the corresponding film stresses on different film systems [9, 15, 29, 30].
After reaching a maximum at low engineering strains, a decrease of the lattice strains with
increasing engineering strain can be observed until a plateau is formed for the as-deposited
films. This plateau in the lattice strains can be correlated to the crack saturation regime.
Although showing a similar behavior, the reason for the decrease of the lattice strains at
engineering strains above 1-2 % engineering strain is different in both film systems. In case of
the as-deposited films, the lattice strains decrease rapidly due to crack formation that begins at
1-2 % engineering strain as determined in Figure 5. In case of the annealed films, as shown in
[25], the phase transformation from a metastable FCC to HCP of a 2000 nm cobalt film starts
at 2 % engineering strain. This delays the onset of cracking which is first observed in situ in
film systems, that undergo a phase transformation, between 4 and 7 % engineering strain (see
Figure 5) and leads to a more uniform decrease of the lattice strains between 2 and 4-7 %
engineering strain (see Figure 6b and 7b). Due to the fact that with increasing film thickness

the plastic deformation increases, the amount of localized plastic deformation, or necks, also
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increases leading to a reduction of the lattice strains as shown in [25] and Figure 7b. Only at
higher engineering strains cracks are also formed further decreasing the lattice strains.
Considering the different film thicknesses, the lattice strains of the as-deposited films reveal
only a weak “smaller is stronger” trend previously observed [9, 10, 15, 29, 31]. This behavior
can be explained by the large amount of cracks forming in the thinner films leading to a large

reduction of the lattice strains as for instance already described in Cu/Cr films [29].

5. Conclusion

The film thickness as well as the influence of heat treatment on two-phase (HCP and
FCC) cobalt films with five different film thicknesses was investigated. Various tensile tests
have shown that the deformation behavior of as-deposited cobalt films is different than for
annealed films. After the heat treatment, the films exhibit a considerably higher onset strain for
cracking reaching values between 4 and 7 %. For all films, the lattice strains increase with
increasing engineering strain and decrease after 2 % engineering strain. In the case of the as-
deposited films, the lattice strains decrease due to crack formation as visible after reaching the
crack onset strain of 1-2 %. In case of the annealed films, both, the strain-induced phase
transformation with concomitant neck formation and, at higher engineering strains, also the
formation of cracks causes the decrease of the lattice strains. Future experiments will be
performed to quantify the contribution of both underlying mechanisms, necking or rather the
phase transformation, which leads to the enhanced crack onset strains of the heat treated films.
In all films independent of the heat treatment, the crack morphology through the film thickness
is inclined by 45° indicating shearing rather than brittle fracture and plastic deformation occurs
in the as-deposited films. The deformation behavior changes in the annealed films from a
ductile-like behavior for thicker films with a large amount of necking between the cracks to a
more brittle-like behavior for the thinner films with channel cracking, absence of necking and

pronounced buckling at higher strains.



The heat treatment which stabilizes the FCC phase indeed favors plastic deformation in
the form of necking and therefore a higher fracture strain. However, the crack formation
increases dramatically at higher engineering strains compared to as-deposited cobalt films.
Therefore, at application strains below 4 %, a heat treatment can significantly enhance the

performance and reliability of the thin cobalt film systems.
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Tables and Figures:

Table 1. Summary of the crystallite or rather grain sizes of the as-deposited and annealed

cobalt films with different film thicknesses.

Sample Film thickness (nm) Crystallite/Grain size (nm)

As-deposited 50 14+7*
100 29+14*
200 48 £ 22 *
500 72+38*
2000 91+£32*

Annealed 50 126 £ 42 **
100 223 + 144 **
200 276 + 147 **
500 347 £179 **
2000 939 + 672 **

* calculated by the X-ray peak width with the Scherrer equation (with K = 0.9) from the

synchrotron data

** determined from EBSD plane view measurements

12



as-deposited

S $ S,
> \\\ ~ \Q' ~ ‘\@ \Q,
gzﬂ’\\,\\\q, b ol < ’,"?"7\@“\
> >~ o/ &
20000 —SEE S SN
15000 - R
VA .
=1
E 10000 + 7 2000 0m
2 r 4
z e A 500 nm
G
5 [~ 200 nm
2 50001 B
=
=TT 100 nm
[ | - - - 4 50 nm
40 60 80 100 120
20(°)
(b) annealed
$ & S
N N oo
T F S F 9%y
SSFE & 8 IS
. . .
25000 - =
20000 ¢ -
=
g 15000 ;._,JLA A A = 2000 nm
g A -
= 500 nm
2 10000 | ]
5 — A 200 nm
E]
= 5000 pe 3 100 nm
OF T T - - —— 50 nm
40 60 80 100 120
20 (%)

Figure 1. The 6-26 curves of (a) the as-deposited and (b) the annealed films for all film
thicknesses between 50 and 2000 nm measured under grazing incidence. The HCP peaks are
marked in black, the FCC peaks in red.
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Figure 2. Zoom of the 26 range between 46.5 and 56.5°. The (1010)ncp, (0002)nce/(111)rcc
and (1011)ncp peaks of the 2000 nm thick as-deposited (black) as well as annealed (red) cobalt
film measured with synchrotron radiation. The inserts show an improved view of the (1010)
and (1011) peak of the HCP phase. Note that (111)rcc cobalt was observed at a Bragg angle of

51.25° and (0002)ncp at 51.6°, which cannot be discriminated.
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Figure 3. Post mortem SEM images of the 50, 200 and 2000 nm thick as-deposited and
annealed films strained to 12 % engineering strain recorded with the SE detector. Note that the
scale bars are not equally-sized.
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Figure 4. SEM images of cross sections through a crack of the 100 and 2000 nm thick as-
deposited and annealed films captured with an Inlens detector.
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Figure 6. Lattice strains and film stresses calculated from the four different peaks shown in
Figure 2 against the engineering strain of the (a) as-deposited and (b) annealed 2000 nm thick
cobalt film. The film stresses are only determined for the HCP peaks.
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Figure 7. Lattice strains and film stresses calculated from the (1011)nce peak against the
engineering strain of the (a) as-deposited and (b) annealed for different film thicknesses.
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