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Abstract Magnetron sputtered Ni thin films on both
oxidised Si (100) and «-Al,O3 (0001) substrates of thick-
ness 150-1000 nm were tested thermomechanically with a
wafer curvature system, as well as in situ in a transmission
electron microscope. The films on oxidised Si have a
{111}-textured columnar microstructure with a mean grain
size similar to the film thickness. On (0001) «-Al,O3 a near
single crystal epitaxy with two growth variants is achieved
leading to a significantly larger grain size. The thermo-
mechanical testing was analysed in terms of the room
temperature/high temperature flow stresses in the films and
the observed thermoelastic slopes. It was found that the
room temperature flow stresses increased with decreasing
film thickness until a plateau of ~ 1100 MPa was reached
for films thinner than 400 nm. This plateau is attributed to
the present experiments exerting insufficient thermal strain
to induce yielding in these thinner films. At 500 °C the
compressive flow stresses of the films show a competi-
tion between dislocation and diffusion mediated plasticity.
A size effect is also observed in the thermoelastic slopes
of the films, with thinner films coming closer to the
slope predicted by mismatch in thermal expansion coeffi-
cients. It is put forward here that this is due to a highly
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inhomogeneous stress distribution in the films arising from
the grain size distribution.

Introduction

As devices such as microprocessors and their associated
electronics, as well as microelectromechanical systems
reduce in size and become more complex the individual
features in their construction enter the micro- and nano-
meter scale. Microprocessors now contain features less
than 50 nm in size. It is, however, known [1] that metals,
such as those used in the metallisation lines of said devices,
do not behave in the same way on this sub-micron size
scale as a scaling-down of bulk mechanical properties
would predict. In particular, metals regularly exhibit a
higher yield stress when tested in very small dimensions,
e.g. [2-5], significantly exceeding predictions by the Hall-
Petch relation [6, 7].

Due to the mismatch in thermal expansivity between
these metal thin films/structures and the substrates onto
which they are deposited it is very common for large
stresses to be present in the films. The high stresses in these
films, combined with the modification in their mechanical
properties compared to bulk materials, can lead to the
unpredicted failure of these devices [8]. It is therefore
important to understand the small-scale mechanical prop-
erties of metals in order to provide improved, less failure
prone, device design.

There are, in fact, two components to an investigation of
metallic structures on this length-scale; the microstructure
and the thermomechanical properties. The microstructure
of thin metallic films depends on several factors including
deposition temperature, substrate material and film thick-
ness [9-11]. It is therefore important to have a thorough
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understanding of this prior to any investigation of the
thermomechanical properties.

Theoretical models have been proposed to determine the
physical processes taking place in the metal films during
thermomechanical testing. By comparing the stress—
temperature cycles produced by assuming various active
physical processes with those cycles recorded experimen-
tally an insight into the mechanisms at work in these films
can be gained. In particular, the Nix—Freund model [1, 12] of
dislocation glide on inclined planes, Gao’s model [13, 14] of
constrained diffusional creep and von Blanckenhagen’s [15]
model of source activation have shown considerable success
at producing quantitative agreement between experiment
and theory.

All these models aim to explain the global stress evo-
lution in thin films by considering the effect of local events
averaged out over the whole film. In doing so it is assumed
that the microstructure can be approximated to a single
crystal, in the case of the Nix—Freund model [1, 12], or a
polycrystal of uniform grain size in the work of von
Blanckenhagen [15] and Gao [13, 14]. The distribution of
grain sizes present in thin films and conductor lines does,
however, lead to some material effects that cannot be
explained by these models as plastic deformation will tend
to be localised in the more favourably sized and oriented
grains.

The Ni films studied here have been characterised in a
similar manner to previous work in the area but in addition
a focus is placed on how small and large grains in the films
affect the plastic properties and the thermoelastic slopes of
the stress—strain curves. In situ transmission electron
microscopy (TEM) was utilised to further investigate these
local phenomena in the 200-nm-thick polycrystalline Ni
film.

Experimental
Film deposition'

The films examined in this study were produced by mag-
netron sputtering onto (0001)-oriented «-Al,O3 (50 mm
diameter, 330 um thickness) in the case of the epitaxial
films while the polycrystalline films were deposited onto
(001)-oriented Si wafers (50 mm diameter, 280 pm thick-
ness). The Si substrates were coated with a 100 nm amor-
phous SiN,/amorphous SiO, bilayer such that interdiffusion
between metal and substrate is inhibited. The amorphous
SiN,/SiO, bilayer prevents epitaxy between Ni and Si and

U All films were deposited at the ZWE Thin Films, Max Planck
Institute for Metals Research (Stuttgart), headed by Dr Thomas
Wagner (deceased) at that time.

leads to a polycrystalline microstructure. The substrates
were mounted in an ultrahigh vacuum (UHV) deposition
system where they were Ar' sputter-cleaned (1072 Pa
Argon pressure, 100-500 eV kinetic energy) to remove
surface contaminants. Film deposition was achieved using a
magnetron sputtering system (DCA Instruments) with a
base pressure of ~10~® Pa. Prior to sputtering the 99.999%
purity Ni target was degassed by pre-sputtering. All the
films were deposited at 100 °C with a UHV compatible
magnetron source (Mighty Mak) in 99.9999% pure Ar. The
epitaxial films were deposited at 0.2 Pa while the poly-
crystalline films were deposited at a pressure of 0.5 Pa. The
deposition rate for both substrates was ~ 1.1 nm s™'. Fol-
lowing deposition the films were annealed at 600 °C for
15 min in the vacuum chamber such that contamination was
avoided and a stable microstructure was produced. The
films were then cooled as rapidly as the apparatus would
allow by switching off the substrate heater.

Microstructural characterisation

The microstructure of the films was assessed via a variety
of techniques. A focussed ion beam (FIB, FEI 200 at
30 kV) microscope was used to investigate the grain size
distribution of the polycrystalline films. FIB was also used
to cut trenches down to the substrate such that the cross-
section could also be imaged. X-ray diffraction was used to
produce (111) pole figures of these films such that the
in-plane texture could be determined. In addition to this,
TEM (JEOL 2000FX at 200 kV and Phillips CM12 at
120 kV) plan-view samples were produced such that in situ
testing and post-mortem analysis of the 200 nm polycrys-
talline film could be performed. The FIB micrographs and
in some cases the TEM images were used to produce grain
size statistics for each of the films. This was achieved by
highlighting the grain boundaries on a transparency overlay
and using imaging software (Leica, Quantimet Q500/W) to
calculate the area of each grain, delivering a grain diameter
for a circle of equivalent area. For each film thickness
between 500 and 1200 grains were measured.

Electron backscatter diffraction (EBSD) was used in
addition to FIB for the characterisation of the films on
o-Al,O;. For this technique a field emission gun scanning
electron microscope (FEG-SEM, LEO 1525) was used with
an EBSD camera (EDAX) attached such that the local
crystallographic alignment is determined. The data
obtained by this method allows for the grain size and
crystallographic texture of the films to be assessed.

Thermomechanical testing

The films were thermomechanically strained by two tech-
niques. A self-made wafer curvature system using a laser to
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assess the substrate curvature was used to test complete
wafers while monitoring the average stress. In addition, a
heating stage for thermally straining some of the films in
situ in the TEM was utilised to monitor dislocation activity
during straining.

The wafer curvature system was used to cycle the films
to 500 °C and back while recording the curvature of the
substrate every 10 °C. The system was heated and cooled
at 6 K min~' with the exception of cooling below 100 °C
where the rate was reduced to 4 K min~' due to system
limitations. The curvatures recorded during cycling, Rpeas,
were used alongside the substrate curvature measured prior
to film deposition, R, such that the film stress could be
calculated via the Stoney relation [16]:

Mh? 1 1
of = =S < — > (1)
6hf Rmeas Rref

where M is the biaxial elastic modulus of the substrate, A,
is the substrate thickness and A; the film thickness.

In order to perform thermomechanical tests in situ it was
necessary to produce TEM specimens that could be ther-
mally strained. 3-mm discs of the Si wafer were mechan-
ically thinned from the reverse side. A HNOj:HF:acetic
acid mix in the ratio 2:1:1, which etches the Si and SiO, but
not the SiN,, was then applied. This leaves a region of
electron transparent Ni/SiN, in the centre of the 3 mm disc.
No hole is produced in the sample. As the Ni/SiN, mem-
brane is surrounded by a disc of Si wafer the strain due to
thermal mismatch on heating of this sample corresponds to
that for a full wafer. Should this membrane buckle under
compressive stress numerous bend contours would be
present in the TEM footage, such contours were not
observed in the TEM results presented in this study. Fur-
ther details of this type of in situ TEM experiment can be
found in the literature [3, 17].

The stress state in the Ni in these TEM samples is
expected to be somewhat different from those films com-
pletely adhered to Si due to a reduction in lateral constraint.
However, due to the preservation of the SiN, layer no
change in the Ni free surfaces is produced. Both aspects
validate a comparison of the in situ TEM experiments with
the stress—temperature measurements recorded by the
wafer curvature technique.

The thermal straining experiments in the TEM were
performed by heating to a specified temperature. The
heating rate of this set-up is rather quick with values of
10-50 K min~'. The heating and cooling was done in a
stepwise manner with holding times of several minutes at
selected target temperatures. This resulted in a typical
cycle time of less than 30 min, significantly faster than the
~ 120 min typical for a wafer curvature experiment. Dur-
ing thermal straining a high-speed CCD camera recorded
video footage (at 25 frames/s) of the electron transparent
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region. Still images can then be extracted from the video
for a frame by frame inspection.

Results

The polycrystalline films formed columnar microstruc-
tures, Fig. 1, with a very strong {111} fibre texture and log-
normal grain size distributions. Table 1 gives a summary of
the grain size distribution for the polycrystalline films on
Si. The probability density function for the log-normal
distribution is given below:

o1 (Inx — p)*
f - o Zﬂfvxp< 2052 ) (2)

here x is the random variable, grain diameter in this case,
while u and o are, respectively, the mean and standard
deviation of the corresponding Gaussian distribution. Pre-
sented in Fig. 2 is a cumulative distribution plot for the
400 nm film demonstrating the size distribution and fitting
curve.

Grain size distribution analysis was also carried out on
the 150 and 400 nm films after four thermal cycles to
500 °C. No changes in grain size were observed within the
errors of the measurements.

The films deposited onto (0001) o-Al,O; formed
columnar microstructures in two broad, twin-related,
alignments with the {111}-planes lying parallel to the
interface. Due to the unusual grain growth caused by this
partial epitaxy it proved difficult to determine a meaningful
average grain size for these films. However, in all cases the
smallest measured grain diameters were at least double the
film thickness. In that case the film thickness rather than
the grain size distribution will affect the mechanical
properties.

In the thermomechanical testing the observed room
temperature and high temperature (500 °C) flow stresses
and the “thermoelastic” slopes, as illustrated in Fig. 3,
were principally analysed.

Beginning with an examination of the results from the
room temperature and 500 °C stresses. If the room tem-
perature stress data for the films is plotted against inverse
film thickness, following the Nix—Freund model, two
regimes are observed: a linear increase in stress with
inverse film thickness is observed initially and this is fol-
lowed by a region in which the room temperature stress
reaches a plateau, Fig. 4.

At 500 °C the stress data for the polycrystalline films
also exhibits a double trend: a peak compressive stress is
observed for the 600 nm film while the 150 and 1000 nm
films exhibit significantly lower values of compressive
stress, 150 and 250 MPa, respectively (Fig. 5). The 500 °C
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Fig. 1 Microstructures of the
1000-nm-thick polycrystalline
(a, b) and epitaxial (c, d) films.
a A FIB image of the
polycrystalline film with a
trench cut, the image was taken
at 45° tilt. b An X-ray pole
figure of the polycrystalline film
showing the strong {111} fibre
texture. ¢ FIB micrograph of the
epitaxial film, note the different
scale bar. d EBSD pole figure
illustrating the two broad grain
alignments, each alignment
produces four spots with the
central spot shared

Table 1 Summary of log-normal distribution fit parameters for the
polycrystalline films on Si. 4 and ¢ are the mean and standard
deviation of the corresponding Gaussian distribution

Film thickness (nm) 1 (nm) o

1000 1000 + 30 0.50 £ 0.3
600 560 + 6 0.51 £ 0.01
400 550 £+ 20 0.54 £+ 0.04
200 240 + 7 0.52 £+ 0.03
150 340 £ 10 0.60 £+ 0.03

Fitting was carried out using Origin 8.0 software. In all cases at least
500 grains were analysed

Grain Counts

1000
Grain Diameter / nm

Fig. 2 Histogram of grain diameters for the 400-nm polycrystalline
film. The smooth line is a software fit for a log-normal distribution
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Fig. 3 Stress—temperature cycle for a 1000 nm Ni film on a SiN,/
SiO, substrate illustrating the principal points of analysis. Closed
points indicate the data recorded on heating of the films while open
points indicate that collected on cooling

stress data for the films on a-Al,O5 are strongly linear with
inverse film thickness.

In analysing the thermomechanical slopes we observe
that thinner films exhibit values closer to those predicted
from the mismatch in thermal expansivity. Figure 6 plots
the mean value of the thermomechanical slopes observed
for the films, as a percentage of that predicted from thermal
expansivity mismatch, against the film thickness. For the
range of film thicknesses studied here, the dependence
appears linear and almost identical for the different
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Fig. 4 A plot of the stress recorded in the films at room temperature
at the end of the thermal cycles against the inverse film thickness.
Note both Ni microstructures show an increase in stress with
decreasing film thickness
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Fig. 5 The compressive stresses recorded in the films at 500 °C. The
polycrystalline films clearly show a maximum at 600 nm while the
compressive stress in the epitaxial films increases linearly with
respect to inverse film thickness

100 + Polycrystalline |
95 ® Epitaxial |

90 -
85 - >
80 - . G

75 - ]

70 . s
65 ¥
60

Gradient/% of Ideal

0 02 04 06 08 1 1.2
Film Thickness/um

Fig. 6 Measured thermomechanical slopes on heating (filled points)
the films from room temperature and cooling (open points) from
500 °C against the film thickness. Percentage values calculated from
the following values: an; = 13.4 % 10°K™, osi = 3 X 107° K,
a0, = 6 x 107° K" and M(Ni)(;,;, = 390 GPa

substrates. Somewhat lower values for both slopes were

measured for the 150-nm-thick polycrystalline film com-
pared to those seen for the 200 nm film. It is also not clear
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Temperature/°C

Fig. 7 The first two stress—temperature cycles recorded for the
200 nm film, the hysteresis observed here indicates a plastic strain of
~0.05%. Closed symbols correspond to the heating of the film to
500 °C while open points relate to cooling down to room temperature

Fig. 8 TEM image of a grain in the 200 nm thick film prior to in situ
testing, recorded with g,y conditions. All dislocations which were
observed to glide during the in situ TEM experiment are encircled

why such a large difference is observed in the heating and
cooling slopes of the 400 and 600 nm epitaxial films.

In performing the in situ testing of the 200 nm film it
was common to see dislocation glide in the larger grains.
This is despite the stress—temperature data for the 200 nm
film showing very little deviation from the thermoelastic
slopes, Fig. 7.

Figures 8 and 9 show two examples of large grains
containing multiple dislocations in the 200 nm polycrstal-
line film. In these micrographs those dislocations that were
observed to glide during in situ tests are indicated. In the
course of three in situ tests on this 200 nm film it was
generally observed that deformation was concentrated in
such large grains. The plastic strain in such grains can be
approximated by considering the displacement of Burgers
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Fig. 9 Video captures from an in situ experiment on the 200 nm film.
a shows the film during heating with six dislocations gliding along the
length of the grain, b shows these dislocations gliding in the opposite
direction during cooling. In both cases the insert provides a schematic
depiction of the dislocations in the grain. The full video for this
sequence can be found online at: http://www.oeaw.ac.at/esi/anims/
200-nm-Ni-TEM-in-situ.mov

vectors associated with the glissile dislocations over the
length of the grains. This analysis on three grains, 500—
1200 nm diameter in size, observed during in situ heating
showed that local strains in these grains were 0.10-0.20%,
i.e. 2—4 times the global plastic strain for the film.

Discussion

The dependence of the room temperature flow stresses on
film thickness is very similar to that found previously for
other fcc films [3, 17]. By normalising the flow stresses
with the shear modulus we can compare these results for Ni
with those found previously for thermally strained poly-
crystalline Al and Cu, Fig. 10. This figure also plots a line
for the flow stress predicted by the von Blanckenhagen [15]
source model. This steep gain in flow stress followed by a
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Fig. 10 A plot of room temperature yield data for Cu, Al and Ni on
SiN,/SiO, substrates. For means of comparison the data has been
normalised by their respective shear moduli (42 GPa for Cu, 25 GPa
for Al and 80 GPa for Ni), versus the inverse film thickness. The line
illustrates the prediction of the source model proposed by von
Blanckenhagen et al.

plateau observed in the room temperature stresses can be
explained by combining the work of von Blanckenhagen
with that of Eiper et al. [18]. The flow stress rises steeply
as the film thickness decreases and it becomes more diffi-
cult to activate dislocation sources but then the thermal
strain exerted on the system (0.48% for Si substrates, 0.36%
for a-Al,0O3) becomes insufficient to cause general yielding
of the films, leading to the plateau observed.

At high temperatures the double trend in the compres-
sive flow stresses of the polycrystalline films can be
explained by a competition between dislocation-mediated
plasticity [15] and constrained diffusional creep [13, 14].
A similar phenomenon was observed by Wellner et al. [19]
in thermomechanical testing of NiAl films. For films
thicker than 600 nm plasticity is controlled predominantly
by dislocation glide while the thinner polycrystalline films
relax stresses through diffusive flow. This is most likely via
constrained diffusional creep at grain boundaries proposed
by Gao et al. [13, 14]. Further evidence for this can be seen
in the stress—temperature cycles for the 150 and 200 nm
films, Fig. 11. Both of these films exhibit an increase in the
thermomechanical slope upon heating above 300 °C,
although the effect is most pronounced for the 150 nm film.
For this film the thermomechanical gradient changes from
3.3 to 7.3 MPa K™', almost double the upper theoretical
limit of 3.9 MPa K~' for Ni on Si. As such, it must be
concluded that a process is operating to relieve stress in the
film apart from the difference in thermal expansivity dif-
ference between the film and substrate. The observance of
this process in only the thinner films and its applicability at
high temperatures only points towards a diffusion effect
involving surfaces and grain boundaries, i.e. thinner films
have shorter diffusion paths and hence greater rates of
deformation. This is further supported by the high tem-
perature data for the epitaxial films. In these films a highly
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Fig. 11 Stress—temperature data for the first thermal cycles of the
150 and 200 nm films. Note the increase in gradient above 300 °C.
Closed points indicate the data recorded on heating of the films while
open points indicate that collected on cooling

linear proportionality of the compressive flow stress to the
inverse film thickness is observed. The grain sizes of the
200 and 400 nm epitaxial films are more than an order of
magnitude larger than their polycrystalline counterparts,
this greatly reduces the available diffusion paths and sup-
presses diffusion-controlled plasticity.

The ability of the 150 nm polycrystalline Ni film to
maintain any compressive stress is, at first, confusing. If the
tensile stress drops so rapidly above 300 °C, what is the
driving force behind the continued drop of the stress into the
compressive regime? A recent theory put forward by Raj-
agopalan et al. [20] may be able to explain this. The grain
size distribution in the films ensures that the critical stress
required to drive dislocation glide is not constant in all
grains. If we apply the findings of von Blanckenhagen’s [15]
simulations we can say that the critical stress will be similar
in grains whose diameter is larger than the film thickness but
a grain whose diameter is less than the film thickness would
be expected to have a higher critical stress. This is due to the
finding that the smallest grain dimension dominates the
mechanical properties. A film that has cooled from the
deposition temperature would therefore be expected to
contain a fraction of grains in which the stress has been
relaxed somewhat by dislocation glide in addition to grains
whose critical stress to initiate glide was not exceeded. In
actual fact a full spectrum of behaviour is expected to have
occurred with the larger grains having been subject to
varying amounts of stress relaxation, however, it simplifies
the problem to consider just a bimodal system of grains
larger than the film thickness and grains significantly
smaller. Yielding does not occur in tension within these
small grains. The stress we observe via wafer curvature is
then an average of these local stresses. By superimposing the
effects of the dislocation-mediated plasticity in larger grains
and the diffusion-mediated plasticity in smaller grains the
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Fig. 12 The data for the first cycle of the 150 nm polycrystalline film
alongside schematic representations of the stresses in larger grains
and extremely small grains. It is assumed in this representation that
the larger grains deform purely by dislocation glide while the small
grains deform predominantly by diffusional processes. These repre-
sent the extremes of behaviour postulated here. In order to reconstruct
the experimental data all intermediate grain sizes must be considered,
this is not attempted. Closed points indicate the data recorded on
heating of the films while open points indicate that collected on
cooling

schematic in Fig. 12 illustrates how the observed behaviour
could arise. This tendency for smaller grains to support
larger stresses has been directly observed by Phillips et al.
[21] with micro-Laue X-ray diffraction.

The phenomenon of a film thickness dependent ther-
moelastic slope was also observed by Wellner [22] for
NiAl films deforming plastically. Wellner also observed a
change in the slope of the thermoelastic curve on cooling
from different maximum strains. The thermoelastic slope
on cooling is equivalent to a loading curve and hence a
reduction in this slope from the thermoelastic limit indi-
cates local plastic relief of stresses. The thermoelastic slope
on heating is an unloading curve and hence any plastic flow
driven by tensile stresses would be expected to increase
this slope above the thermoelastic limit. However, while
the thermoelastic slope on heating in Fig. 6 is steeper than
that on cooling for the 600 and 1000 nm films the slopes
are always lower than the thermoelastic limit. A possible
explanation for this is if the relaxation in some large grains
is so efficient that these grains enter a compressive stress
regime while the average stress measured in the film is
highly tensile. Yielding of these grains in compression
would then lower the thermoelastic slope as observed.

This work therefore suggests that the mechanical prop-
erties of thin films are strongly dependent on the unusually
large and unusually small grains, rather than the average
grain. As a very strong {111} fibre texture is observed for
these films and the films are subjected to a biaxial stress,
leading to similar Schmid factors for all grains, it is
expected that grain size is the determining factor in which
grains exhibit plastic deformation. Further support for local
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plastic deformation was found during the in situ tests.
Figures 8 and 9 show two grains, both from the 200 nm
polycrystalline film, in which extensive dislocation activity
was observed in situ. These grains were, at between 500
and 1000 nm grain diameter, significantly larger than the
average grain size of the films. The high degree of dislo-
cation glide in these large grains on the edge of the dis-
tribution suggests that dislocation activity may be almost
exclusively limited to such large grains.

Conclusion

The data presented here for the room and high temperature
flow stresses fits in well with other results for similar
materials, further supporting the conclusion that fcc metals
behave in a very similar manner once material constants
are accounted for.

The size effect observed in the thermomechanical gra-
dients and the multiple dislocation glide seen in situ in the
TEM support the conclusion that localised deformation in
the form of dislocation glide is occurring in these films
even in the apparently elastic regime. The size effect in this
localised plasticity suggests that some critical grain size is
required for such deformation. As such, thinner films
contain fewer grains above this threshold and hence the
thermoelastic slope approaches the theoretical value pre-
dicted by the thermal expansivity mismatch between the
film and substrate.

Furthermore, the results of this study suggest that
characterising thin films by their average grain size and
attempting to rationalise the observed properties in relation
to this average grain size may be too simplistic. If dislo-
cation glide is only possible in grains above a critical size
and diffusive flow possible only in the smaller grains then

the grain size distribution of a film becomes a critical factor
in that film’s thermomechanical properties.

Acknowledgement Wafer curvature and in situ TEM were carried
out at the Max Planck Institute for Metals Research, Stuttgart, during
the authors’ time there.
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