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Elastic moduli of 50-250 nm thick Al-50 at % Cu film alloys deposited by thermal evaporation on Kapton substrates and
postformed by thermal diffusion are investigated. Formation of the Al,Cu alloy phase was confirmed by X-ray photoelectron
spectroscopy (XPS). Surface morphology was examined by atomic force microscopy (AFM) and scanning electron microscopy
(SEM) before and after tensile mechanical testing. Force-strain curves of the Al-Cu alloy were obtained by subtracting the effect of
the force-strain Kapton curves from the corresponding curves of the Al-Cu/Kapton system. A reduction in the elastic modulus of
the Al-Cu alloys from 106.1 to 77.8 GPa with the increase of alloy thickness was obtained. Measured elastic moduli were between
the reported bulk modulus for Al and Cu. Reductions in the surface roughness and increments in the grain size were measured

after tensile testing of the Al-Cu alloys.

1. Introduction

The current tendency in the electronic industry is to
use flexible polymers as substrates to fabricate electronic
circuits, rendering portable, low-cost, low-weight, and flex-
ible electronic devices. For this reason, it is necessary to
determine and understand the behavior of the physical
properties of nanofilms deposited on flexible substrates [1,
2]. Particular attention needs to be paid to the under-
standing of the mechanical properties, especially the elastic
modulus. Among the different methods used to estimate
the elastic modulus of thin film materials are those based
on vibrations [3], tensile [4], and bending testing [5]. In
the electronic industry, the aluminum-copper alloys (Al-
Cu) are used as metallic interconnectors [6], because of
the reduction of the electromigration effects in aluminum
[7]. The inclusion of polymeric materials as substrates in
the electronic devices fabrication makes the interconnectors
and electronic components suffer strains by Joule effect

during their operation. Thus, it is important to study the
mechanical behavior of these devices by knowing the elastic
modulus of the interconnector materials at nanothicknesses
for improving their performance. Figure 1 shows the Al-Cu
alloy phase diagram in bulk [8, 9] where different phases can
be observed. Al-Cu alloy phases 3y, 8, yo0, and &, are formed
from 1373 to 823K, while 6 (Al,Cu) [10], 71 (AlCu), &
(Al3Cuy), 6 (Al,Cus), and y; (Al4Cuy) appear as stable phases
below 823 K. As can be seen, the formation of the different
phases is mainly determinated by the concentration of each
element and the cooling rate during solidification [11, 12].
An important crystallographic phase with adequate electrical
characteristics for the microelectronic industry is the AlCu
phase (#;), which is a stoichiometric phase formed below
823 K.

In this work, the elastic modulus of Al-50 at. % Cu
alloy films with 50-250 nm thickness, prepared by thermal
evaporation on Kapton 50HN flexible substrates and post
thermal diffusion, is investigated. The morphology and
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FIGURE 1: Phase diagram of the bulk Al-Cu alloy.

mechanical properties of the Kapton foil substrate and
metallic alloys were investigated in order to determine
features and properties of the formed Al-Cu alloy from
differences with the bare substrate. Pure Al and Cu 50 nm
thickfilms were also analyzed for comparison.

2. Materials and Methods

2.1. Alloys Preparation and Substrate Selection. For Al-Cu
alloys preparation, high-purity Cu (99.999%) from CERAC
was first deposited on 12.5um thick Kapton (50HN) foil
substrates by thermal evaporation into a vacuum chamber
with a pressure of 6.0 X 107> Torr and a deposition
rate of 0.2nm/s. Film thickness and deposition rate were
measured and monitored in situ with a TM-400 controller
with a quartz crystal sensor. High-purity Al (99.999%) was
subsequently deposited on the Cu/Kapton system, forming
an Al/Cu bilayer on top of the Kapton substrate. The chosen
order of deposition is related to the rapid and continuous
oxidation of Cu in comparison with the high stability of the
Al oxide. The Al-Cu alloys were prepared with a nominal
50:50% atomic concentration and deposited with 50, 100,
150, 200, and 250 nm as total thickness. The corresponding
individual film thicknesses for this atomic concentration
were calculated as ta; = 58.4% and tc, = 41.6% of the total
thickness. Four samples were simultaneously deposited for
each batch. Once the bilayers were formed, Al-Cu alloys
were post-formed by thermal diffusion at 673 K by a thermal
annealing process during 3 h into a vacuum oven with Argon
gas to avoid oxidation. The natural cooling process of the
oven, from 673K to 313K, required 2 additional hours of
the films into the Argon atmosphere. Due to the annealing
process, the Al-Cu/Kapton alloys suffered thermal stresses
as observed by curling of the samples. The residual stress is
assumed to arise from shrinkage of the substrate up to 1%
at 673K (as reported by the supplier) and by the thermal
diffusion of the material [13—16]. Additionally, 50 nm thick
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FIGURE 2: (a) Sample pressed by the clamps, (b) detail of the sample
surface after tensile testing, and (c) micrograph of the nondamaged
grip zone of the sample.

samples of only Al and only Cu were thermally deposited
to prepare Al/Kapton and Cu/Kapton systems to be used
as references. Kapton was selected as the substrate material
due to its high melting temperature, smooth surface, and
relatively low elastic modulus. The surfaces morphology of
Kapton as-received and after thermal annealing at 673 K as
well as used for the metallic alloys were examined by atomic
force microscopy (AFM) in tapping-mode. AFM images of
2 X 2um? size, 512 x 512 pixels® of resolution, and 1 Hz
as scanning rate were obtained. Preliminary results of the
mechanical properties of Kapton 50HN substrates and Al-
Cu/Kapton alloys were reported [17] and determined from
strain-stress curves obtained from a homemade universal
testing machine [18] with a load cell of 220 N. The sample
strain was measured by using the machine cross-head
displacement, taking into account the compliance of the uni-
versal testing machine. The machine compliance, estimated
as 0.16 um/N, is small enough to avoid affectation on the
elastic modulus determination. Tensile tests of samples were
performed with a cross-head speed of 1 ym/s (strain rate of
6.0 X 107> s71). The gauge length (distance between clamps)
used for the tensile testing machine was 20 mm. Samples
of rectangular geometry of 40 mm length and 4 mm wide
were used for tensile tests. No damages with the clamps
were produced on the sample surfaces after tensile testing
during sample holding. This can be observed in Figure 2,
where a sample pressed by the clamps is shown (Figure 2(a));
meanwhile in Figures 2(b) and 2(c), micrographs of the
nondamaged grip zone of the sample after the tensile testing
can be observed with different magnifications.

2.2. Characterization of the Al-Cu Alloys. Phases of the Al-Cu
alloy were investigated by X-ray photoelectron spectroscopy
(XPS). XPS analysis was performed by an ESCA/SAM 560
Perkin-Elmer equipment. The analysis was performed at
0.5-3.0 nm-depth from the sample surface (about 3 atomic
layers), given the erosion rate used during analysis. Images
of the surface morphology of the Al-Cu alloys surfaces
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FIGURE 3: Force-strain curves of the thin film/polymer and polymer
substrate systems, and the corresponding thin film curve obtained
by subtraction.
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FIGURE 4: Stress-strain curves of 12.5 um thick Kapton foil for as-
received and after thermal annealing.

were examined by atomic force microscopy (AFM). Rms-
roughness (Ryms) and grain size (D) before and after the
tensile tests were measured using the scanning probe image
processor (SPIP) software from Image Metrology Co. The
microstructure of the Al-Cu alloys was examined by a
scanning electron microscopy (SEM), both by secondary
electrons (surface) and by backscattered electrons (to identify
elemental composition on different zones of the alloy)
with 25 keV using a SEM-Philips XL30 ESEM. Additionally,
elemental concentration from different zones of the formed
alloys was measured by energy dispersive spectroscopy
(EDS).

2.3. Elastic Modulus of the Al-Cu Alloys. Two tensile tests
were carried out for each system, one with the metallic
alloy/substrate and the second one without the metallic film.
The first tensile test was carried out to the Al-Cu alloy
bonded to the Kapton substrate to obtain the force-strain
curve of the complete Al-Cu/Kapton system. The Al-Cu film
alloy was then removed from the Kapton substrate by etching
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FIGURe 5: Four stress-strain curves obtained for 12.5um thick
Kapton substrate after thermal annealing and etching. A high
reproducibility was observed from the tensile tests presented in the
plot.
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FIGURE 6: XPS spectrum as obtained for an Al-50 at % Cu alloy
sample.

the alloy during 5 minutes into a weak sulfuric acid solution.
This process etched the metallic film without affecting the
elastic modulus of the substrate as was confirmed by the
tensile testings of the Kapton substrates before and after film
etching. The second tensile test was subsequently performed
to the etched substrate to obtain the force-strain curve of the
bare substrate. The tensile stress (¢) of the alloy as a function
of applied strain (¢) was calculated by subtracting the force-
strain curve of the Kapton substrate Fy,;,(¢), from the force-
strain curve corresponding to the Al-Cu/Kapton foil Fy(¢),
according to the relation [19],

0(e) = ——[Funle) ~ Fun(®)), 1)
trws

where t; and wy are the thickness and width of the alloy,
respectively. Force-strain curves of the thin film/polymer
system, polymer substrate, and the thin film curve, used
to obtain the mechanical properties of the thin films, are
plotted in Figure 3. The lower dashed-line curve in Figure 3
corresponds to the curve of the thin film, which was
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FIGUure 7: SEM images showing the microstructure evolution when the sample is annealed: (a) 1 h to (b) 3 h. (c) EDS results corresponding

to the sample annealed for 3 h.

obtained by subtracting the measured force-strain curve of
the polymer substrate from the force-strain curve of the thin
film/polymer system.

Additionally, batches of only Al and Cu films of 50 nm
thick deposited on similar Kapton substrates were analyzed
by this method to estimate thier corresponding elastic
modulus.

3. Results and Discussion

3.1. Substrate Analysis. The surface morphology of Kapton
substrate both before and after the annealing process was
measured by AFM, finding no significant changes in the
rms-roughness. Rms-roughness values of the Kapton surface
were determined in a range of 1.1-2.9 nm, confirming that
Kapton foil presents a uniform low-roughness surface which
is suitable to use as a substrate for depositing alloy films
with uniform thickness and low-roughness. Additionally, the
mechanical properties of Kapton substrates were examined
before and after thermal annealing. Figure 4 shows two
stress-strain curves from Kapton foil obtained from as-
received, and after 3h of annealing treatment. Both as-
received and annealed Kapton foil present an initial linear
elastic behavior for low strain values (¢ < 1.3%). The rule of
e = 0.1% offset applied to both stress-strain curves yields
deviations from linearity at ¢ = 1.3% for the as-received
Kapton and € = 0.9% for the annealed Kapton.

The corresponding elastic moduli were estimated by
fitting a straight line into this region. The corresponding

mean value of the elastic modulus obtained in this way for
as-received Kapton is Ey, = 3.0 £ 0.1 GPa, meanwhile for
annealed Kapton is E, = 2.7 + 0.1 GPa, that is, a reduction of
elastic modulus of ~10% for the annealed Kapton. This slight
reduction of the elastic modulus was taken into account to
estimate the elastic modulus of the Al-Cu alloys, such that the
annealed curve was used for subsequent calculations. For the
case of pure metallic films (Cu and Al), the elastic modulus
was estimated using the mechanical properties of as-received
Kapton since no annealing process is involved. Figure 5
shows the stress-strain curves corresponding to the elastic
zone of only Kapton obtained after 3 h of thermal annealing
and etching during 5 minutes into a weak sulfuric acid
solution. The obtained stress-strain curves of the substrate
show high reproducibility for the different replicates tested.
For all tensile tests, a strain range of 0.9% was used to
estimate the elastic modulus. Negligible variations in the
estimated elastic modulus of the annealed Kapton (E,=
2.7 GPa) after etching into a weak sulfuric acid solution were
observed. At this strain range, Kapton substrate is into the
elastic zone and does not suffer damage that can affect the
mechanical properties of the films. Once Kapton substrate
was characterized, the tensile tests of the Al-Cu/Kapton
system were conducted.

3.2. Phase Alloy Analysis. The formed phases of the prepared
Al-Cu/Kapton alloys were determined by XPS. XPS spectra
in the 1000-0eV energy range were obtained. Subsequent
high-resolution XPS spectra of Al-2p, Cu-2p 2, and Cu-2ps/,
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FiGure 8: Measured force-strain curves of Kapton foil and Al-
Cu/Kapton systems for different thicknesses. Thickness values
correspond to the deposited values.
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FIGURE 9: (color online) Stress-strain curves as obtained for Al-50
at % Cu alloys with different thicknesses.

were determined, as is shown in Figure 6. The main Al peak
(Al-2p) appearing at 74 eV (not shown) corresponds to an
oxidized state of Al. The Cu spectrum consists of a set of
2p12 and 2ps;, peaks, associated to the Al,Cu phase [20].
According to the Al-Cu bulk phases diagram for an Al-50
at % Cu, the expected phase is AICu. However, Al,Cu phase
may also be produced during the cooling process [21].

3.3. Microstructure and Morphology of Al-Cu Alloys. The
microstructure of the Al-Cu alloys was analyzed by EDS-
SEM technique using the backscattered secondary electrons
mode. Figures 7(a) and 7(b) show two SEM images of the
alloy microstructure after the annealing time of 1h and 3 h,
respectively. As can be observed in Figure 7(a) the alloy is
not formed completely given the minor time of the annealed
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FiGURE 10: Stress-strain curves for 50 nm-thick of Al and Cu. Inset
shows the corresponding force-strain curve.

treatment. Microstructure of the alloy annealed during 3 h
shows to be more homogeneous than for annealed films
after 1h. Figure 7(b) shows three analyzed zones of the Al-
Cu alloy which was labeled as: white zone (A), gray zone
(B), and dark points (C). Zone A is characterized by the
dendritic structures. Stoichiometry of the zone A yields
concentrations of Al = 41.7% at and Cu = 58.3% at. Zone
B is characterized by the peripherical dendritic structures,
with atomic concentration of Al = 46.0% and Cu = 54.0%.
Dark points C, with concentrations of Al = 53.2% and Cu =
46.8%, are characterized by the highest concentration of
aluminum. From EDS analysis, zone A was found to be richer
of Cu than the B and C zones. Figure 7(c) shows an EDS
general analysis of the sample annealed for 3 h. Additionally,
evidence of diffusion of Cu or Al into the Kapton foil during
the annealing process was not found, which was confirmed
by the EDS analysis carried out in localized areas of the
Kapton where the Al-Cu alloy was removed.

3.4. Alloys Tensile Tests. Figure 8 shows representative force-
strain curves of the Al-Cu/Kapton system deposited with
different film thicknesses (¢7 = 50 to 250 nm, nominal values)
and of neat Kapton substrate as the baseline. Representative
force-strain curves from four samples for each Al-Cu/Kapton
system and the corresponding curve for Kapton substrate are
included.

Reported thickness values correspond to the deposited
thicknesses of the formed Al-Cu alloy as measured by the
quartz crystal sensor during thermal evaporation. As can
be observed, the slope of the force-strain curve increases as
the film thickness increases. The corresponding stress-strain
curves of the Al-Cu alloys prepared with different thickness
were calculated using Figure 8 and Equation (1) and are
shown in Figure 9. From each curve of Figure 9, the elastic
moduli of different Al-Cu alloys were estimated.

The elastic modulus values were estimated as the initial
slope of the straight line of each curve in the range of 0 < ¢ <
0.6%, that is, within the linear elastic regime. The mean
values and the corresponding standard deviations estimated



(A) Alloy thickness: 50 nm
(a) before and (b) after tensile testing

(C) Alloy thickness: 150 nm
(a) Before and (b) after tensile testing
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(B) Alloy thickness: 100 nm
(a) Before and (b) after tensile testing

(®)

(D) Alloy thickness: 200 nm
(a) Before and (b) after tensile testing

(E) Alloy thickness: 250 nm
(a) Before and (b) after tensile testing

FiGure 11: AFM images (2 X 2 yum?) of the Al-Cu film morphology for different thicknesses, before and after tensile testing, (A) 50 nm, (B)

100 nm, (C) 150 nm, (D) 200 nm, and (E) 250 nm.

TaBLE 1: The mean elastic modulus of Al-Cu alloys, Al and Cu with
different thickness.

Thickness (nm) Al-Cu (GPa) Al (GPa) Cu (GPa)
50 104.6 = 6.2 129.1 + 4.2 107.1 = 4.6
100 99.1 + 1.8 — —
150 106.1 +£5.5 — —
200 77.8 £ 1.6 — —
250 82.7 £5.6 — —

for the elastic modulus are shown in Table 1. From Table 1,
it can be observed that the elastic modulus decreases as the
alloy thickness increases. Table 1 also includes the elastic
modulus as obtained for 50 nm thickness of Al and Cu films.

As known, the reported elastic modulus for Al and Cu
in bulk is 70 and 130 GPa, respectively [22]. The elastic
moduli of the Al-Cu film alloys fall between the bulk moduli
of Al and Cu, approaching to the bulk modulus of Al as
the alloy thickness increases. Additionally, the elastic moduli
of 50 nm thick thermally evaporated samples of Al/Kapton
and Cu/Kapton were measured for comparison. The corre-
sponding stress-strain curves of 50 nm thick Al and Cu are
shown in Figure 10. These curves were obtained from the
force-strain curves shown inset. For Al films, a mean elastic
modulus of 129.1 + 4.2 GPa was obtained, a significantly
higher value than its bulk value (70 GPa).

The obtained elastic modulus for Cu films was 107.1 +
4.6 GPa, a lower value as compared with its bulk value
(130 GPa). Values of 108.8 + 11.7 GPa of the elastic modulus
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FIGURre 12: Changes on the: (a) rms-roughness, and (b) grain size both before and after tensile testing.

for Cu films have been reported by other authors [23]
by using an optical diffraction technique. They report this
elastic modulus value for Cu in a range of 0.1 to 2.0 yum
film thickness. The lower elastic modulus value obtained
herein for 50 nm-thick Cu film may be explained by the
lack of coalescence among grains or clusters for such a
small film thickness, which seems to be particularly relevant
for copper. This affirmation is also supported by the high
electrical resistivity reported for Cu films of 50 nm thickness
[24].

After mechanical testing, the elongated surfaces of the
tested alloys were examined by SEM. SEM analysis did not
show microcracks on the surface of the elongated alloys,
confirming that loading was kept within the elastic regime.
The surface morphology was also obtained by AFM in
order to examine differences with the pristine condition
(prior to testing). Figure 11 shows sequential AFM images
of the Al-Cu alloys deposited with different thickness,
corresponding to scenarios before and after tensile testing
(images do not correspond to the same zone). As-grown
images obtained from different zones of each alloy showed
similar rms-roughness values, suggesting a homogeneous
growth condition during evaporation.

From AFM images, the rms-roughness (Ryms) and the
mean grain size (Dmean) Were measured for each thickness
of Al-Cu alloy both before and after tensile testing. Their
corresponding mean values and standard deviations are
shown in Figure 12. Both Ry and Dpesn show an initial
increment with increased film thickness until maximum
values are reached at alloy thickness of 150 nm; after alloy
thickness of 150 nm, the Ryms and Diean values show a slight
reduction. The largest values of the roughness and grain
size both before and after tensile testing were found for
the 150 nm thick alloy. After deformation, the initial surface
roughness value decreases, meanwhile the initial grain size
increases.

After annealing (alloy formation), diffusion process and
diffusion time affect the final surface of alloys given the
dependence of Ryys and Dpyean with the film thickness

and formation temperature. In our case, the 150 nm thick
Al-Cu film suffered the largest surface morphology changes
may be due to the combined action of the alloy thickness,
diffusion temperature, and diffusion time. The diffusion
process discussed here for Al-Cu film formation was found
to be a different behavior than the growth process, where
according to the scaling laws, the rms-roughness value and
the grain size of the surface increase with increased thickness
(or deposition time) until a saturation is reached.

4. Conclusions

The elastic modulus of 50-250nm thick Al-50 at.% Cu
alloys thermally evaporated onto Kapton substrates and
postformed by thermal diffusion has been investigated.
Al,Cu phase was the dominant crystalline phase formed
as determined by XPS. Force-strain curves of the Al-
Cu alloys were obtained by subtracting the force-strain
curve of the Kapton substrate from the force-strain curve
of the Al-Cu/Kapton material system, and elastic mod-
ulus was obtained from the slope of the corresponding
stress-strain curves. Elastic modulus of the Al-Cu alloys
decreased when the film thickness increased, and their
values were determined in the range from 106.1 to 77.8 GPa
for 50 to 250nm thick alloys, respectively. The elastic
modulus of the studied Al-Cu alloys was found between
the corresponding bulk values of the Al and Cu films.
The elastic modulus measured for 50nm thick Al was
higher than its corresponding bulk value, while the elastic
modulus of 50nm thick Cu was smaller than its bulk
value. The highest values of the mean grain size and
rms-roughness were found for the 150nm thick Al-Cu
alloy. Overall, application of a tensile strain/stress yielded a
tendency to increase the grain size and decrease the surface
roughness of the alloys. The methodology used to obtain
the elastic modulus does not yield alloy microfractures
because of the small strains (<1%) applied during tensile
testing.
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