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Abstract

Cu/Nb nanoscale metallic multilayers have been extensively investigated to understand how
their mechanical behavior is influenced by the individual layer thickness. The general observed
trend is that the yield stress of the multilayer increases with decreasing layer thickness.
Important mechanical behaviors that have not been studied in-depth are the fracture and
adhesion energy between the film and substrate. Here, the influence of the layer thickness, layer
order, and initial residual stresses of Cu/Nb multilayers on polyimide were examined using in-
situ x-ray diffraction and confocal laser scanning microscopy under tensile loading. With these
techniques, it was possible to calculate the stresses developing in the individual materials and
measure buckles that could be used to evaluate the interfacial adhesion. Layer thickness,
deposition order, and the initial residual stresses were not shown to influence the initial fracture
strains of the Cu/Nb multilayer systems. However, the adhesion energy between the multilayer

and substrate was affected by the layer deposition order and by the initial residual stresses.



Introduction

Nanoscale metallic multilayers (NMMSs), or layered composite geometries where the
constituents are sub-100 nm metallic layers, have been a recent interest in research primarily
due to their novel strengthening behavior [1]. As the NMM characteristic length (e.g. layer
thickness) decreases below ~75 nm, strength deviates from traditional theories such as Hall-
Petch [2-4]. NMMs can be found in many places ranging from pearlite in steels [5] to
engineered coatings, foils, and films [6,7]. These systems are being explored as wear-resistant
coatings [8,9], high-strength foils [10], and radiation resistant composites [11], among others.
It has been observed that freestanding Cu-based NMMs, using a variety of techniques, undergo
ductile failure with very little necking prior to fracture and the yield stress increases as the
individual layer thickness decreases [12-15]. However, when NMMs are deposited onto
polymer substrates and strained under tension, the behavior is considered very brittle with very
little observable strengthening [16—18]. When the tensile straining is performed in-situ with x-
ray diffraction (XRD), the strengthening of the ductile phase and load sharing of the Cu layers
was observed [19]. It is advantageous to use in-situ XRD methods because it is possible to
measure the residual and mechanical response of both NMM materials under tensile loading.
For example, Cu and Nb have strong reflecting peaks that are within 10° of one another and
these peaks can be captured simultaneously during in-situ straining using the sin?¥ method to
measure the lattice strain of each material. This in-situ straining method has been shown to be
very valuable to study the role of film thickness, interlayers and residual stresses of metal films
on polymer substrates [19-24]. Another in-situ method is to strain while imaging with a
confocal laser scanning microscope (CLSM) [25,26]. The advantage of CLSM is that 3-
dimensional (3D) images of the surface are created, which allow the evaluation of cracking,
deformation and delamination of the films as a function of strain [25-28]. The dimensions of
the delamination buckles can be used to quantitatively calculate the interface strength
[20,29,30]. The focus of this study was to examine the role of thickness, layer order and initial
residual stresses of the Cu and Nb layers on the fracture and interface behavior of these films
using advanced in-situ XRD and CLSM techniques. The combination of these advanced
methods provides a more in-depth look at the mechanical and interfacial behavior of NMMs on

polymer substrates.

Experimental

Cu/Nb multilayers were deposited onto 50 pm thick Upilex® polyimide (PI) using

direct current (DC) magnetron sputtering. Four different multilayer samples were made by
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varying the layer thicknesses between 20 nm and 100 and altering the deposition order of the
layers onto the Pl (Cu or Nb in direct contact with the PI) [31]. For simplicity, the following
convention is used to identify the samples: the first material in the sample name is the film that
was deposited no to the substrate first to a thickness of either 20 or 100 nm. Therefore, the four
samples under investigation were CuNb20, CuNb100, NbCu20 and NbCu100. All samples had
a total thickness of ~950 nm, with the exception of the NbCu100. The NbCu100 film only had
a thickness of ~750 nm due to the deposition of 50 nm Cu layers instead of 100 nm layers (Table
).

Synchrotron radiation (KMC-2 beamline [32], BESSY II, Berlin) was used to measure
the lattice strains of the Cu and Nb layers in-situ using XRD and the sin?¥ method [33]. The
longitudinal Cu and Nb lattice strains (parallel to the tensile direction) were measured in-situ
during continuous straining with an Anton Paar TS600 to a maximum engineering strain of
12% using a displacement rate of 1 um/s. All XRD measurements were performed in the in
reflection geometry. The (111) reflections of the Cu layer and the (110) Nb reflections were
recorded simultaneously with a Bruker VANTEC 2000 detector using five different ¥ angles
between 0 and 50 degrees, using an exposure time of 10 s and a beam wavelength of 0.177 nm
(spot size 300 um). Before and after straining, high resolution measurements using 11 different
¥ angles were performed to determine the initial and final stresses in the Cu and Nb layers. A
Pearson fit was applied to determine peak positions and peak widths. Film stresses were
calculated using x-ray elastic constants (XECs) (1/2 S) [34] for untextured (111) Cu and (110)
Nb reflections. XECs were calculated from single-crystal elastic constants assuming the Hill
model with the software ElastiX [35].

For comparison and to assess the adhesion energies, in-situ CLSM straining was
performed using the same tensile device on an Olympus LEXT 4100 OLS. The Cu/Nb
multilayers were strained with stepwise loading in order to image the surface during straining.
Initially, small steps were utilized (e.g. 0.1%, 0.25%, 0.5% strain) to observe the initial fracture
strain, er. After cracks were observed, larger steps were employed (1-2% strain increments)
until the maximum strain of 12%. The in-situ CLSM experiments were run at 10 um/s. Using
CLSM has the advantage of 3D surface imaging of large areas in short times. Each image made
during in-situ straining needed about 2 min and if delamination occurred, the buckles could be
used to evaluate the interface adhesion without additional experiments [25,29]. At least two in-
situ CLSM experiments were performed in order to get some statistics on the . Post imaging

of all samples was performed with scanning electron microscopy (SEM) and cross-sectional



focused ion beam (FIB) milling to confirm the layer order, total multilayer film thicknesses

(Figure 1) and to confirm the failing interfaces (Nb-PI or Cu-PlI).
.~ CuNb100

Figure 1: FIB cross-sections of the multilayer films, (a) CuNb20, (b) CuNb100, (c)
NbCu 20 and (d) NbCu100.

Results and Discussion

Initially, the stresses in the Cu and Nb layers are thickness dependent (Table I). The 20
nm Cu layers have residual tensile stresses on the order of 1 GPa, while the 100 nm Cu layers
are on the order of 200-700 MPa tensile. A similar trend is observed in the Nb layers with the
20 nm layers also having residual stress greater than 1 GPa tensile. However, the 100 nm Nb
layers have compressive residual stresses of -500 MPa. With the residual stresses being
generally tensile, it is expected that the films will fail at low strains [24]. The initial residual
stresses of all samples are shown in Figure 2 as the first data point at an engineering strain of
0%.

Measurement of the lattice strains and calculation of stresses of the Cu and Nb layers
provides vital information about the mechanical behavior. From previous studies the shape of
the measured film stress as a function of engineering strain is well understood [20,23,36,37].
Initially the stress increases elastically until a maximum stress is reached. The strain at which
the maximums stress is achieved is considered to be the fracture strain where through thickness
cracks initiate in brittle film systems. After reaching the maximum stress, the stress decreases
due to continued crack formation until a stress plateau is attained. The stress plateau is
indicative of crack density saturation where no new cracks form. Upon unloading from 12%
strain, the film stress decreases as the polyimide substrate recovers elastically.

As shown in Figure 2, the samples made of 20 nm layers all had higher stresses
compared to the samples made with 100 nm layers during straining. Both layer orders are also

within the same stress range and the 100 nm Nb layers remain compressive even at 12% of
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strain. The results of Figure 2 demonstrate that the individual layer thickness is the main
parameter that dominates the stress carrying behavior in multilayers, as has been previously
discussed [13,15,19]. Since the 20 nm layers achieve higher stresses before and during
straining, they follow the “smaller is stronger” theory quite well [14]. The results also mirror
those of Polyakov et al. [19], demonstrating an increased maximum stress with decreasing layer
thickness and possible load sharing within the layers. The strain that the maximum stresses are
reached is a little under 1% for all samples. It should be noted that the measured stresses in the
100 nm layers are more scattered. When Nb is the first layer, the Cu layers achieved slightly
higher stresses than when Cu was the first layer. Recall that in the NbCul100 sample the Cu
layer is thinner than the CuNb100 sample. FIB cross-sectioning (Figure 1d) confirmed that the
Cu layers are on average 50 nm thick and the Nb layers are about 75 nm. The difference in

thickness is the most likely reason for the different maximum stresses [19].
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Figure 2: Film stress as a function of engineering strain for the 20 nm and 100 nm multilayers
with (a) CuNb layer order and (b) NbCu layer order. Error bars are calculated by the standard
deviation of the peak positions.

The initial fracture strains, er, and initial buckling strains, s, of the multilayer films were
observed during the in-situ CLSM experiments. All films crack at strains below 1%, similar to
the in-situ XRD experiments (Table I). The crack density evolution of the multilayer films is
shown in Figure 3 and illustrates that the crack saturation was reached for the multilayers
between 6-8% strain. Of interest is that the 20 nm multilayers (CuNb20, NbCu20) have a larger
saturation crack spacing (lower crack density) than the 100 nm multilayers (CuNb100,
NbCul00). At 12% maximum strain the average saturation crack spacing for the 20 nm
multilayers is 45 pm and for the 100 nm multilayers almost half at 25 um (Figure 4). Normally
for single layer films, thinner films have a smaller crack spacing (higher density) than thicker

films of the same material [38—41]. It can also be observed that the layer order only has a small



effect on the &, with CuNDb fracturing at about 0.3% strain and NbCu at approximately 0.5%

strain.
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Figure 3: Crack density evolution from the in-situ CLSM experiments. The NMMs with 20
nm layers have a lower crack density than those with 100 nm layers.

Figure 4: CLSM laser images of the Cu/Nb multilayers strained to 12% illustrating the
difference in the crack density as a function of layer thickness; (a) CuNb20, (b) CuNbZ100, (c)
NbCu20, and (d) NbCul00. Buckles are parallel to the straining direction (arrow).

Buckling of the films begins at different levels of strains for each film system depending
on the layer thickness, order and residual stresses in the Nb and Cu layers. The films which start
with Cu buckle between 4-6% strain while the multilayers that begin with Nb buckle as early
as 2% strain. The lowest observed buckling strain of the NbCu100 could be due to the 540 MPa
compressive residual stress that is present in the Nb layers compared to the 1.2 GPa tensile
stress in the 20 nm Nb layers. The presence of residual compressive stresses normal to the strain

direction in the Nb could cause early bucking. This would be similar to Mo films with a residual
6



tensile strain and fracturing at extremely low strains when loaded in tension compared to films
of the same thickness having a compressive residual stress. A & gain of a factor of six was found
by tuning the residual stress [24]. In the case of buckling, a high compressive stress would
indicate that less tensile strain is needed to induce enough compressive strain to cause buckling.
Another reason for the lower buckling strains is simply that Nb and PI do not form a strong
bond when sputter deposited onto PI, while Cu-PI can form a strong interface [42]. However,
it should be noted that observation of the buckling strains is somewhat subjective because the
in-situ CLSM measurements are very localize and concentrate on only one area of the sample.

From the buckles which form at the buckling strains and at higher strains the adhesion
energy for the different metal-polymer interfaces can be calculated [25,43]. Buckle dimensions
were measured from the CLSM height images starting at the buckling strain. In order to have
enough buckles for good statistics within one experiment, newly formed buckles at higher
strains were also included in the calculation. An example of the buckle measurements at
different strains for the NbCul100 system is shown in Figure 5. Buckles with a round and
symmetric shape (Figure 5 insets) are also preferred for the model [43-45].

A el b - 8% strain | | 1 iEadas A 10% strain

Figure 5: CLSM height images from a NbCu100 in-situ experiment at (a) 6% strain, (b) 8%
strain, and (c) 10% strain illustrating how the buckle dimensions were measured for the
adhesion calculation (inset b).

To calculate the adhesion energy, the buckle height, 6, and half-buckle width, b, are

normalized with total films thickness, h. The values are then plotted as (6//)? versus (b/h) and

the equation [43]
@ - e @r+ 12 Q)] g

is fitted using the parameter . The minimum a-value is used to characterize the buckle data

and the adhesion energy is calculated as:

r = 28 (5)4. @)




In Eqn. (2) E' = E/(1 — v?) with E the elastic modulus of the thin film system (135 GPa for
CuNb or NbCu [31]) and v is the Poisson’s ratio of the film (0.35). For the CuNb film data
(Figure 6a) can be fit with a = 5 x 10, which yields an adhesion energy of 10.7 + 2.1 Jm™2 for
the Cu-Pl interface. The NbCu20 yielded an adhesion energy of 6.3 + 2.1 Jm™ with a = 3x107°
and the NbCu100 a somewhat lower value of 1.4 + 0.2 Jm with « = 8 x 10® (Figure 6b). The
difference between the two Nb-PI interfaces (Table I) is most likely due to the high compressive
residual stress in the 100 nm Nb layers. The layer order should lead to a difference in interface
adhesion energies and the fact that the more ductile Cu layer has a higher adhesion energy than
the brittle Nb layer fits well with values available in the literature. For example, adhesion
energies for Cr, Ti, or Mo on PI are usually around 5 Jm and lower [40,43,46] while adhesion
energies for Al or Au on Pl can be as high as 30 Jm [25,30]. The multilayer architecture also
demonstrates that combining ductile an brittle layers, ductile materials will become brittle and

interface fracture is more likely to occur [20,26,47].
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Figure 6: (a) The adhesion energy of the Cu-PI interface of the CuNb NMMs was found to be

10.7 Jm™2 using the minimum « value to fit the buckle data. (b) Two « values are necessary to

determine the Nb-PI adhesion energy of the NbCu NMM. For the 20 nm layers 6.4 Jm and
for the 100 nm layers 1.5 Jm™ were determined.

Table I: Film thicknesses, residual stresses, observed fracture and buckling strains, and calculated
adhesion energies.

Eilm Total Film Cus Nb & Fracture Buckling Adhesion
Thickness e 1% Strain, &rac Strain, Energy, I’

System (nm) (MPa) (MPa) (%) vk (%) (Im?)
CuNb20 925 036 +£258 1389+88 0.26+0.03 3-4% 10.7+21
CuNb100 925 202+10 -480+21 0.33+£0.08 5-6% 10.7+£21
NbCu20 950 1105+£81 1233+127 0.4+0.14 2.5-6% 6.4+21
NbCu100 750 701+24 -541+115 0.51+0.01 2-3.5% 1.5+0.7




Conclusions

Cu/Nb NMMs on PI have been investigated using in-situ tensile straining with XRD
and CLSM. With these two characterization techniques, the influence of layer thickness, layer
order and residual stresses were examined. XRD provided information on the individual
stresses in the Cu and Nb layers before and during straining, while the CLSM was used to
quantify the crack density as a function of strain and the adhesion energy. The XRD
experiments illustrated that the layer thickness influences the initial residual stresses and that
thinner films can achieve higher stresses. The initial fracture strains did not differ for the
different layer thicknesses or residual stresses. These results correlated well with the CLSM
experiments with the layer order only having a small influence on the initial fracture strain and
a significant impact on the measured interface adhesion. The layer thickness effect is the XRD
data manifests in the increased saturation crack spacing where the 20 nm NMMs have the larger
crack spacing. The residual stresses, especially in the 100 nm Nb layers (NbCul00, Nb100),
affects the adhesion energy of the Nb-PI interface by decreasing the buckling strain and the
measured adhesion energy (1.5 Jm). The Cu-PI interface had a much higher adhesion energy
(10.7 Jm™2) which is in line with previous results of other ductile metals on PI. The results
presented here illustrate that while NMMs may have good mechanical properties under
compression (indentation or micro pillar compression), but under tension the fracture behavior
is lacking. NMM s starting with a more ductile metal will tend to have better interfacial behavior
compared to NMMs starting with a brittle metal. Finally, the residual stresses could be tailored

to improve the mechanical behavior.
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