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Abstract

A scratch test has provided a simple, rapid means of assessing the adhesion
strengths of thin films on substrates. However, it is not standardized how to
detect the interfacial failure. Copper thin films deposited on Polyimide (PI)
substrates are used for Flexible Print Circuit (FPC). It is needed to improve and
measure the adhesive strength of Cu films on PI substrates to avoid interfacial
fractures caused by cyclic bending. In this study, in order to improve the
adhesive strength, the surfaces of PI substrates were modified by ion beam using
argon or oxygen with a linear ion source and the adhesion strengths of Cu films
on PI substrates were measured using nanoscratch tests. Cu thin films were
deposed by Physical Vapor Deposition (PVD) using an electron beam. The
friction coefficient rapidly decreased and normal displacement rapidly increased
at the delaminated point at the same time. The slope of the friction coefficient
increased at the delaminated point, whose normal load is called the critical load.
The scratched surfaces were observed from films (Cu) side and substrate (PI)
side. A transparency of PI substrates allowed us to observe the interfaces
between Cu film and PI substrate. The scratched mark observed from substrate
side started at just the point where the slope of the friction coefficient changed.
As the roughness of the surface of polyimide substrates increased, critical load
increased.

Keywords:  nanoscratch test, adhesive strength, copper films, polyimide
substrates.

1 Introduction

There are a lot of methods to measure the adhesive strength of interfaces
between coatings and underlying substrates, which include pull-off test, peel test,
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four point bending test, scratch test and indentation test. The scratch adhesion
test has provided a simple, rapid means of assessing the adherence of coatings.
The mechanism or stress field of scratch test have been studied by Bull et al [1]
and many researchers [2-4]. Scratch test is the test by drawing a diamond
indenter along the coated surface. The applied normal load is increased
continuously until delamination is occurs. This critical normal load is considered
as a semi-quantitative measure of the coating-substrate adhesion. There are
several ways of detecting the occurrence of delamination. Mutoh et al [5] used
Acoustic Emission, Shibutani et al [6] used microscopes, and Li and Bhushan [7]
used the coefficient of friction to detect the delamination. Observation of
scratched surface can detect the delamination with fractures of films. In order to
detect the initial fracture in interfaces between films and substrates, it is very
important to observe the behavior of friction coefficient. Therefore, it is
necessary to clarify the relationship between fracture mechanism and the changes
of friction coefficient.

Copper (Cu) films prepared on Polyimide (PI) substrates are used in
electronics field, such as, for the Flexible Print Circuits. The interfacial fractures
caused by cyclic bending have been a serious problem. To obtain the reliable
devices, it is needed to improve and measure the adhesion strength of films on
substrates.

In this paper, nanoscratch test was used to measure the adhesive strength of
Cu thin films prepared on PI substrates by Physical Vapor Deposition (PVD) and
the influence of modification on PI surface by ion beams using argon or oxygen
with linear ion source was discussed.

2 Experimental details

2.1 Specimens

The substrates used for this study are Kapton® EN films (thickness: 50um)
manufactured by Du Pont. This film is the PMDA-ODA type polyimide, which
is optimized for direct coating without adhesive. Prior to the deposition process,
surfaces of the substrates were modified by ion beam modification system
developed by Ektessabi et al [8]. The system using a linear ion source, which has
a couple of electrodes, enables us to modify large surface area. Cu thin films
were prepared on as-received and ion-irradiated surfaces of PI substrates by
PVD, whose thicknesses were set for 170um and 350pm. Oxygen and Argon
ions were irradiated to the surfaces of PI substrates. The accelerating voltage was
between 750V to 1500V. The roughness of as-received and ion-irradiated
surfaces was measured by Atomic Force Microscope (AFM, Veeco Instruments,
NanoScope3). The sample names, ion accelerating voltage, names of irradiated
ions and the RMS roughness of the surfaces of PI substrates are shown in table 1.

2.2 Nanoscratch test

The adhesive strengths of Cu films on PI substrates were measured using
nanoscratch tests. The nanoscratch tests were performed by a Triboindenter®
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(Hysitron Inc.). A triangular pyramid diamond tip of 90° angles was used for
scratch tests in the face forward direction and edge forward direction as shown in
Figure 1.

Table 1: Sample name, ion accelerating voltage, ion, RMS roughness.
Samole lon RMS
Narr?e Accelerating lon Roughness
Voltage (V) (nm)
AS i i 16
received
Ar1500 1500 Argon 1.3
Ar750 750 Argon 2.6
01500 1500 Oxygen 0.7
01250 1250 Oxygen 0.9
01000 1000 Oxygen 1.2
0750 750 Oxygen 2.8
Tip
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Figure 1: Nanoscratch direction and observe side.

The film surfaces of 170pm in thickness were scratched in the face forward
direction (which will be called ‘thin-face test”) and edge forward direction (thin-
edge test) at a scratch speed of 0.1um/s. The film surfaces of 350um in thickness
were scratched in the edge forward direction at the same speed (thick-edge test).
The applied normal load was increased continuously from OuN to 1000uN for
thin-face test and thin-edge test, and OuN to 700uN for thick-edge test. The
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scratched surfaces were observed with Scanning Electron Microscope (SEM)
and optical microscope from both film and substrate side to observe the interface
between Cu films and PI substrates as shown in Figure 1.

3 Results

Figures 2 and 3 show typical scratched surfaces observed by SEM and the
relationship between the friction coefficient and normal load for thin-face test
and thin-edge test. In the initial stage, the friction coefficient remained constant
with some amplitude of vibration (stage 1). After that, the slope of friction
coefficient changed and the friction coefficient increased linearly (stage 2). Then
the slope of friction coefficient changed to smaller value than that of stage 2
(stage 3). Finally, the friction coefficient rapidly increased (stage 4) in the thin-
face test. From the SEM observation, neither cracks nor fracture occurred during
stage 1 and stage 2. Then the crack initiated during stage 3. At the beginning of
stage 4, the indentation tip reached to the PI substrate and the Cu film peered off
the substrate in the thin-face test.

0 200 400 600 800
Normal Load pN

Friction Coefficient
o
fo's}
T

Figure 2:  Typical SEM image and relationship between normal load and
friction coefficient of thin-face test (as-received).

Figure 4 shows a typical result for thick edge test. The observed photos by
optical microscope from Cu and PI side are also shown in Figure 4. In the initial
stage, the friction coefficient remained constant with some amplitude of
vibration until the normal load reached about 250uN (stage 1) and dropped
suddenly. After that, the slope of friction coefficient changed and the friction
coefficient increased linearly (stage 2). From the SEM observation, neither
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cracks nor fracture occurred during stage 1 and stage 2. The scratch damage
observed from PI side occurred at the beginning of stage 2. Figure 5 shows
another result for thick edge test. For this specimen, sudden drop of the friction
coefficient between stage 1 and 2 was not clear, but after stage 1, the slope of
friction coefficient changed and the friction coefficient increased linearly
(stage 2), showing the same behaviour described for Figure 4.

4 Discussions

Schematic drawings of four stages described above are shown in Figure 6. For
all the tests during both stage 1 and stage 2, no cracks or no fractures of films
were observed. The scratch damage observed from PI side with optical
microscope started at the beginning of stage 2. The observation from PI side
allowed us to observe the interface between films and substrates because of a
transparency of PI substrates. This indicates that the change of friction
coefficient between stage 1 and stage 2 shows the occurrence of interfacial
fractures. For thin-face test and thin-edge test, cracks of films were observed
during stage 3. It is indicated that this cracks released energy and had the slope
of friction coefficient decreased. For thin-face test, fractures of films and
interfacial fractures between Cu films and PI substrates were observed in stage 4.
For thin-edge test, there was no boundary between stage 3 and stage 4 in the
relationship between normal load and friction coefficient. This is because the
edge of the tip cleaved the PI substrates for thin edge test. On the contrary, for
thin edge test, the film fractured in buckled in stage 4.
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Figure 3: Typical SEM image and relationship between normal load and
friction coefficient of thin-edge test (as-received).
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Figure 4:  Typical SEM image, relationship between normal load, normal
displacement and friction coefficient, and optical micrographs from
Cu and PI side of thick-edge test (as-received).
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Figure 5: Typical relationship between normal load and friction coefficient.
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Figure 6: Schematic drawings of four stages.

Considering the discussion above, the normal load at the end of stage 1 can be
considered as a critical normal load, a semi-quantitative measure of the film-
substrate adhesion. Figure 7 shows the relationship between the critical normal
loads and the RMS roughness of un-modified and modified PI substrates
measured by thick edge test. The critical normal loads correlate with the RMS
roughness of PI substrates. This indicates that the adhesive strength between
films and substrates correlate with the roughness of the substrates due to anchor
effects. The correlation between the roughness of the surface of the substrates
and the adhesive strength was also indicated by Ge et al [9].
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Figure 7: Relationship between roughness of the substrates and critical

normal loads.

5 Conclusions

By analyzing the scratch processes of Cu films on PI substrates, it was found that
four stages occur as the normal load increases during the scratch test; plastic
deformation of Cu films (stage 1), interfacial fractures without fractures of films
(stage 2), cracks in films (stage 3), fractures of films and delamination caused by
the tip reaching to the PI substrates (stage 4). In the first stage, the friction
coefficient remained constant. In the second stage, the slope of friction
coefficient increased and the friction coefficient increased linearly. In the third
stage, the slope of friction coefficient changed to smaller value than that of the
second stage. In the last stage, the friction coefficient rapidly increased because
of the scratching in face-forward direction. For the scratch tests in edge forward
direction, there was no boundary between the third and the last stage in the
relationship between the normal load and the friction coefficient. In our study,
the adhesive strength between films and substrates correlated with the roughness
of the substrates.
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