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Abstract

ZnO0 thin films, used as polymer protection layers against ultraviolet radiation and atomic
oxygen for space application, were deposited on polyimide foil substrates using a cathodic
vacuum arc deposition technique. A fragmentation test was employed to investigate the
influence of deposition pressure on the adhesion of ZnO thin films. It was found that all the

samples have good adhesive properties. Low deposition pressure is beneficial to the adhesion
of ZnO films and polyimide substrates. Scanning electron microscopy was also employed to
investigate the surface morphology of ZnO films that had suffered from large strain. No large

areas of film detachment were found.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Polymeric materials represented by polyimide are widely
used in space due to their unique properties, such as high
strength-to-weight ratio, as well as a variety of mechanical,
thermal, electrical and thermo-optical properties. However,
in the low Earth orbit environment, they are subject to atomic
oxygen (AQ), ultraviolet (UV) radiation, ionizing radiation and
extreme temperature variations, which shorten the lifetime of
the material [1]. To protect polymers from these hazardous
effects, many efforts have been made by introducing oxide
coatings, such as SiO, and Al,Os3, to the surface of polymers
[2]. By comparison, ZnO thin film is better for this purpose
in principle, since it possesses a wide band gap of 3.3eV
that absorbs UV radiation effectively [3]; and is resistant to
high-energy radiation [4]. Among methods to prepare ZnO
thin film on polymer substrates, such as pulse laser deposition
(PLD), magnetron sputtering (MS) and cathodic vacuum arc

3 Author to whom any correspondence should be addressed.

0022-3727/09/185303+06$30.00

deposition (CVAD), CVAD has the advantages of a high
ionization rate, high bombardment energy and high deposition
rate. This makes itapromising method to deposit ZnO thin film
on polyimide foil substrates [5]. Miyake et al have deposited
Ga-doped ZnO films on a cyclo olefin polymer substrate by ion
plating deposition (or CVAD) [6] and Herng et al have prepared
copper-doped ZnO films on plastic (polycarbonate) substrates
by the filtered cathodic vacuum arc technique [7]. These
studies are focused on the structural, electrical or magnetic
properties of the thin film. However, before these properties
are exploited, adhesion to the substrate is an essential property
that needs to be investigated [8]. Especially for oxide(or
nitride)/polymer systems, due to the internal stress (including
the thermal stress and the intrinsic stress), the large differences
of thermal and mechanical properties between the polymer
and the ceramics thin film may weaken the adhesion, and
thus simultaneously weaken the performance of thin films [8].
Chaiwong et al have investigated the influence of thermal
stress on the cracking of TiN films grown on polycarbonate

© 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0022-3727/42/18/185303
mailto: stshzh@mail.sysu.edu.cn
http://stacks.iop.org/JPhysD/42/185303

J. Phys. D: Appl. Phys. 42 (2009) 185303

H Changji et al

substrates by cathodic vacuum arc using the plasma immersion
ion implantation and studied the adhesion of TiN by tensile
testing using the ultimate shear strength to estimate the
adhesion [9, 10]. Jacquet et al studied the adhesion of ZnO
coatings deposited by RF MS on the surface of poly(ethylene
naphthalate) films by a peeling test, and used the peeling energy
to characterize the adhesion [11, 12]. Leterrier et al studied the
adhesion of SiO, layer coated by physical vapour deposition
on poly(ethylene terephthalate) films by a fragmentation test,
and used the interfacial shear strength to evaluate the adhesion
[13]. There are also some other methods to measure the
adhesion of thin films on polymer substrates, such as the
scratch test and the indentation test. Among these methods,
the fragmentation test proved that it is applicable to a variety
of thin brittle films on polymer substrates [14]. Since reports
on the adhesion of oxide thin films prepared by CVAD to the
polymer substrate are relatively few, in this paper, employing
the fragmentation test, we studied mainly the adhesion of ZnO
thin film to polyimide substrate, for the films prepared by
CVAD at different deposition pressures.

2. Experimental

The CVAD system employed was described in [15]. A
water-cooled Zn metal target (65mm in diameter, 99.99%
in purity) was used as a cathode. Supplied by Guangzhou
Donghao Electrical Insulation Material Co. Ltd, the polyimide
foil substrates, with a thickness of 50 um, were cleaned in
isopropyl alcohol for 10 min in an ultrasonic bath, then dried
with N, and finally mounted on a substrate holder. The distance
between the cathode and the substrate holder was about 25 cm.
After the chamber was evacuated to about 6.0 x 107%Pa,
pure argon and oxygen gases were introduced in, with an Ar
mass flow rate of 10 sccm and an O, mass flow rate of about
120 sccm. The deposition pressure was setto 0.9 Pa, 1.5Paand
2.8 Pa, respectively; the arc current was fixed to 50 A and the
deposition time was 7 min for all the samples. The substrate
was not intentionally heated during the deposition.

The residual (or internal) stress of the ZnO thin films can
be obtained by the following equation [16]:

EZnO A29
(1 + vzno) 2tan 6y’

0zZno = (1)
where ozn0 is the residual stress within the ZnO film, Ez,o and
vzno are the Young’s modulus and the Poisson ratio of the ZnO
film, respectively, 6y = 17.211 is the Bragg angle under stress-
free condition and A 20 is the difference between the measured
26 and 26,, which was obtained based on the x-ray diffraction
(002) peak of the ZnO films (see figure 2). Comparison of the
diffraction peaks shows no difference between the measured
20s before and after the fragmentation test described below.
A fragmentation test was carried out to evaluate the
adhesion of the film. The tested films were not placed at
the centre of the substrate holder and the distance between
the cathode and the films was about 30 cm. The films were
cut with a gauge 80 mm in length and 10 mm in width, then
fixed on a home-made tensile device. The tensile device was
placed under an Olympus BX51M optical microscope, and the

Figure 1. Photograph of a bare polyimide film (a), and ZnO thin
films deposited on polyimide substrates at the deposition pressure of
(b) 0.9Pa, (c) 1.5Pa and (d) 2.8 Pa, respectively.
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Figure 2. The x-ray diffraction patterns of the ZnO thin films
deposited on polyimide foil substrates at the deposition pressures of
0.9, 1.5and 2.8 Pa.

images of the cracks were taken by a CCD camera mounted
onto the microscope. Post-analysis of crack morphology
and composition was done using SEM/EDS on a thermal FE
environment scanning electron microscope (QUANTA 400).
The thicknesses of the tested films were determined by
measuring the fragment thickness on the SEM image for the
films after the fragmentation test, which agreed quite well with
the crack depths measured by AFM (CSPM4000).

3. Reaults

All the surfaces of the deposited ZnO thin films are smooth,
without any blistering, surface rippling and discoloration (see
figure 1). The ZnO films are polycrystalline, belonging to the
hexagonal wurtzite structure, with strong c-axis orientation
(see figure 2). The internal stress of the ZnO thin films
deposited at different pressures are listed in table 1. In
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Table 1. Influence of deposition pressure on internal stress, practical adhesion and intrinsic adhesion of ZnO thin films deposited on

polyimide substrates.

Deposition 20 Internal Practical Intrinsic
pressure (Pa)  (°) stress (MPa) adhesion (MPa)  adhesion (MPa)
0.9 34.314 £0.009 —256.3+30.2 81.3+7.6 63.8+6.9

15 34.339 £0.008 —197.0+26.8 70.3+3.3 51.5+2.9

28 34.334 £0.010 —-2089+33.6 67.8+1.0 53.3+1.2

general, the internal stress decreases as the deposition pressure
increases.

A fragmentation test was performed to characterize the
development of the crack pattern of each of the samples
(see table 1). Only the results for the film deposited at 0.9 Pa
are presented in figure 3. At 0.53% strain, only faint cracks are
seen perpendicular to the stretching direction. With increasing
strain, the number of such cracks increases, and the cracks
become wider. With further stretching, cracks in parallel to
the stretching direction (transverse cracks) start to appear at
the strain of 5.50% and more appear at the strain of 9%. At
13.7% strain, the crack pattern becomes irregular due to the
large deformation of the sample and a more transverse crack
region is observed. The final crack inter-spacing (I;) obtained
will be used to calculate the interfacial strength later on by
equation (3).

According to the Kelly-Tyson model [17], the interfacial
shear strength = can be calculated by

T = %Umax(lc)a 2
le
where ds is the thickness of the film, /. the smallest fragment
that can undergo failure, which is related to the crack density
at saturation, CDgy, defined by I = (2/1.337CDg,), and
omax(lc) 1S the cohesive strength of the film.
The cohesive strength of the film can be determined as
follows [18]:

I\ e 1
omax(lc) = B (%) I (1 + &) > (3)

where « is the Weibull modulus, B8 is the Weibull scale
factor and /[ = 1um. The Weibull parameters o and 8
are derived from a linear approximation of the initial part
of the fragmentation diagram, where the average fragment
size is reported as a function of applied strain in logarithmic
coordinates. omax(lc) is a combination of the intrinsic cohesive
strength o max (Ic) and the partially relaxed internal stress of:

1.337
2

The shear stress 7 is the sum of the intrinsic shear stress 7 and
the internal shear stress ;.

of. 4

omax(lc) = Gi,max(lc) -

2ds 1.337

T=1+7 = — | Oimax(lc) — of ). )
lc 2

Here, the interfacial shear strength ¢ is used to characterize

the practical adhesion. Assuming that after the large-strain

stretch, the detached fragments are parts of the film, which

Figure 3. Development of the crack pattern as a function of strain
for ZnO film deposited at 0.9 Pa.

are completely detached from the substrate at the interface,
their thickness can be used to estimate the thickness of the
film and used in equation (2) to calculate the interfacial shear
strength. When the pressure increases from 0.9 to 2.8Pa, t
decreases from about 81 to 68 MPa (see table 1). Taking the
internal stress into account, we obtain the intrinsic interfacial
shear strength that decreases from about 64 to 53 MPa. The
interfacial strength of the sample having deposition pressure
0.9 Pa is comparable to that (84 MPa) of SiO,/PET prepared
by PECVD [18].

The SEM micrographs of the stretched ZnO samples
clearly show detached fragments. These fragments are due to
the compression caused by stretching the ZnO film deposited
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Figure 4. SEM micrographs of the ZnO samples, deposited at (a) 0.9 Pa; (b) 1.5Pa and (c) 2.8 Pa, all after being stretched in the

fragmentation test, with the ultimate tensile strain up to 13.7%.

on the polyimide substrate that has different Poisson’s ratio
(see figure 4). However, even at large strain (about 13.7%),
no large areas of film detachment are found. Furthermore,
the thicknesses of the fragments estimated from the SEM
micrographs are about 190 nm, 300 nm and 330 nm for 0.9 Pa,
1.5Pa and 2.8 Pa, respectively.

EDS mapping was carried out to investigate the Zn element
distribution across the crack region. Only the results for the
film deposited at 0.9 Pa are presented here in figure 5. The
Zn content in the crack region is obviously lower than that of
the film region, yet definitely higher than that on bare Pl foil
(table 2).

4. Discussion

Due to the binding force between the substrate and the films,
when a load is applied to the substrate, it is transferred from the

substrate to the film by means of shear force at the interface.
When the shear force is lower than the cohesion force of the
films, but larger than the fracture strength of the ZnO film,
cracks perpendicular to the tensile axis appear. The intrinsic
ZnO fracture strength, about 4 GPa for ZnO nanowires [20],
is much higher than the interfacial strength obtained for the
film. A closer view of the cracks (figure 4) shows that they
develop along the boundaries of ZnO grains that compose the
film. Thus, the fracture strength of the ZnO film represents the
strength of the grain boundaries. Once the cracks appear, the
interfacial stress is partially released until accumulated stress
(shear force) causes more cracks at higher strain. At high
strain, strain deformation is attributed to the substrate in the
crack regions until the substrate failure occurs, since the ZnO
film strengthens the substrate under the adhesive film. In this
experiment, even upto the strain of the substrate failure, the
cracked ZnO film (except for those fragments) still attaches
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Figure5. SEM image (a) and EDS mapping of Zn (b), of ZnO film deposited at 0.9 Pa, and had suffered from tensile strain of 13.7%.

Table 2. Atomic ratio of Zn/O in mapping region, crack region, film
region and bare polyimide by EDS area analysis for which ZnO film
(0.9 Pa) stretched to 13.7% strain.

Atomic ratio (%)

Mapping Crack  Film Bare
Element  region region region Pl
OK 79.4 93.0 67.8 99.5
ZnK 21.6 7.0 32.2 0.5

to the substrate. This is evidence of good adhesive properties
of the films. Although the intrinsic interfacial shear strengths
of films deposited at 1.5Pa and 2.8 Pa are lower than that at
0.9Pa, it is still comparable to the bulk shear yield strength
of polyimide (about 60 MPa), estimated from the tensile data
using equation (6):

1y = ay/v/3, (6)

where 7y is the bulk shear yield strength of polyimide and
oy is the tensile yield stress of the polymer film, obtained
from tensile testing. This is an indication of good adhesive
performance [13]. In the Kelly-Tyson model, the matrix
(analogous to the polymer substrate) is assumed to be elastic
up to the yield point and perfectly plastic beyond it [17]. No
more stress can be transferred across the interface when the
polymer substrate becomes completely plastic. Therefore, as
long as the interfacial shear strength is higher than the polymer
shear yield strength, the film will not detach from the substrate
even if the polymer failure occurs. On the other hand, if the
interfacial shear strength was lower than the polymer shear
yield strength, the interface would have de-bonded and only
frictional forces would have acted on the film.

In addition, the influences of deposition pressure on
adhesion (see table 1) may be due to the effect of interfacial
mixing. Since the energy of Zn ions in CVAD is relatively
high (36 eV from the target [19]), sub-implantation caused by
energetic ions is beneficial to the increase in the adhesion
between the film and the substrate [21]. However, in the
deposition process, the interaction between metallic plasma
and neutral gas, such as elastic collisions and charge-exchange
reaction, has a strong influence on the ion energy and ion
flux distribution [22]. The energy of Zn ions (arriving at the

substrate) decreases significantly with the deposition pressure,
and the degree of interface mixing as well [23]. This accounts
for the fact that the adhesion decreases as the deposition
pressure increases.

Based on the EDS mapping of Zn distribution, compared
with that of the bare polyimide substrate, the relatively
high atomic ratio of Zn/O in the crack region suggests
an indication of sub-implantation of Zn atoms or ions in
the polymer substrate, supporting the existence of strong
interfacial bonding between ZnO and the polyimide. For
more details about the interfacial bonding, more electronic and
structural information is called for of the interface between the
film and the polyimide substrate.

5. Conclusion

In this study, the transparent ZnO thin films were deposited
on polyimide foil substrates, by using CVAD, without actively
heating the substrates. The samples exhibit good adhesive
properties, especially for that deposited at the pressure of
0.9Pa, with interfacial shear strength of about 81 MPa.
Low deposition pressure is beneficial to the enhancement of
adhesion between polyimide substrates and the ZnO films.
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