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Fracture Toughness and Adhesion of Transparent Al:Zn0O
Films Deposited on Glass Substrates

Xiaolu Pang, Hongjian Ma, Kewei Gao, Huisheng Yang, Xiaolei Wu, and Alex A. Volinsky

(Submitted March 8, 2013, in revised form April 30, 2013; published online June 13, 2013)

Al-doped zinc oxide films (AZO) of different thicknesses were deposited by reactive magnetron sputtering
on glass substrates. Fracture toughness and adhesion of transparent AZO films were measured by
indentation in air and water. Fracture toughness of glass is about 0.63 MPa-'m"”. Under the same normal
load, radial crack length shortened with the increase of AZO film thickness. When indented under
deionized water, cracks in both glass and AZO films got longer, signifying corresponding decrease in the

fracture toughness.
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1. Introduction

Transparent and conductive thin films based on zinc oxide
(ZnO) have been recently investigated for electronic and
optoelectronic  device applications, including transparent
electrodes, solar cells, heat reflecting windows and sensors
(Ref 1-3). However, while most researchers focus on ZnO
optoelectronic characteristics, mechanical characterization has
not drawn equal attention. Since materials’ mechanical prop-
erties are size-dependent, thin films may exhibit different
mechanical behavior compared with their bulk counterparts.
Besides optical and electrical properties, mechanical properties
of ZnO are crucial for device design, in particular when
reliability issues are concerned, including delamination, brittle
fracture, and fatigue degradation of thin film structures.

Zinc oxide films belong to a family of transparent conduct-
ing oxide (TCO) films. Mechanical properties of TCO films
govern patterning accuracy and durability in commercial
applications, including liquid crystal and organic light emitting
displays, and solar cells. Thin film mechanical properties have
been measured by scratch (Ref 2) and pull-off tests (Ref 3),
although it is challenging to evaluate thin film adhesion. Indium
tin oxide thin films are widely used in practical TCO film
applications. Here, we focus on Al-doped ZnO films (AZO) as
an alternative TCO material (Ref 4-6), since the price of indium
is dramatically increasing.

A number of techniques have been used for ZnO thin films
fabrication, including chemical vapor deposition, sol-gel, spray
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pyrolysis, molecular beam epitaxy, pulsed laser deposition,
vacuum arc deposition, and magnetron sputtering (Ref 6). In
the present study, magnetron sputtering was used to deposit
AZO thin films. The influence of processing parameters on
structural, electrical, and optical properties was studied.

2. Experimental Details

Al-doped zinc oxide thin films were deposited on glass
substrates by reactive magnetron sputtering from 3" ZnO target
(99.99% pure) and Al target (99.99% pure) in Ar plasma at
10" Pa pressure. Distance between the substrate and the target
was 90 mm. Deposition was performed in Ar with 250 W ZnO
and 40 W Al radio frequency (RF) power at room temperature.
Argon flow rate was kept at 15 sccm. Glass substrates were
thoroughly cleaned in acetone, ethanol, and deionized water for
10 min, respectively, in order to remove organic contaminants
using ultrasonic bath (Ref 7). Substrates were dried before
loading in the deposition chamber, where they were etched for
15 min in Ar plasma at 100 W RF power to further clean the
surface (Ref 8). Target 10 min pre-sputtering with 200 W was
performed to get rid of impurities on the target surface. Films of
different thicknesses were deposited for 20, 40, 60, 80, and
100 min, respectively, and the thickness was measured with the
surface profiler, as shown in Fig. 1.

Glass is a brittle material, which cracks when loaded to a
certain stress level. In this experiment, different loads were
applied to glass and AZO film samples with various thicknesses.
In addition, the influence of water on crack propagation was also
considered. Prior to loading, water was placed on the glass and
AZO film surface to determine whether it has an effect on the
crack growth. First a smaller load was applied, then water was
added, and a larger load was applied. This procedure allowed
comparing glass and AZO films fracture properties in water.

Nanoindentation is widely used to measure thin films
mechanical properties. From the nanoindentation curves,
both elastic modulus and hardness can be readily extracted
(Ref 9-12). Indentation techniques have also been used to
measure thin film adhesion and fracture toughness (Ref 13-18).
When a sharp tip, such as Berkovich, Vickers, or a cube corner
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Fig. 1 AZO film thickness as a function of sputtering time

diamond is indented into bulk brittle materials, radial cracks
can occur at a critical load. Typically, the sharper cube corner
diamond tip is used because of the greater stress concentration
underneath the tip, which can induce fracture at lower critical
normal loads. In the case of thin films, lower critical loads are
necessary to minimize the inevitable substrate influence on the
film fracture process. This method allows one to calculate
fracture toughness based on the maximum indentation load and
the crack length (Ref 19).

The analysis is complicated in the case of thin film radial
fracture because of the half-penny crack shape perturbation by
the substrate, film densification, and residual stresses in the
film. However, current studies have yielded promising devel-
opments in this area. Vickers and nanoindentation residual
impressions are shown in Fig. 2.

3. Results and Discussion

3.1 Transmittance of AZO Films

Films’ transmittance was examined using U-3010 spectro-
photometer (Hitachi, Japan). Transmitted spectra of AZO
coatings with different thicknesses are shown in Fig. 3. Films
become less transparent with the film thickness increase. A
weak fluctuation in the spectrum is mainly due to optical
interference between the film top and bottom surfaces with
thicker coatings having more fluctuations (Ref 20). AZO films
have a wider band gap than pure ZnO, thus it can be concluded
that the short wave absorption limit of AZO films moves
towards longer wavelength. As clearly seen in Fig. 3, UV
absorption edge is shifted to the longer wavelength with
increasing film thickness, indicating the broadening of the
optical band gap. According to the quantum size effect theory,
the smaller the grain size, the wider the energy gap is, along
with the much longer displacement absorption edge. The
number of carriers increases due to aluminum doping and the
Fermi energy conduction band causing the energy band
broadening (Burstein-Moss effect) (Ref 20).

3.2 Hardness and Elastic Modulus

Hardness, H, and elastic modulus, E, are two important thin
film mechanical properties measured most frequently using
nanoindentation techniques. Both elastic and plastic deforma-
tions occur, as the indenter is pressed into the sample, leaving a
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Fig. 3 Transmittance of AZO films

permanent impression conforming to the indenter tip shape.
During indenter withdrawal, only elastic portion of the
displacement is recovered, which facilitates the use of an elastic
solution in modeling the contact process (Ref 12, 21-23).
Figure 4 shows a typical load-displacement curve, where /.«
represents the displacement at the peak load, P,,.y, and /. is the
contact depth, defined as the depth of the indenter in contact
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Fig. 4 Load-displacement curve

with the sample under load, and #; is the final displacement
after complete unloading. The slope of the load-displacement
curve at the beginning of the unloading stage, S, is the
indentation stiffness. Nanoindentation hardness is defined as
the indentation load, P, divided by the projected contact area of
the indenter, A4:

Pmax

H:T (Eq 1)

The elastic modulus can be determined from:

g VE_S
2 \JA(he)

(Eq 2)

where E; is the reduced Young’s modulus, and the sample
elastic modulus, E, can be calculated from

2
Lo (1)
Eri Es * Etip (Eq 3)

Here, vs and vy, are Poisson’s ratios of the sample and
indenter tip materials, and, Ey;, is the elastic modulus of the tip.

3.3 Fracture Toughness of Glass With and Without Coatings

Table 1 shows radial crack lengths in glass and AZO films
when indented by the Vickers’ tip. In the experiments, each
sample was indented with loads varying from 0.98 to 9.80 N.
As expected, radial cracks in glass and AZO films are longer
for higher loads. Radial cracks in glass are shown in Fig. 5.
When indented with the same normal load, glass with AZO
films had shorter cracks than bare glass. Furthermore, cracks
became shorter with the film thickness increase. To account for
this effect, fracture toughness, Kjc, is considered next. Fracture
toughness is a mechanical property representing material’s
ability to resist crack propagation:

K; = yo(na) 2 (Eq 4)
Here, o is the applied stress, a is the crack length, and y is a
dimensionless constant related to the loading geometry. The

radial tensile stress at the contact edge is given by Gerberich
et al. (Ref 9):
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(Eq 5)
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where R is the radius of the indenter tip, which has been cali-
brated, v is the Poisson’s ratio, taken as 0.25 for AZO, and P
is the load.

Crack propagates when K; reaches the critical facture
toughness value, Kjc. Fracture toughness of thin films can be
measured by various methods, such as buckling, chipping, and
indentation tests (Ref 8, 24). Indentation test is a popular
method for thin film fracture toughness measurements (Ref 25).

Lawn and Marshall showed that a simple relationship exists
between the fracture toughness, Kjc, and the length of the radial
cracks, ¢ for bulk brittle materials (Ref 26):

EN P
Kie = a(ﬁ) c3/?

Here, P,y is the peak indentation load and o is an empirical
constant, which depends on the indenter geometry. For well
developed radial cracking produced by a Vickers indenter, the
constant was found to be 0.016 & 0.004 (Ref 27-29), while it is
0.039 for the Berkovich indenter and 0.032 for the cube corner
indenter (Ref 30, 31). A is the mean hardness, and E is the
elastic modulus, which can be determined using Eq 3 (Ref 32),
where Eg, and vy, represent the elastic modulus and the
Poisson’s ratio of the diamond indenter tip with the values of
1140 GPa and 0.07, respectively (Ref 26).

The simplicity of this technique makes it a common method
to obtain fracture toughness of bulk brittle materials. However,
the applicability of Eq 6 is somewhat restricted. Since fracture
toughness is an intrinsic characteristic, the ratio of Pmax/c3/2
should be constant. The linear relationship breaks down when
cla, = 2.5, where a. is the contact radius of the impression
(Vickers half-diagonal), discussed by Laugier (Ref 33), Nihara
et al. (Ref 34), and Lima (Ref 35). However, Jang et al.
(Ref 36) and Scholz et al. (Ref 37) found that such a scaling
relationship was still valid even when the radial crack length
was down to 1.1a.. Equation 6 was originally derived for bulk
materials, as it assumes a half-penny shaped crack (Ref 38), and
does not account for the elastic modulus mismatch between the
film and the substrate.

In case of glass in this experiment, it was indented by the
Vickers tip, comparable with the above-mentioned require-
ments. For glass, cracks are half-penny shaped. The linear
relationship of P,y and ¢*? is obviously depicted in Fig. 6 for
glass.

Nanoindentation technique is frequently used for obtaining
the hardness and elastic modulus. The hardness, H, and elastic
modulus, E, values for the coatings were obtained by extrap-
olating to zero depth determined by the Oliver and Pharr
method at a range of maximum displacements (Ref 12). The
H/E ratios of some coatings and substrates from the literature
are given in Table 2 (Ref 39).

The fracture toughness of glass as a function of the radial
crack length is plotted in Fig. 7. The crack length measurement
error is less than 5% and fracture toughness calculation error is
no more than 20%. Thus it can be concluded that the fracture
toughness of glass as a function of the radial crack length
accounts for the intrinsic characteristic fracture toughness. The
mean value of toughness obtained in this experiment is 0.63
MPa:m'?, which is in agreement with values quoted in the

(Eq 6)
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Table 1 Crack length in glass with and without AZO films

Load, N

Sample 0.98 1.96 2.94 4.90 9.80

Glass 10.32 um 28.65 um 39.88 um 59.60 pm 98.90 um
AZO: 240 nm 16.13 pm 22.31 pm 38.81 um 75.16 um
AZO: 520 nm 14.81 pm 21.74 pm 36.44 pm 73.24 pm
AZO: 660 nm 14.68 pm 21.41 pm 36.35 um 71.49 pm
AZO: 1030 nm 13.47 um 19.69 um 31.09 pum 70.47 um
AZO: 1280 nm 12.40 pm 19.31 pm 31.50 um 68.38 um

50 um

Fig. 5 Radial cracks in glass as a function of load: (a) 1 N, (b) 2N, (¢) 3 N, and (d) 10 N

literature (0.62 MPa-m'? for the float glass (Ref 40), and
0.71 MPa-m'” for the soda lime glass (Ref 41)).

Compared with glass, it is more complicated to obtain the
accurate values of AZO films fracture toughness. The hardness
and the reduced Young’s modulus of AZO film with a thickness
of about 1030 nm are shown in Fig. 8. Equation 5 is valid only
when c¢/a. > 2.5, that is to say, P,.../c>"” ratio is an invariable
constant. But for AZO films, which do not meet this
requirement, the expression should not be directly applied in
the case of a thin film, since typically the crack is no longer
half-penny shape. It is not applicable for thin films on hard
substrates, where the cannel crack is constrained and does not
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kink into the substrate. The nonlinear relationship is also
depicted in Fig. 6.

In this experiment, different thicknesses of AZO films of
240, 520, 660, 1030, and 1280 nm, were prepared by RF
magnetron sputtering. They were indented by Vickers indenter
tip with 0.98, 1.96, 2.94, 4.90, and 9.80 N normal loads.
Opposite to glass, AZO films had no cracks under 0.98 N load,
while glass had 10 pm cracks. Besides, with the increase of the
film’s thickness, the crack length continued to decrease. For
AZO films of the same thickness, crack length increased with
the load. As the load increased from 0.98 to 9.80 N, the crack
length got longer, up to 73.2 pm. For AZO films under the

Journal of Materials Engineering and Performance
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Table 2 H/E ratio of some coating and its glass substrate
obtained by nanoindentation at the maximum loads from
100 pN to 1 mN load using a calibrated cube corner in-
denter (tip radius <100 nm) (Ref 39)

E,, GPa H, GPa E/H
Uncoated soda lime glass 79 6.5 12.2
ZnO coating 114 15 7.6
SnO2 coating 131 14 9.4
ITO coating 133 12 11.1
TiOxNy coating 117 9 13.0
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Fig. 7 Glass fracture toughness as a function of radial crack length

same load, e.g., 9.80 N, the radial crack length decreased as the
film became thicker. The results are listed in Table 1.

3.4 Water Effect

In real world applications, it is inevitable that AZO films
will experience contact with water, thus studying water
influence on film fracture under indentation is valuable. In
brittle-coated systems, there are two types of fractures associ-
ated with indentation. Once fracture occurs, the properties of
the film/substrate system will be affected. For instance, during a
through-thickness fracture event in a brittle-coated system, the
following changes in the mechanical response of the coated
system may occur. The coating stiffness decreases. Plastic
deformation of the substrate is more likely, or even dominates,
while the elastic and plastic strains redistribute. The stored
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Fig. 9 Cracks in glass and films indented in air and under water

elastic energy in the cracked coating is released; thus, during
further deformation, this part of coating may be deformed
elastically rather than plastically. Any membrane stress is
released.

In this experiment deionized water was used for glass with
and without AZO films of different thicknesses. Here, the
results are shown in Fig. 9. In Fig. 9, lengths of cracks for glass
and 1030 nm coating are plotted. The radial cracks are longer
when both bare and coated glasses are indented under water.
For bare glass, the change is not as obvious as for the coatings.
This phenomenon was enhanced with increased load Table 3.

AZO films are under residual stress due to sputtering, thus
this stress was released once indented under water. Vlassak and
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Table 3 Glass fracture toughness obtained using Eq 6

Prax ¢ P /c? Kic, MPa-m'?
1.96 28.65+1.48 12.78 £1.02 0.71+0.06
2.94 39.88+1.99 11.674+0.96 0.6540.05
4.90 59.60 +2.98 10.65 4 0.85 0.6040.04
9.80 98.90 +4.95 9.96 4 0.80 0.5640.04

Avg: 11.27+0.91 Avg: 0.63+0.05

co-workers (Ref 42, 43) pointed out that when films are
exposed to water, the adhesion energy decreased as a result of
water diffusion, but the crack velocity is limited due to
diffusion of hydroxyl ions to the crack tip at high driving
forces. Therefore, as seen in Fig. 9, when indented under water,
more energy was released as the load increased for AZO films.
At the same time, energy released rate decreased at higher load.

4. Conclusions

In this study AZO films were deposited by reactive
magnetron sputtering on glass substrates. Fracture toughness
and adhesion of transparent AZO films were measured by
Vickers’ indentation in air and water. The fracture toughness of
glass is about 0.63 MPa'm'? obtained using indentation, the
radial crack length increased from 10.3 to 98.9 pm. For the
AZO films, the crack length increased from 0 to 75 pm. Under
the same load, radial crack length shortened with the increase of
AZO films thickness. For either glass or AZO films of any
thickness, the crack length increased as a function of inden-
tation load. When indented in deionized water, cracks in both
glass and AZO films were longer, which was especially
obvious for the AZO films. Water diffusion decreases adhesion,
and the crack extension velocity increases as a function of load.
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