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ABSTRACT: Improving the fracture resistance of inorganic
thin films is one of the key challenges in flexible electronic
devices. A nonconventional in situ sputtering method is
introduced to induce residual compressive stress in ZnO:Al
thin films during deposition on a bent polymer substrate. The
films grown under a larger prebending strain resulted in a
higher fracture resistance to applied strains by exhibiting a ∼
70% improvement in crack-initiating critical strain compared
with the reference sample grown without bending. This
significant improvement is attributed to the induced residual
stress, which helps to prevent the formation of cracks by counteracting the applied strain.
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Over the past few years, fabrication of inorganic thin films
on polymer substrates has been of increasing interest due

to their potential applications in the field of flexible
electronics.1−3 Nevertheless, the brittleness of inorganic thin
films often results in failure of the flexible electronic devices
even at low applied strains during stretching, folding and
bending.3−6 For example, crack-initiating critical strains of
inorganic thin film materials such as In2O3:Sn (ITO), AlN,
GaAs, and Al2O3 were as low as 1.1, 1.4, 0.3, and 0.48%,
respectively.1,4−7 A larger critical strain value indicates a higher
crack initiation resistance in the films.
There have been a few reports suggesting strong depend-

ences of film thickness on the fracture behavior of inorganic
thin films.5,8−11 In particular, thin films with thickness ≥100 nm
have exhibited poorer structural integrity on polymer substrates
when subjected to various mechanical stresses.5,8,9 For example,
recently reported fracture energy and critical strain of ZnO:Al
(∼240 nm) thin films grown on flexible polymer substrates
were 68.5 Jm2− and 0.96%, respectively.5 These values were
further reduced to 11.7 Jm−2 and 0.5% for ZnO:Al thin films
with a thickness of 1 μm.10 The mechanical properties are a
strong function of film thickness even at nanoscale thicknesses.
For example, a larger critical strain of 2.4% for atomic layer-
deposited Al2O3 thin films with a 5 nm thickness was observed
compared to a critical strain of nearly 0.5% for a thickness of 80
nm.11

Improving the fracture behavior of the inorganic thin films
with thicknesses ≥100 nm is highly challenging but is required
for the commercialization of flexible electronics. Residual
compressive stresses developed in flexible thin films have
been shown to prevent the formation of cracks, whereas tensile
residual stresses facilitate crack opening and propagation.12−14

There have been a few reports on the effect of intentionally

induced compressive stress in inkjet-printed silver electrodes,15

e-beam evaporated metallic films16 and transferred Si ribbons17

on elastomeric poly dimethylsiloxane (PDMS) substrates using
wavy, buckled surfaces to generate precompressive stress.
Recently, our group demonstrated a nearly 2-fold improvement
in crack-initiating critical strain (1.83%) and a ∼ 300%
enhancement in fracture energy (244 J m−2) in the case of
ZnO:Al thin films in situ deposited on a linearly stretched
polymer substrate.18

In this work, improved fracture behavior of ZnO:Al films is
demonstrated by another in situ sputter deposition, which uses
a bent polymer substrate. The prebending of the substrate
allows us to intentionally introduce residual compressive stress
in the film upon release from a bending position. Despite the
fact that a few efforts have been recently made to deposit
inorganic ZnO, TiO2 and ITO thin films on curved polymer
substrates by one research group,19,20 there have been no
correlative fracture studies of these films. We show that the
crack-initiating critical strain and fracture energy are signifi-
cantly improved to 1.74% and 299 J m−2, respectively, which
are significantly larger than values from earlier reports. Several
quantitative values including saturated crack density, fracture
energy and film strength are demonstrated to elucidate the
effect of the bent surface on the improved fracture behavior as a
function of curvature (or prebending strain).
Al-doped ZnO thin films were in situ sputter deposited on

bent poly(ether sulfone) (PES) substrates at room temper-
ature. A 2-in. disk-type target (99.995% purity, CERAC Inc.,
Milwaukee, WI) of 2 wt % Al2O3-doped ZnO was used for the
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deposition. Films of ∼200 nm thickness were deposited at an
RF power of 100 W in pure Ar atmosphere (2 mTorr). Details
related to the thin film growth conditions using RF magnetron
sputtering can be found in our earlier reports.5,6,21 Prior to the
film deposition, the PES substrate was subjected to bending
with a radius of curvature, r, as schematically shown in Figure
1a. Prebending of the substrate introduces a tensile strain on

the outside surface of the substrate. The level of tensile strain
was changed by adjusting the bending radius of the PES
substrate. The pretensile strain, εp, applied to the substrate was
calculated using the relationship between the film/substrate
thicknesses and the bending radius as given by5,6,8
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Here, tf and ts are the thickness of the film and substrate,
respectively, η = tf/ts and χ = Ef/Es. Ef and Es are the Young’s
moduli (150 and 2.6 GPa) of the ZnO and PES substrate,
respectively.6 When calculating the actual εp using eq 1, we
assumed that the film thickness was zero because the pretensile
stress was applied to the substrate. This simplifies eq 1 to εp =
ts/2r. As a result, prebending with radius of curvature of 14.3
mm, 10.1 mm and 8.2 mm creates tensile strains of 0.70, 0.99,
and 1.21%, respectively. We identify these tensile strains caused
by bending of the substrate, as “prebending strain” for the
remainder of this paper. The PES substrate in the bent position
was transferred to the sputtering chamber. ZnO:Al films were
deposited on the bent PES substrates with different bending
radii. After film growth, the ZnO:Al/PES structure was released
from its bent position to a normal position (Figure 1b).

The structure of the released films was analyzed using an X-
ray diffractometer (XRD: Max-2500, Rigaku B) under Cu−Kα
radiation, as shown in Figure 1c. The XRD patterns reveal that
the ZnO:Al films are highly oriented along the (002) direction
of wurtzite hexagonal structure. The peak position of the (002)
reflection shifted toward smaller 2θ values with increasing
prebending strain. This suggests that the prebending strain
induces residual compressive stresses in the deposited films. By
using a known biaxial strain model,22 the residual stresses
relative to the unbent reference sample were estimated as
−2.08, −2.34, and −2.84 N m−2 for films deposited with
prebending strain of 0.70, 0.99, and 1.21%, respectively.
The fracture behavior concerning the formation of cracks in

the deposited/released films was monitored as the samples
were subjected to an applied bending strain, εa, as shown in
Figure 1d. The applied bending strain was calculated by
measuring the radius of curvature R of the film structure using
the identical eq 1 as described elsewhere.5,6,10 For example, the
εa value was estimated to be in the range of 0.99−2.09% for a
bending radius (R) range of 10.07 to 4.77 mm. Actual cracks on
the ZnO:Al films after applying the bending strain were
observed using an optical microscope (LV150 BD DIC, Nikon,
Japan) to quantify the evolution of cracks with different
bending levels.
Crack formation against the applied bending strain, εa, can be

described in terms of crack density, ρ, which is defined as the
number of parallel cracks per unit micrometer length. Figure 2a

shows the variations in crack density as a function of applied
bending strain for ZnO:Al films grown with prebending strains
of 0.70, 0.99, and 1.21%. For comparison, a reference sample
grown without bending of the substrate is included. A similar
trend was observed for all the samples regardless of the
prebending strain. All the films withstood the applied bending
strain up to a threshold value, called critical strain, εc, below
which no cracks were observed. When the applied bending
strain increased beyond a critical strain (εa > εc), the formation
of cracks perpendicular to the bending direction began and the
crack density rapidly increased with a further increase in the
applied bending strain.

Figure 1. Schematics showing (a) the in situ sputter deposition of
ZnO:Al thin film on bent PES substrate with a curvature r and (b) a
ZnO:Al/PES sample released from bending after the deposition, (c)
XRD patterns of the reference sample and the ZnO:Al films grown
with different prebending strains, and (d) a schematic of the fracture
evaluation by applying a bending radius R for the in situ processed
sample.

Figure 2. (a) Dependence of the crack density on the applied bending
strain of the reference sample and the ZnO:Al films grown with
prebending strain of 0.70, 0.99, and 1.21%. The solid lines represent
the least-squares fits to data points. The selected optical micrographs
correspond to (b) the reference sample and the ZnO:Al films grown
with prebending strains of (c) 0.70% and (d) 1.21% after the bending
trials at an applied bending strain of 1.98%. The same scale bar for all
the images is given in d.
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Figure 2b−d show selected examples of optical micrograph
images depicting parallel cracks on the surface of ZnO:Al films
at identical εa values of 1.98%; at this strain, the crack density
was nearly saturated. The micrographs were photoedited with
blue background for better contrast visualization. The cracks
were well isolated, parallel and extended to the entire surface of
the sample. The micrographs clearly reveal that the number of
cracks for a given area decreased with increasing prebending
strain εp. As a result, the crack spacing λ, which is defined as the
distance between two adjacent cracks, increased. Generally, the
crack spacing and the crack density have an inverse relationship,
as the crack spacing approaches infinity when no cracks are
observed. We estimated the average crack spacing at the
saturated stage using the simple relation λ = 1/ρs. The crack
spacing varied from 1.8 μm for the reference sample to 2.4 μm
for the sample grown with the highest εp value of 1.21%.
The change in crack density with applied bending strain in

Figure 2a was further examined by fitting the values using an
equation of exponential form11

ρ ρ ε ε= − − −b{1 exp[ ( )]}s a c (2)

where ρs is the saturated crack density and b is the fitting
parameter. The solid lines in Figure 2a represent the fitting
curves. Crack-initiating critical strain (εc) values were 1.03,
1.29, 1.48, and 1.74% corresponding to the reference sample
and the samples with prebending strains of 0.70, 0.99, and
1.21%, respectively. These results show that the critical strain
shifts toward a higher value with increasing prebending strain.
The corresponding saturated crack densities, ρs, were 0.56
μm−1 (reference sample), 0.54 μm−1 (0.70%), 0.50 μm−1

(0.99%), and 0.46 μm−1 (1.21%).
The values of εc and ρs obtained for increasing εp are shown

in Figure 3a, b. Horizontal dotted lines represent the values that

correspond to the reference sample. The highest εc value of
1.74% is a nearly 70% improvement when compared with the
reference sample. Previously reported critical strains for ZnO
thin films are in the range of 0.5−1.1%.5,6,10 ZnO:Al thin films
passivated with an AlN layer exhibited critical strain of 1.9%.6

Hence, the observed critical strain of 1.74% is meaningful when
considered a higher thickness of ∼200 nm without a passivation
layer. In addition, the saturated crack density showed a
monotonic decrease with increasing prebending strain. This

clearly demonstrates that prebending strain during film growth
had a positive effect on the cracking behavior. The improved
fracture resistance can be understood from the viewpoint of
interatomic spacing and bond energy of ZnO:Al thin
films.12,23,24 The residual compressive stress in ZnO:Al films
may reduce the interatomic spacing and hence the bond length
relative to those of the reference ZnO. Reduction in bond
length may result in the increases of bond strength and bond
dissociation energy of ZnO. In general, the bond length is
inversely related to the bond strength.23,24 Therefore, a larger
energy is required to break the bonds for crack initiation.
Conclusively, the residual compressive stress builds an
additional energy barrier for the ZnO:Al film cracking, which
increases with the level of applied bending stress.
To further investigate the effect of prebending strain on the

fracture behavior of the ZnO:Al films, we estimated the fracture
energy, Γ, and the film strength, σstr, using the energy and
strength criterion, respectively, proposed earlier for multiple
cracking of thin films on polymer substrates.25−28 The detailed
procedure used for obtaining Γ and σstr values is described in
the Supporting Information. Figure 3c, d show the plots of
fracture energy and film strength with different prebending
strain. As expected, both the fracture energy and film strength
monotonically increase with increasing prebending strain,
indicating the positive effect of the residual compressive stress.
The ZnO:Al film grown with a prebending strain of 1.21%
exhibited the highest fracture energy of ∼299 J m−2 and a film
strength of ∼294 MPa, which can be compared to the
corresponding values of ∼105 J m−2 and 174 MPa for the
reference sample.
In the literature, flexible ZnO films grown on various

polymer substrates have showed fracture energies in the range
of 49 to 142 J m−2.6,10 Hence, the observed fracture energy of
299 J m−2 here is a significant enhancement, indicating that a
much higher physical energy is required to initiate cracks in the
films having extra compressive stress. These results also suggest
that the current in situ method may be competitive in creating
very crack-resistance films by adopting a simple curved flexible
substrate design. In addition, mode I fracture toughness, KIC,
was obtained by using the simple relation Γ = KIC

2/Ef.
5 These

values were 3.9 MPa m1/2 and 6.7 MPa m1/2 for the reference
and the εp ≈ 1.21% films, respectively. Earlier reported values of
KIC for ZnO, ITO and Al2O3 films were in the range of 2−4
MPa m1/2.6,10,11 All mechanical parameters obtained using the
proposed in situ method support the positive effects of extra
compressive stress on fracture behavior of the ZnO:Al films.
In conclusion, ZnO:Al thin films were successfully in situ

sputter-deposited on bent polymer substrates. This method
introduces residual compressive stress intentionally in the films,
which is controllable with the level of prebending curvature.
The effect of extra compressive stress on the fracture behavior
of the films was evaluated by bending the deposited films with
various bending levels, and by counting the number of cracks
developed on the films. As a significant indicator, the crack-
initiating critical strain was substantially improved from 1.03 to
1.74% with increasing the residual compressive strain in the
films. All other mechanical parameters, such as saturated crack
density, fracture energy, films strength and fracture toughness,
indicate that the proposed in situ method is an effective way of
inducing a much higher mechanical failure resistance against
flexible environments.

Figure 3. Dependence of the (a) critical strain, (b) saturated crack
density, (c) fracture energy, and (d) film strength on the prebending
strain of the PES substrate. The horizontal dotted lines represent
corresponding values for the reference sample.
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