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Our in situ experiments of polyimide-supported thin indium tin oxide (ITO) films reveal buckling-driven film
cracking in some samples and buckling-driven interfacial delamination in other samples. Although studies of indi-
vidual buckling-driven failure mode exist, it still remains unclear what governs the competition between these
two different failure modes in a given film/substrate structure. Through theoretical analysis and numerical sim-
ulations, we delineate a map of competing buckling-driven failure modes of substrate-supported thin brittle
films in the parameter space of interfacial adhesion and interfacial imperfection size. Such amap can offer insight
on the mechanical durability of functional thin films. For example, interestingly, we show that strongly bonded
thin brittle films aremore prone to buckling-driven cracking, amore detrimental failuremode for thin brittle ITO
transparent conductors widely used in displays and flexible electronics.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Substrate-supported thin films have found widespread applica-
tions in microelectronics and flexible electronics technology [1–4].
For example, thin indium tin oxide (ITO) films deposited on a poly-
mer substrate are often used as transparent conductors and intercon-
nect in flexible devices. As flexible electronic devices frequently
experience large deformation, the mechanical failure of such thin
films (e.g., ITO) poses significant challenge to the device reliability
[5–7]. A common failure mechanism of substrate-supported thin
films is compression-induced buckling or wrinkling. The compression
in the film may result from residual stress (e.g., due to film/substrate
thermal mismatch or from film growth), or from the Poisson's effect
when the film/substrate laminate is subject to uniaxial tension. Well
bonded to a rather compliant substrate (e.g., an elastomer), a thin
film under compression can wrinkle coherently with the underlying
substrate [8–11]; on a relatively stiff substrate, however, a thin brittle
film under compression may partially delaminate from the substrate
and buckle to mitigate the compression. In turn, the film buckling
drives further growth of delamination [2,12–17]. Buckling-driven de-
lamination of thin films on substrates has been extensively studied
[2,12–17]. Recent experiments on substrate-supported thin brittle
films in the context of flexible electronics, however, reveal the
buckling-driven cracking of the thin brittle films (e.g. Fig. 1a), a differ-
ent buckling-driven failure mode that is less studied [18–20]. In prac-
tice, the buckling-driven cracking of ITO films is more detrimental
u (T. Li).
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than the buckling-driven delamination of ITO films, as ITO film crack-
ing cuts off the electrical conductance while a delaminated ITO strip
can still carry electric currents. Although existing studies offer critical
understanding of each of these buckling-driven failure modes, one key
question that remains unanswered is: what governs the competition
between buckling-driven interfacial delamination and bucking-driven
film cracking in a given substrate-supported thin brittle film? Answers
to such a question are of technological importance, e.g., shedding light
on how to avoid buckling-driven film cracking in order to minimize
the electrical conductance loss of polymer-supported ITO conductors
in flexible devices. To address these unsolved issues, this paper
delineates a theoretical analysis and carries out numerical simulations
to quantitatively determine key parameters that govern the competi-
tion among different buckling-driven failure modes in a substrate-
supported thin brittle film. Emerging from the present study is a map
of three competing buckling-driven failure modes of substrate-
supported thin brittle films in the parameter space of interfacial adhe-
sion and interfacial imperfection size. Such a map can offer design
guidelines to optimize the mechanical durability of functional thin
films.

The rest of the paper is organized as follows. Section 2 presents the
experimental observation of buckling-driven interfacial delamination
and buckling-driven film cracking in polyimide-supported ITO films.
Section 3 delineates a theoretical model to decipher the dominant
buckling-driven failure mode for a given film/substrate structure sub-
ject to film compression. In Section 4, we study the effect of substrate
stiffness on the buckling-driven failure modes of substrate-supported
thin brittle films, using finite element modeling. A concluding remark
is given in Section 5.
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Fig. 1. (a) SEM image of a thin brittle ITO film (100 nm thick) on a thick polyimide sub-
strate (75 μm thick) under uniaxial tension. The long strips along vertical directions re-
sult from tensile fracture of the ITO film and are then subject to Poisson's compression
perpendicular to tension direction. Some ITO strips buckle away from the substrate and
eventually crack at the crest along the direction roughly parallel to the applied tension.
(Inset shows perspective view of buckling-driven film cracking in a different sample.)
(b) In another polyimide-supported ITO film (80 nm thick), Poisson's compression in
the ITO strips only leads to film delamination, without film cracking. Note that the
widths of interfacial delamination in (b) are much longer than those in (a).
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2. In situ experimental observation of buckling-driven failure of
substrate-supported thin brittle films

ITO thin films were deposited on polyimide substrates (DuPont
Kapton 50NH, 75 μm in thickness, well-cut in dog-bone shape with
gauge length of 7 mm and width of 3 mm) by e-beam evaporation.
Mixed ITO powder (In2O3 and SnO2, weight ratio of 90%:10%, density
of 7.14 g/cm3) was used as the evaporation sources in a Sharon
E-beam evaporator. The deposition rate was kept at ~1 Å/s and cham-
ber pressure was at ~1.33×10−3 Pa. Before being loaded into the
chamber, polyimide substrates were cleaned in an ultrasonic cleaner
for 10 min with acetone and ethanol and then dried with nitrogen
gas. The in situ tests were performed using a micro-tester (Deben
UK Ltd.) inside the scanning electron microscope (SEM) chamber
(FEI Quanta 400 high resolution field emission scanning electron mi-
croscope, FEI company, Hillsboro, Oregon).

Subject to uniaxial tension, channel cracks initiate and propagate
in the polyimide-supported brittle ITO film along the direction per-
pendicular to the tension. More channel cracks appear as the applied
tension increases and eventually the spacing between neighboring
cracks saturates [7]. Upon further tension, some ITO strips (demarcat-
ed by two neighboring channel cracks) delaminate and buckle away
from the substrate, driven by the compressive stress in the ITO film
due to Poisson's effect. In some samples (e.g., Fig. 1a), the buckled
portion of ITO film eventually cracks at the crest along the direction
roughly parallel to the applied tension. By contrast, in other samples
(e.g., Fig. 1b), the similar ITO strips are found to only delaminate
and buckle under Poisson's compression, without film cracking. The
length of the delaminated portion of the ITO film in the latter case is
found to be much longer than that in the buckling-driven cracking
case.

3. A map of buckling-driven failure modes of substrate-supported
thin brittle films

To understand the experimental observation described in Section 2,
in the present section we delineate a theoretical model to decipher the
dominant buckling-driven failuremode for a given film/substrate struc-
ture subject to film compression. Fig. 2a illustrates the schematics of the
model. A thin brittle film of thickness h on an infinitely thick elastic
substrate of width B is subject to film compression εf. An initial im-
perfection is introduced as a delamination of width 2b at the center
location of the interface. When εf exceeds the critical Euler buckling
strain εcr=−π2h2/(12b2), the delaminated portion of the film buckles
with an out-of-plane amplitude profile of

w xð Þ ¼ A=2ð Þ 1þ cos πx=bð Þ½ �; ð1Þ

where A is the peak amplitude of the buckled portion.
The out-of-plane film buckling provides driving force for further

growth of delamination, which increases as the buckling amplitude in-
creases. We next determine a critical buckling amplitude Ad

cr, above
which the initial interfacial delamination starts to advance. The total po-
tential energy of the system is given by

Utotal ¼ Uunbuckled þ Um
buckled þ Ub

buckled− B−2bð ÞΓ; ð2Þ

where Uunbuckled is the strain energy of the film portion still bonded to
the substrate,Ubuckled

m andUbuckled
b are themembrane energy andbending

energy of the buckled portion of the film, respectively, and Γ is the film/
substrate interfacial adhesion energy. Here in the theoretical model we
assume that the substrate is rigid, thus the substrate strain energy is not
included inUtotal (the effect of substrate stiffnesswill be considered later
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in Section IV through numerical simulations). The unbuckled portion of
the film is only subject to membrane compression εf, so

Uunbuckled ¼ B−2bð Þh E′f ε
2
f =2

� �
; ð3Þ

where E′f is the plane strain Young'sModulus of thefilm. For the buckled
portion of the film,

Um
buckled ¼ bhE′f ε

2
x ; ð4Þ

where εx=εf+(πA/4b)2 (the latter term denotes the contribution of
bending to the non-linear membrane strain in the buckled portion of
the film), and

Ub
buckled ¼ ∫b

−b E′f h
3
=24

� � d2w
dx2

 !2

dx ¼ E′ fπ
4A2h3=96b3: ð5Þ

Energy minimization of Utotal with respect to A and b gives a criti-
cal buckling amplitude

Acr
d

h
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 9Γ

2E′f h
2b
πh

� �4
s

−1

 !vuut ; ð6Þ

above which the initial delamination starts to advance.
Fig. 2b plots Adcr/h as a function of b/h, for various values of interfacial

adhesion energy Γ (solid lines). Here, E′f=132 GPa, which is represen-
tative for ITO. Adcr increases monotonically as Γ or b increases. That is, a
stronger interfacial adhesion or a longer initial interfacial defect makes
the film more resistant to further interfacial delamination.

We next determine the critical buckling amplitude above which
fracture occurs at the crest of the buckled portion of the film. The
total strain in the buckled portion of the film consists of the contribu-
tion from the compressive membrane strain (=−π2h2/(12b2)), and
that from the bending strain, which varies from tensile to compres-
sive across the film thickness and is linearly proportional to film cur-
vature d2w

dx2 . Therefore, if the film buckles severely, the strain at the top
surface of the buckled crest, given by π2h2

4b2
A
h− 1

3

� �
, may become tensile

and exceed the fracture strain of the brittle film material, causing film
cracking at the crest. The above argument gives a critical buckling
amplitude, above which buckling-driven cracking of the film occurs,

Acr
f

h
¼ 1

3
þ 2b

πh

� �2 σ f

E′f
; ð7Þ

where σf is the fracture strength of the brittle film material. The
dashed line in Fig. 2b plots Af

cr/h as a function of b/h, for the case of
σf=2 GPa and E′f=132 GPa (representative for ITO). Af

cr increases
monotonically as b increases.

Note that the buckled portions of the film near two delaminating
fronts are also subject to bending. On a rigid substrate, severe buckling
of a filmmay also cause film cracking initiating from the bottom surface
of the film near the delaminating fronts [21]. However, such cracking
events most likely occur after the film cracking at the crest, as the film
bending near the delaminating fronts is partially constrained by the
rigid substrate thus leads to a lower film stress level than that at the
crest. On a compliant substrate, the film cracking near the delaminating
fronts is less likely to occur as the substrate can be distorted near the
fronts to accommodate the local deformation of the film and thus to
mitigate the film stress. Above said, the present model only consider
the competition between thefilm cracking at the crest and the film/sub-
strate interfacial delamination, two dominant buckling-driven failure
modes of substrate-supported thin brittle films.

The comparison of the two critical buckling amplitudes defined in
Eqs. (6) and (7) determines the dominant buckling-driven failure
mode of a given film/substrate structure (e.g., E′f, σf, and Γ) with an
interfacial delamination of width 2b under sufficient film compres-
sion. That is, if Ad

crbAf
cr, buckling-driven delamination occurs; while

if Af
crbAd

cr, buckling-driven film cracking occurs.
As shown in Fig. 2b, there exists a critical value of interfacial adhesion

energy Γ (≈1.2 J/m2), belowwhich Ad
crbAf

cr for all values of b/h. In other
words, if the interface is weak (e.g., Γb1.2 J/m2), large compression in
the film always leads to the further advancement of the initial delamina-
tion, whichmitigates thefilm compression in the buckled portion. There-
fore, no buckling-drivenfilm cracking occurs. For a given Γ>1.2 J/m2, the
Af
cr vs. b/h curve intersects theAdcr vs. b/h curve at two points. For example,

the two curves intersect at b/h =5.6 and 29.4 for Γ=4 J/m2. When b/
hb5.6, AdcrbAfcr. As a result, under sufficient film compression, the initial
delamination starts to advance until b/h=5.6, after which Ad

cr≥Af
cr. In

other words, the failure mode is buckling-driven delamination first,
followed by film cracking. When 5.6bb/hb29.4, AfcrbAdcr. As a result, the
buckled portion of the film always cracks at the crest before any further
advancement of the initial delamination. When b/h>29.4, Ad

crbAf
cr,

which means that the initial delamination always advance under suffi-
cientfilm compressionbut nofilm cracking canoccur. The above compar-
ison between the two critical buckling amplitudes defined in Eqs. (6) and
(7) delineates three buckling-driven failure modes: A). Buckling-driven
delamination followed by film cracking, B). Buckling-driven film cracking
without delamination, and C). Buckling-driven delamination without
film cracking.

Fig. 3 plots a map of these three failure modes in the parameter
space of interfacial adhesion energy and initial interfacial defect size.
When the interfacial adhesion energy is lower than a critical value
(≈1.2 J/m2 when b/hb26.5, and slightly higher when b/h>26.5),
buckling-driven delamination dominates and film cracking does not
occur (Mode C). When the interfacial adhesion energy is higher than
the critical value, buckling-driven film cracking occurs, either after a
modest propagation of interfacial delamination if the initial interfacial
defect is small (ModeA) orwithout interfacial delamination if the initial
interfacial defect is large (Mode B).

It is worthy to note that themain focus of the present study is to de-
cipher the competition between buckling-driven interfacial delamina-
tion and buckling-driven film cracking, rather than each individual
buckling-driven failure mode. Analytic models that are more sophisti-
cated than those in the present study could be derived from existing
studies on either buckling-driven interfacial delamination or buckling-
driven film cracking and adopted to investigate the failure mode com-
petition. It is expected that such more sophisticated treatments should
lead to a map of buckling-driven failure modes similar to that delineat-
ed in Fig. 3, with differences being quantitative, rather than qualitative.
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4. Effect of substrate stiffness on the map of buckling-driven
failure modes

In our analytic model, the substrate is assumed to be rigid. To inves-
tigate the effect of substrate stiffness on the buckling-driven failure
modes of substrate-supported thin brittle films, we perform finite ele-
ment modeling to simulate the full process of buckling-driven failure.

The film/substrate laminate is assumed to deform under plane
strain condition (e.g., Fig. 2a). In the simulation model, the film is a
layer with thickness of h and the substrate is a block with thickness
of 50 h and width of B=200 h. Both the film and the substrate are
modeled as linear elastic materials. The Young's Modulus and the
Poisson's ratio of the film are 120 GPa and 0.3, respectively. The
Young's Modulus of the substrate varies from 2 GPa to 20 GPa, with
a Poisson's ratio of 0.4. The film is densely meshed with four-node
plane strain elements with element size of 0.1 h. The substrate is
also meshed with four-node plane strain elements with matching el-
ement size near the interface and coarse elements far away from the
interface. The film compression is introduced as a thermal mismatch
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Fig. 5. (a–d). The map of buckling-driven failure modes (same as those defined in Fig. 3) in
various substrate stiffness. Each mark indicates a finite element simulation case, with triang
ary lines between different failure modes are estimated from the simulation results.
strain. An initial interfacial delamination of various widths is pre-
scribed at the center location of the interface. The simulations are car-
ried out using finite element code ABAQUS v6.9. To simulate the
buckling-induced delamination, the bonded portion of the interface
is modeled with cohesive elements, which are characterized by a ten-
sile and a shear traction-displacement law, with six parameters: in-
terfacial tensile strength σn and shear strength σs, critical opening
displacement δn and sliding displacement δs, and the areas under
the traction-displacement curve Γn and Γs (the normal and shear in-
terfacial adhesion energy of the ITO/polymer interface, respectively),
as illustrated in Fig. 4. We assume that σn=σs, δn=δs and Γn=Γs. In
all simulations, σn=400 MPa and δn=1 nm. The interfacial tough-
ness Γn is varied between 0.5 J/m2 and 10 J/m2. The bonded inter-
face is meshed with four-node cohesive elements sharing nodes
with the neighboring elements in the film and the substrate. To sim-
ulate the brittle fracture initiation and propagation at the crest of the
buckled film, extended finite element method (XFEM) is employed to
enrich the film elements along the centerline of the film. Maximum
principal stress criterion for crack initiation is used with the film
strength set to be 2 GPa. Viscous regularization option in ABAQUS is
used for both the cohesive elements and the XFEM enrichment to en-
hance computation convergence.

Fig. 5 plots the map of buckling-driven failure modes in the pa-
rameter space of interfacial adhesion energy and initial imperfection
size, for various Young's Moduli of the substrate Es. Emerging from
the simulation results are the same three failure modes as revealed
from the theoretical analysis (i.e., Fig. 3) (videos showing full failure
process of these three modes are available at: http://ter.ps/ModeA,
http://ter.ps/ModeB, and http://ter.ps/ModeC, respectively). Simula-
tion results show that, as the substrate becomes more compliant,
Modes A and B become more dominant in the parameter space ex-
plored. That is, buckling-driven film cracking is more likely to occur.
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The effect of substrate stiffness can be understood as follows. As the
substrate becomes more compliant, the deformation of the film near
the edges of delamination front is less constrained. In other words,
the substrate can more easily deform locally to accommodate out-
of-plane buckling of the film, which on one hand leads to increasing
buckling amplitude, and on the other hand results in decreasing driv-
ing force for further advancement of delamination. In Fig. 3, there ex-
ists a critical interfacial adhesion energy (indicated by the horizontal
boundary between Mode A and Mode C), below which no film crack-
ing occurs (i.e., Mode C), no matter what the size of the initial delam-
ination is. By contrast, as shown in Fig. 5, if the size of initial
delamination is too small, Mode A or B dominates, which eventually
leads to film cracking, no matter how weak the interfacial adhesion
is. That is, to avoid buckling-driven cracking of a brittle film supported
by a rather compliant substrate, a long initial interfacial delamination
and a weak interfacial adhesion are desired to allow Mode C to occur.
For example, in Fig. 1a, 2b/h≈6.4, while in Fig. 1b, 2b/h≈174. Taking
Es=2 GPa, a representative stiffness for polyimide, Fig. 5d suggests
buckling-driven film cracking after delamination advances (Mode A) in
Fig. 1a and buckling-driven delamination without film cracking (Mode
C) in Fig. 1b, assuming a weak interfacial adhesion. In this sense, the
model prediction agrees well with the experimental observations.
5. Concluding remarks

In summary, through theoretical analysis and numerical modeling,
we identify three buckling-driven failure modes in substrate-supported
thin brittle films, two of which eventually leads to film cracking
and the third involves only buckling-driven delamination without
film cracking. These three failure modes are mapped out in the
parameter space of interfacial adhesion energy and initial interfacial
defect size. As the substrate becomes more compliant, the failure
modes leading to film cracking become more dominant against
the delamination-only failure mode. Interestingly emerging from
the results is that, a thin brittle film strongly bonded on a substrate is
indeed more prone to buckling-driven cracking, a more detrimental
failure mode for transparent ITO conductors widely used in displays
andflexible electronics. In this sense, the present study offers guidelines
on optimal material selection and adhesion control in designing func-
tional thin brittle films in microelectronics and flexible electronics
devices.
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