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Abstract

A high-throughput combinatorial approach to edge delamination test is proposed to map the failure of adhesion as a function
of both temperature and film thickness in a single step. In this approach, a single specimen of a thin film bonded to a substrate
with orthogonal thickness and temperature gradients is subdivided into separate samples. This approach can be adopted to measure
the adhesion reliability for films with thicknesses in the nano regime by the addition of an overlayer. In addition, it can increase
the pace of material innovations in nanoscale science and technology. The experimental requirements for a valid combinatorial
test are analyzed using three-dimensional computational fracture mechanics. A simulation result is presented to demonstrate the
feasibility of the combinatorial approach and to design the experimental protocol.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of thin films(or coatings) in electronic
packaging is growing rapidly with the introduction of
new materials and processes combined with a better
understanding of the background science. One area of
concern for both customers and manufacturers in these
applications is the reliability of the adhesion between
film and substrate. For example, the next generation of
electronic components will require new low dielectrics
or other novel thin films to be integrated into their
construction. In developing these new materials, it is
important to assess the adhesion reliability in a fast,
practical and reproducible fashion. The objective of this
study is to develop a combinatorial or multivariant
approach based on edge delamination to investigate the
adhesion between a thin film and a substrate. This
technique is expected to provide information about the
interface integrity, adhesion and rate of material inno-
vations(in this study, the adhesion means the debonding
energy or the fracture toughness) w1–3x. More impor-
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tantly, the proposed combinatorial approach can also be
extended to measure the adhesion for films with thick-
ness in the nanoscale regime, where the measurement
of the adhesion for such thin films is very difficult.
The application of a combinatorial approach, which

originally aimed at speeding synthesis and screening of
large composition libraries for drugs and functional
materials, has also enabled researchers to quickly eval-
uate how variables influence chemical and physical
properties of materials and rapidly screen for optimal
material propertiesw4–7x. In this study, a simulation
combining fracture mechanics and three-dimensional
finite element analyses was developed to evaluate the
feasibility of the combinatorial approach outlined below.
During the cooling of a bi-material filmysubstrate

system with an initial interfacial crack at a stress-free
edge (Fig. 1), a further crack extension(debonding)
along the interface will occur at a critical temperature
due to the stress concentration near the crack tip. The
edge delamination test is based on this debonding
mechanism using the thermal stress generated during
the cooling to cause separation of the film from the
substrate. Accordingly, the adhesion(or adhesive
strength) between the film coating and the substrate can
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Fig. 1. A two-dimensional schematic of the free edge effect and edge
delamination test.

Fig. 2. A schematic of the failure map of a film on a substrate as a
function of temperature and coat thickness.

Fig. 3. A schematic of the combinatorial approach to the edge lift-off
test: the multivariant specimen with film thickness and temperature
gradients, and final failure map(a); a square pattern array of individ-
ual edge delamination samples on the substrate(b); the cutting depth,
d, and width,w (c).

be deduced, e.g. Farris and Bauerw8x. By repeating the
test for numerous samples with different film thickness-
es, a distribution of failure(failure map, Fig. 2) as a
function of temperature and film thickness can be
constructedw9x. This failure map provides designing
engineers a tool to assess the reliability limit of the
coating. To construct a failure map to screen numerous
new formulations and specialist materials is time-con-
suming. In this study, we propose to combine the
important variables(temperature and thickness) in a
single experiment to map the interfacial failure of the
film. Subsequently, the value of adhesion of the film to
substrate can be deduced from the failure map if the
internal stress–temperature relation of the film is known.
Essential details in the test design and requirements for
valid testing results will be described in Section 2 of
this article. Numerical results and discussion will be
presented in Section 3.

2. Combinatorial approach to the edge delamination
test

In the proposed experiment, a film is coated onto a
relatively rigid substrate in such a way that the film has
a thickness gradient in one direction(Fig. 3a). The film
is cut into a square grid pattern to form an array of
individual edge delamination samples on the substrate
(Fig. 3b). The cut penetrates some distance into the
substrate also. The edges are at 908 to the interface of
the filmysubstrate. The depth(d) and width(w) of the
cut are design parameters that need to be optimized and
will be discussed later(Fig. 3c). Due to the existence
of residual biaxial stresses during the solidification of
the film and the stress-free edges after cutting in a bi-
material system, stress concentrations arise at the inter-
face near the free edges. These stress concentrations are
sufficient to create small initial interfacial flaws at the
film ysubstrate boundary. This is the well-known free-
edge effect that is unique to bi-material systemsw10–
14x. Coupled with an interface having a finite adhesion
strength, these initial flaws are the nucleation sites for
interfacial debonding after a further loading. To intro-
duce further loading, the specimen is cooled with a
temperature gradient applied in the direction orthogonal

to the thickness gradient(Fig. 3a). Interfacial debonding
events will be observed for those samples having critical
stresses that depend on the combination of local tem-
perature and film thickness. Consequently, a failure map
as a function of temperature and film thickness can be
constructed with one step, as shown in Fig. 3a. In
principle, if the adhesion of a film to a substrate is
independent of temperature, the adhesion can be
deduced from this failure map as long as the thermo-
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Fig. 4. A schematic of the combinatorial approach to the modified
edge delamination test: the multivariant specimen with constant film
thickness, overcoating layer thickness and temperature gradients.

mechanical property(the stress–temperature relation) of
the test film is well characterizedw9,15x.
Sometimes, especially for large film thickness, the

residual stresses(or internal energy) resulting from the
solidification of the test film on a substrate(the film
preparation step) could be large enough to cause pre-
mature failure of the film or interface before further
cooling in the edge delamination test. Conversely, it
could be the case that a film has such a strong bond
with the substrate that the stress concentration generated
during the cooling process is insufficient to induce
debonding. In either case, by adjusting the film thickness
and the upper and lower limits of temperature, one can
ensure that the debonding condition will be met.
To measure the adhesion for films with thickness in

sub-micron region, instead of coating a test film with a
thickness gradient(Fig. 3a), a test film with a very
small constant thickness is coated onto the substrate.
Then, an overcoating layer(stress-generating layer) with
a thickness gradient is deposited on the top of the thin
test film (Fig. 4). The rest of the experimental proce-
dures are identical with the original one. The thickness
of the overcoating layer needs to be much larger than
that of the test film such that the debonding energy
contributed from the test film during the cooling can be
neglected and only the overcoating layer serves as the
stress-generating layer. One assumption in this modified
approach is that the bonding strength between the test
thin film and the overcoating layer is much higher than
the bond between the test film and substrate. In this
case, the stress–temperature relation of overcoating is
only needed to calculate the adhesion. Consequently,
one may use this modified combinatorial approach to
obtain the critical bond energy for the thin film in the
sub-micron range. It is worthwhile to note that once a
well-characterized overcoating layer has been chosen, it
can be used as a standard overcoating layer for different

test films as long as good adhesion exists between the
overcoating and the test films.
For the test results to be valid in this combinatorial

edge delamination test, the stress state at the crack tip
in each individual square sample must be independent
of interfacial crack length. This requirement arises
because the initial interfacial crack length in each sample
cannot be well controlled. A second condition for
validity of the test is that there must be no stress
interaction among the separate edge delamination sam-
ples within one combinatorial specimen. Thus, two
issues that must be determined to ensure valid test
results are: the minimum initial crack length such that
the stress states are independent of crack length(Fig.
1a), and the required cutting depth and width(‘d’ and
‘w’ in Fig. 3c) so that the stress interaction among
separate edge delamination samples is negligible. A
three-dimensional stress analysis(finite element meth-
od) and computational fracture mechanics were used to
provide answers to these two important questions.

3. Results and discussion

The commercial finite element program,ABAQUS w16x,
was used to calculate the stress distribution in an edge
delamination sample. A fully three-dimensional model
of the combinatorial edge delamination specimen was
constructed for the finite element analyses(FEA). For
clarity, some of the FEA results and schematics are
presented as two-dimensional schematics in this paper
(e.g. Fig. 1). The film and substrate were assumed to
be linearly elastic. The ratio of the film stiffness to the
substrate stiffness was assumed to be 1:100 to reflect
the relative rigidity of the substrate that will be discussed
later in this article. This ratio also represents a typical
organic overcoating on silicon substrate. The Poisson’s
ratios of the film and the substrate were assumed to be
the same. The ratio of the coefficient of thermal expan-
sion (CTE) of the film to the substrate was assumed to
be 10 to mimic the mismatch of the CTEs. An initial
crack was introduced along filmysubstrate interfaces to
mimic the initial flaws; the length of this initial crack
was varied to determine the region where the crack-tip
stress is independent of crack length. The adhesion
between the film and the substrate is assumed to be
temperature independent.
The stress(or strain) distribution in linear elastic

problems involving singularities can be well predicted
from standard finite element techniques employing a
non-singular finite element mesh, although convergence
is very slow w13,17x. Therefore, no special elements
were required in the analyses. Three-dimensional, 20-
node isoparametric solid elements were used in this
study, with the element dimensions continuously
decreasing towards the crack tip. The mesh right at the
crack tip was composed of square-grid elements having
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Fig. 5. The variation of the stress normal to the interface at the crack
tip with the initial crack length. The stress is normalized by the
applied stress.

a size of one twentieth of the film thickness. In order
to make the comparisons on the stress distributions at
the crack tip meaningful in parametric studies with
different geometries(interfacial crack length, or cutting
depth and width), a region enclosing the crack tip in
the corner has been established with the same size for
the finite element models. This region is a cube with
the dimensions of four tenths of the film thickness.
Within this region, the same number of elements(the
same size of elements) has been assigned in the hori-
zontal and the vertical directions for the models, and
meshing varies only outside of this region. No crack tip
blunting provisions were made in the finite element
model.
Before performing systematic analyses, a study of

solution convergence was carried out by employing
various mesh refinements. The stress fields at the corner
where two planar cracks meet were numerically evalu-
ated as the average of the stress fields at the center of
the elements immediately surrounding the crack tip. It
was concluded from this study that good convergence
of local strain was achieved. Based on the stress distri-
bution along the interface, as a by-product of the
convergence study, we determined that the size of each
small square sample(‘D’ in Fig. 3c) should be larger
than 20 times the film thickness in order to avoid the
stress interaction between the corners in the sample. All
the stress analyses performed in the study were based
on the original combinatorial approach in which no
overcoating layer is needed(only the test film with
thickness gradient is present). The results of stress
analyses should be applicable to the modified approach
(a three-layer structure), since the test film thickness in
the modified approach is much smaller than the over-
coating layer.
Fig. 5 shows the variation of the stress normal to the

interface at the corner of the sample as a function of
the initial crack length. This normal stress is the driving
force for interfacial debonding. The corner is where two
interfacial cracks meet in the edge delamination sample,
so the stress concentration is somewhat higher, and the
cracks tend to propagate from the corner inward. The
results in the figure indicate that the stress at the corner
achieves nearly a steady state if the crack length is
larger than 4% of the film thickness. An analysis of a
two-dimensional crack(plane strain interface crack)
shows that the steady state condition is only approached
when the crack length is comparable to the film thick-
nessw18x. The analysis performed in the present work
suggests that the three-dimensional deformation field of
the corner crack leads to steady state behavior at much
shorter crack lengths than needed in the case of a two-
dimensional crack. Thus, once the initial crack lengths
of the individual edge delamination samples in the
proposed combinatorial specimen are more than 4% of
the film thickness, the stress states would be only a

function of temperature and film thickness. This require-
ment is not a significant barrier for using the proposed
combinatorial approach since the initial debonding
caused by the free-edge effect after cutting is typically
longer than 4% of the film thickness. Chemical etching
could also be used to obtain a suitable initial crack
length if necessary.
Once the cutting penetrates into the substrate to form

an array of individual edge delamination samples, it
would create a wedge near 908 as shown in Fig. 3c.
This wedge will induce a stress concentration during the
cooling process due to the existence of a geometric
discontinuity. The stress concentration could interfere
with the stress state at the filmysubstrate interface. Also,
the stress concentration at different wedges can interact
with one another if the cutting width(Fig. 3c) is not
large enough. This interaction could also translate into
the interface and compound the stress states at the
interface. Therefore, in order to make the stress state at
the interface in each sample autonomous, the geometric
parameters(w and d in Fig. 3c) have to be optimized.
The contour plots shown in Fig. 6 qualitatively illustrate
the stress interactions among the wedges resulting from
cutting and the filmysubstrate interfaces for two adjacent
samples. For comparison purposes, all the contour plots
are displayed in the same scale. In the upper two plots
in the figure, the ratio of the cutting depth to the film
thickness(dyh ) equals 0.1. On the left, where the ratiof

of the cutting width to the film thickness(wyh ) equalsf

0.1, there is a stress interaction(overlap in darker colors
in the contour plots) both between the interface and the
wedge and between the wedge regions of adjacent
samples. On the right, wherewyh is 0.5, there is anf

interaction between the interface and the wedge, but no
interaction between wedge regions of neighboring sam-



201M.Y.M. Chiang et al. / Thin Solid Films 437 (2003) 197–203

Fig. 6. The stress contours indicating the stress interaction among the
cutting wedges and filmysubstrate interfaces for two adjacent speci-
mens. The darker color indicates the stress concentration.

Fig. 7. The variation of the normal stress at the corner with the cutting
width (w) as a function of the cutting depth(d).

Fig. 8. The finite element simulation of interfacial debonding of a
combinatorial specimen having 6=6 individual edge delamination
samples.

ples. In the lower figures, wheredyh is 0.5, it isf

observed from the contour plots that there is no inter-
action among any of the stress concentrations, even
whenwyh has been reduced to 0.1.f

Fig. 7 shows the variation of the normal stress at the
corner with cutting width(w) as a function of cutting
depth(d). The results clearly demonstrate that when the
cutting depth is greater than or equal to 50% of the film
thickness, the normal stress at the corner is independent
of cutting width. Experimentally, one would like to have
the cutting width as small as possible in order to
accumulate many samples on a single combinatorial
specimen. Therefore, the results suggest that the cutting
depth is a critical geometric parameter, which should be
greater than half of the film thickness. In the figure, the
deviation of the normal stress from a steady state(for
dyh s0.1 or 0.3) implies that there is some influencef

on the stress state at the interface when the adjacent
samples are close together. The difference in the mag-
nitude of the steady state stress is evidence of the effect
of the stress concentration from the cutting wedge on
the interfacial stress state.
Based on these results for the geometric requirements,

a simulation of the interfacial debonding of a combina-
torial specimen having 6=6 individual edge delamina-
tion samples was carried out, as shown in Fig. 8. The
film thickness varied from 20mm to 200 mm. The

temperature gradient was fromy40 8C to y100 8C.
The cutting depth was 100mm and the cut width was
30 mm. For illustration purposes, the normal stress
contours at the interface of the filmysubstrate are dis-
played in the figure(the specimen has been flipped
over). The gradient of the film thickness is in thex1
direction. The applied temperature gradient is in thex2
direction. Each edge delamination sample provides four
independent data points at the four corners, mapping the
interfacial failure as a function of temperature and
thickness. The darker color at the corner of each sample
indicates that the stress state at the interface has exceed-
ed the interfacial strength, which is a preset parameter
in the simulation. By tracing the far field darker colors,
a locus of failure(failure map) as a function of film
thickness and temperature can be constructed.
During debonding of a film from a relatively rigid

substrate, the contribution to energy release due to the
substrate can be neglected. The energy release rate,G,
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Fig. 9. The dependence ofK yK on the ratios of the film to substrate*

stiffness and of the film to substrate thickness.

associated with a plane–strain interface crack(2-D)
between the film and the rigid substrate isw18x:

2 2s h 1y nŽ .0 f f
Gs (1)

2Ef

The subscriptf represents the film. The parametersE,
n andh are the elastic modulus, Poisson’s ratio and the
thickness of the layers, respectively, ands is the0

internal stress. Also, with a relatively rigid substrate, the
stress–temperature relation of a film on a substrate can
be readily calculated through Stoney’s equation, which
is based on the curvature as a function of temperature
for a coated bi-material circular plate (such as a film/
substrate system)w15,19x. Consequently, using the fail-
ure map and the stress–temperature relation, through
the analytical solution Eq.(1), the critical energy release
rate can be calculated. A more rigorous on G 3-D
solution can be obtained only through finite element
analysis. Therefore, what is left is the definition of ‘the
relatively rigid substrate’, which depends not only on
the relative stiffness but also the relative thickness of a
film ysubstrate system. This relative rigidity can be
evaluated by the ratio of two parametersK and K ,*

where

2 3B E B E B EE h h h E hs s f f f fC F C F C FKs q4q6 q4 q (2)
D G D G D GE h h h E hf f s s s s

and

B EE hs s* C FK s (3)
D GE hf f

where the subscripts represents the substrate.E wsEy¯

(1yn)x is the bi-modulus of material. The parameterK
is associated with the stress distribution of a bi-material
plate due to a temperature change. For detailed expla-
nation, readers may refer to Chiang et al.w15x. If E ys̄

E (h yh )41 andh yh -1, Eq. (2) is approximatelyf s f f s
¯

the same as Eq.(3). This approximation is valid for
many thin film applications where the film thickness is
much smaller than that of the substrate. Also, the film
stiffness is usually less than or comparable to that of
the substrate. Therefore, the approximate equality
between Eqs.(2) and (3) is a guideline for relative
substrate rigidity. Fig. 9 presents the dependence of the
ratio of K yK on the ratios of the film to substrate*

stiffness and of the film to substrate thickness. The
relative rigidity can be assessed by the deviation of the
K yK curve fromK yKs1. Accordingly, the appropri-* *

ateness of using the failure map for deducing the
adhesion can be evaluated. For example, whenh yf

h F0.001, the substrate can be considered as rigid evens

if the film rigidity is only one order of magnitude higher
than that of the substrate.

4. Conclusions

A simulation, based on three-dimensional finite ele-
ment modeling and fracture mechanics, has been carried
out to demonstrate the feasibility and design of the
experimental protocol for the combinatorial edge delam-
ination test for thin film adhesion measurement. By
combining variables that are important and readily con-
trollable in practice(temperature and film thickness),
the effect of stress concentration on the debonding of
the film from the substrate is spatially varied in one
experiment. Consequently, the failure map of the adhe-
sion as a function of both film thickness and temperature
can be constructed in a single step. This map of adhesion
reliability can be used to determine the critical bond
energy of the thin film in sub-micron thickness range.
The approach is expected to provide accurate results
because of its large sampling space. Necessary geometric
parameters affecting debonding at the filmysubstrate
interface are defined, and the validity of this combina-
torial approach is successfully demonstrated in this
study. Finally, this approach should be applicable to any
film ranging from organic films (e.g. polymer) to
inorganic films(e.g. metal or ceramic).
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