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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 measur
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 tantly, the proposed combinatorial approach can also be
extended to measure the adhesion for films with thick-
The use of thin films(or coating$ in electronic ness in the nanoscale regime, where the measurement
packaging is growing rapidly with the introduction of of the adhesion for such thin films is very difficult.
new materials and processes combined with a better The application of a combinatorial approach, which
understanding of the background science. One area oforiginally aimed at speeding synthesis and screening of
concern for both customers and manufacturers in theselarge composition libraries for drugs and functional
applications is the reliability of the adhesion between materials, has also enabled researchers to quickly eval-
film and substrate. For example, the next generation of uate how variables influence chemical and physical
electronic components will require new low dielectrics properties of materials and rapidly screen for optimal
or other novel thin films to be integrated into their material propertieg4—7]. In this study, a simulation
construction. In developing these new materials, it is combining fracture mechanics and three-dimensional
important to assess the adhesion reliability in a fast, finite element analyses was developed to evaluate the
practical and reproducible fashion. The objective of this feasibility of the combinatorial approach outlined below.
study is to develop a combinatorial or multivariant During the cooling of a bi-material filpsubstrate
approach based on edge delamination to investigate thesystem with an initial interfacial crack at a stress-free
adhesion between a thin film and a substrate. This edge (F|g 1)' a further crack extensioﬁdebonding
technique is expected to provide information about the zjong the interface will occur at a critical temperature
interface integrity, adhesion and rate of material inno- gye to the stress concentration near the crack tip. The
vations(in this study, the adhesion means the debonding ggge delamination test is based on this debonding

energy or the fracture toughngsil-3. More impor-  echanism using the thermal stress generated during
*Corresponding author. Tel+1-301-975-5186; fax+ 1-301-975- 1€ cooling to cause separation of the film from the

4924, substrate. Accordingly, the adhesiofor adhesive
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Fig. 1. A two-dimensional schematic of the free edge effect and edge —
delamination test.
. . o
be deduced, e.g. Farris and Balg}. By repeating the 30 , I , I ,
test for numerous samples with different film thickness- 0 100 200 300
es, a distribution of failurgfailure map, Fig. 2 as a Coating Thickness (um)

function of temperature and film thickness can be

constructed[9]. This failure map provides designing Fig. 2. A schematic of the failure map of a film on a substrate as a
engineers a tool to assess the reliability limit of the function of temperature and coat thickness.

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 thicknessn 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.

to the thickness gradiefiFig. 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-

2. Combinatorial approach to the edge delamination (a) Bonded Film
test With Initial Crack

Temperature
In the proposed experiment, a film is coated onto a film
relatively rigid substrate in such a way that the film has
a thickness gradient in one directi¢Rig. 3@. 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 @ the interface of
the film/substrate. The deptti/) and width(w) of the
cut are design parameters that need to be optimized and
will be discussed latefFig. 3¢). Due to the existence

Debonded Film

i

substrate

of residual biaxial stresses during the solidification of —D —

the film and the stress-free edges after cutting in a bi- film b
material system, stress concentrations arise at the inter- dI substrate
face near the free edges. These stress concentrations are / = w—

sufficient to create small initial interfacial flaws at the wedge

film /substrate boundary. This is the well-known free-

edge effect that is unique to bi-material systefh6— (c)

14]. Coupled with an interface having a finite adhesion _ ) _ _
strength, these initial flaws are the nucleation sites for F19: 3. A schematic of the combinatorial approach to the edge lift-off
interfacial debondi ft further loadi To int test: the multivariant specimen with film thickness and temperature
interracial debon !ng arer a ur er (_)a Ing. 10 Ir_] ro- gradients, and final failure ma@); a square pattern array of individ-
duce further |an|ng, the. specimen Is 900|ed with & (al edge delamination samples on the substiatethe cutting depth,
temperature gradient applied in the direction orthogonal ¢, and width,w (c).
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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

Overlayer Thickness

¢// Test edge delamination test, the stress state at the crack tip

// Fiim in each individual square sample must be independent
/ _ of interfacial crack length. This requirement arises

/— (1 Suesi'geﬂf’m“"g because the initial interfacial crack length in each sample
~Substrate | _/;f"” cannot be well controlled. A second condition for

. e validity of the test is that there must be no stress

— i/w \H interaction among the separate edge delamination sam-
/Nw: fEstilm ples within one combinatorial specimen. Thus, two

initial issues that must be determined to ensure valid test
debonding results are: the minimum initial crack length such that

the stress states are independent of crack lefity.

Fig. 4. A schematic of the combinatorial approach to the modified 1a), and the required cutting depth and width? and
edge delamination test: the multivariant specimen with constant film , '

thickness, overcoating layer thickness and temperature gradients. w' in Fig. 3c) so thqt the stress mte_ractlon -a-mong
separate edge delamination samples is negligible. A

three-dimensional stress analy¢fite element meth-
od) and computational fracture mechanics were used to

mechanical propertfthe stress—temperature relatiarf i - X
provide answers to these two important questions.

the test film is well characterize[®,15.

Sometimes, especially for large film thickness, the
residual stresser internal energy resulting from the
solidification of the test film on a substraf¢he film
preparation stepcould be large enough to cause pre-
mature failure of the film or interface before further

3. Results and discussion

The commercial finite element prograngaqus [16],
was used to calculate the stress distribution in an edge

cooling in the edge delamination test. Conversely, it delamination_ sample. A tully thre_e-di_mension_al model
could be the case that a film has such a strong b’ondOf the combinatorial edge delamination specimen was

with the substrate that the stress concentration generategonstruaed for the finite element analyd@EA). I_:or

. ) > - . Clarity, some of the FEA results and schematics are
during the cooling process is insufficient to induce resented as two-dimensional schematics in this paper
debonding. In either case, by adjusting the film thickness P Pap

and the upper and lower limits of temperature, one can (e.g. Fig. 2. The film and substrate were assumed to
PP ; " b ' be linearly elastic. The ratio of the film stiffness to the
ensure that the debonding condition will be met.

To measure the adhesion for films with thickness in substrat_e sti_ffne_ss was assumed to be_1:100_ to reflect
. C s . ) ) the relative rigidity of the substrate that will be discussed
sqb-mlcron region, ".‘Stead of coating a test film with a later in this article. This ratio also represents a typical
thickness gradientFig. 3a, a test film with a very o onic overcoating on silicon substrate. The Poisson's
small constant thickness is coated onto the substrate

. . ) ratios of the film and the substrate were assumed to be
Then, an overcoating layéstress-generating layewith

. ; . X . the same. The ratio of the coefficient of thermal expan-
a thickness gradient is deposited on the top of the thin g4, (CTE) of the film to the substrate was assumed to

test film (Fig. 4). The rest of the experimental proce- pe 10 to mimic the mismatch of the CTEs. An initial
dures are identi_cal with the original one. The thickness rack was introduced along filfsubstrate interfaces to
of the overcoating layer needs to be much larger than mimic the initial flaws; the length of this initial crack
that of the test film such that the debonding energy \yas varied to determine the region where the crack-tip
contributed from the test film during the cooling can be giress s independent of crack length. The adhesion
neglected and only the overcoating layer serves as thepetween the film and the substrate is assumed to be
stress-generating layer. One assumption in this mOdiﬁedtemperature independent.

approach is that the bonding strength between the test The stress(or strain distribution in linear elastic
thin film and the overcoating layer is much higher than problems involving singularities can be well predicted
the bond between the test film and substrate. In this from standard finite element techniques employing a
case, the stress—temperature relation of overcoating isnon-singular finite element mesh, although convergence
only needed to calculate the adhesion. Consequentlys very slow [13,17. Therefore, no special elements
one may use this modified combinatorial approach to were required in the analyses. Three-dimensional, 20-
obtain the critical bond energy for the thin film in the node isoparametric solid elements were used in this
sub-micron range. It is worthwhile to note that once a study, with the element dimensions continuously
well-characterized overcoating layer has been chosen, itdecreasing towards the crack tip. The mesh right at the
can be used as a standard overcoating layer for differentcrack tip was composed of square-grid elements having



200 M.YM. Chiang et al. / Thin Solid Films 437 (2003) 197-203

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 I o« ®
different geometrieginterfacial crack length, or cutting 24 . 7
depth and width, a region enclosing the crack tip in i 1
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 elemefitise
same size of elementhas 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 L6 ‘ . . L ‘ ‘ . L
model. 0.00 0.04 0.08
Before performing systematic analyses, a study of .
solution convergence was carried out by employing Normalized Crack Length (a/hy)
various mesh refinements. The stress fields .at the CornerFig. 5. The variation of the stress normal to the interface at the crack
where two planar cracks meet were numerically evalu- " with the initial crack length. The stress is normalized by the
ated as the average of the stress fields at the center ofpplied stress.
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 eac
small square sampl€D’ in Fig. 3c) should be larger
than 20 times the film thickness in order to avoid the . . e
stress interaction between the corners in the sample. AllCOUld also be used to obtain a suitable initial crack

the stress analyses performed in the study were basedength if necessary. .
on the original combinatorial approach in which no Once the cutting penetrates into the substrate to form

overcoating layer is needetbnly the test film with an array of individual edge delamination samples, it

thickness gradient is presentThe results of stress Would create a wedge near 9@s shown in Fig. 3c.
analyses should be applicable to the modified approachTh'S wedge will induce a stress concentration during the

(a three-layer structujesince the test film thickness in  €00ling process due to the existence of a geometric
the modified approach is much smaller than the over- discontinuity. The stress concentration could interfere
coating layer. with the stress state at the fiffaubstrate interface. Also,

Fig. 5 shows the variation of the stress normal to the the stress concentration at different wedges can interact

interface at the corner of the sample as a function of With one another if the cutting widtkiFig. 3¢ is not

the initial crack length. This normal stress is the driving arge enough. This interaction could also translate into
force for interfacial debonding. The corner is where two the interface and compound the stress states at the
interfacial cracks meet in the edge delamination sample, interface. Therefore, in order to make the stress state at
so the stress concentration is somewhat higher, and thdh€ interface in each sample autonomous, the geometric
cracks tend to propagate from the corner inward. The Parametergw andd in Fig. 3c) have to be optimized.
results in the figure indicate that the stress at the corner The contour plots shown in Fig. 6 qualitatively illustrate
achieves near|y a Steady state if the crack |ength isthe stress interactions among the Wedges resulting from
larger than 4% of the film thickness. An analysis of a cutting and the filnfsubstrate interfaces for two adjacent
two-dimensional crack(plane strain interface cragk  samples. For comparison purposes, all the contour plots
shows that the steady state condition is only approachedare displayed in the same scale. In the upper two plots
when the crack length is comparable to the film thick- in the figure, the ratio of the cutting depth to the film
ness[18]. The analysis performed in the present work thickness(d/h,) equals 0.1. On the left, where the ratio
suggests that the three-dimensional deformation field of of the cutting width to the film thicknesgv/h,) equals

the corner crack leads to steady state behavior at mucl0.1, there is a stress interactiéoverlap in darker colors
shorter crack lengths than needed in the case of a two-in the contour plots both between the interface and the
dimensional crack. Thus, once the initial crack lengths wedge and between the wedge regions of adjacent
of the individual edge delamination samples in the samples. On the right, whene/h, is 0.5, there is an
proposed combinatorial specimen are more than 4% ofinteraction between the interface and the wedge, but no
the film thickness, the stress states would be only ainteraction between wedge regions of neighboring sam-

Steady State

20 - 4 -

Normalized Stress

function of temperature and film thickness. This require-
ment is not a significant barrier for using the proposed
hcombinatorial approach since the initial debonding
caused by the free-edge effect after cutting is typically
longer than 4% of the film thickness. Chemical etching
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Fig. 7. The variation of the normal stress at the corner with the cutting
width (w) as a function of the cutting depti).

temperature gradient was from40 °C to —100 °C.
The cutting depth was 10@m and the cut width was
30 pm. For illustration purposes, the normal stress
contours at the interface of the filfsubstrate are dis-
w/hg=0.1 wihg=0.5 played in the figure(the specimen has been flipped
oven. The gradient of the film thickness is in thg
Fig. 6. The stress contours indicating the stress interaction among thedirection. The applied temperature gradient is in the
cutting wedges and fllpfs_ub_strate interfaces for two adj_acent speci-  yirection. Each edge delamination sample provides four
mens. The darker color indicates the stress concentration. . . .
independent data points at the four corners, mapping the
] i o interfacial failure as a function of temperature and
ples. In the lower figures, wherd/h, is 0.5, it is  thickness. The darker color at the corner of each sample
observed from the contour plots that there is no inter- jngicates that the stress state at the interface has exceed-
action among any of the stress concentrations, evengq the interfacial strength, which is a preset parameter
whenw/h, has been reduced to 0.1. in the simulation. By tracing the far field darker colors,
Fig. 7 shows the variation of the normal stress at the 5 |ocys of failure(failure map as a function of film

corner with cutting width(w) as a function of cutting  thickness and temperature can be constructed.
dep_th(d). The_ results clearly demonstrate that when _the During debonding of a film from a relatively rigid
cutting depth is greater than or equal to 50% of the film g hstrate, the contribution to energy release due to the

thickness, the normal stress at the corner is independent,pstrate can be neglected. The energy releaseGate,
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 sidite
d/h,=0.1 or 0.3 implies that there is some influence
on the stress state at the interface when the adjacent
samples are close together. The difference in the mag—"7,

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-
tprlal specimen havmg.BB individual edge, de!amma' Fig. 8. The finite element simulation of interfacial debonding of a
tion samples was carried out, as shown in Fig. 8. The combinatorial specimen having> individual edge delamination
film thickness varied from 20um to 200 wm. The samples.

X1
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associated with a plane—strain interface crd@kD)
between the film and the rigid substrate[is]:

T T T TorTTTT
1.0 | R s
I ~< " h./h=0.001 |
odh(1— vp) : N\ \\ '
T @ - \ N nincool |
1 . h/h=0.1\ h¢/h=0.01
Mo \ \ l
The subscriptf represents the film. The parametdis ; 05 "\ \ T
v andh are the elastic modulus, Poisson’s ratio and the - 1
thickness of the layers, respectively, ang, is the 0 h,/h= 1.0\._ \
internal stress. Also, with a relatively rigid substrate, the I N .
stress—temperature relation of a film on a substrate can 0 ~..
be readily calculated through Stoney’s equation, which %0 T ]
is based on the curvature as a function of temperature B P
for a coated bi-material circular plate (such as a film/
substrate systenijl5,19. Consequently, using the fail-
ure map and the stress—temperature relation, through ) )
the analytical solution Eq1), the critical energy release "9; 9 The dependence &f /K on the ratios of the film to substrate
. stiffness and of the film to substrate thickness.
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 4. conclusions
film /substrate system. This relative rigidity can be

G

103 102 10! 10° 10! 10?
E./E
S

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

evaluated by the ratio of two parameteksand K~, A simulation, based on three-dimensional finite ele-
where ment modeling and fracture mechanics, has been carried
out to demonstrate the feasibility and design of the

E (h h. N2 E (B3 experimental protocol for the combinatorial edge delam-
K=E;{h—j+4+6h—f +4(h—fJ +Ef[h—f) (2) ination test for thin film adhesion measurement. By

combining variables that are important and readily con-
trollable in practice(temperature and film thicknegs
the effect of stress concentration on the debonding of
_ the film from the substrate is spatially varied in one
K= i[g] (3) experiment. Consequently, the failure map of the adhe-
E  hy sion as a function of both film thickness and temperature
can be constructed in a single step. This map of adhesion

where the subscript represents the Substra{é_[zE/ reliability can be used to determine the critical bond
(1—»)] is the bi-modulus of material. The parameger ~ €nergy of the thln film in sub—mlcro_n thickness range.

is associated with the stress distribution of a bi-material The approach is expected to provide accurate results
plate due to a temperature change. For detailed explaPecause of its large sampling space. Necessary geometric
nation, readers may refer to Chiang et @l5]. If E,/ parameters affecting debonding at the fisubstrate

E; (h,/h)>1 andh,/h,<1, Eq.(2) is approximately mtt_arface are defl_ned, and the validity of this comblna_—
the same as Eq(3). This approximation is valid for torial approach_ is successfully demonstr_ated in this
many thin film applications where the film thickness is Study. Finally, this approach should be applicable to any
much smaller than that of the substrate. Also, the film film ranging from organic films (e.g. polyme) to
stiffness is usually less than or comparable to that of inorganic films(e.g. metal or ceramjc

the substrate. Therefore, the approximate equality
between Eqgs(2) and (3) is a guideline for relative
substrate rigidity. Fig. 9 presents the dependence of the 1] k L. Mittal, Pure Appl. Chem 521980 1295.

ratio of K*/K on the ratios of the film to substrate [2] K.L. Mittal, J. Adhes. Sci. Technol. (1987 247.

stiffness and of the film to substrate thickness. The [3] L.P. Buchwalter, J. Adhes 72000 269.

relative rigidity can be assessed by the deviation of the [4] J.C. Zhao, Adv. Eng. Mater 00D 143.

K*/K curve fromK*/K=1. Accordingly, the appropri- [5] E.J. Amis, A. Sehgal, J.C. Meredith, A. Karim, Abstracts of

. . . Papers of the American Chemical Society 221:70-BTEC, Part
ateness of using the failure map for deducing the 2 2001_ y

adhesion can be evaluated. For e_xample, Wh?/h [6] E.J. Amis, Abstracts of Papers of the American Chemical
h,<0.001, the substrate can be considered as rigid even Society 222:339-Poly, Part 2, 2001.
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