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Resumen. La adhesión entre películas delgadas es una propiedad crítica para la fiabilidad termomecánica
de componentes microelectrónicos. Este trabajo presenta una técnica novedosa, la nanoindentación en
sección transversal, aplicada al caso de intercaras entre películas metálicas y cerámicas sin definición de
geometría. El ensayo consiste en realizar una nanoindentación en una sección transversal sobre el
substrato frágil a una distancia de la intercara tal que induzca la flexión de las películas delgadas y la
aparición de una grieta en la intercara de interés. Para el cálculo de la tenacidad de la intercara, se ha
modelizado el ensayo mediante MEF. Los resultados obtenidos concuerdan con las medidas efectuadas
mediante el ensayo de flexión en 4 puntos, utilizado actualmente en el proceso de fabricación, en las
mismas muestras. Las ventajas de la técnica presentada son la rapidez del ensayo y de la preparación de
las muestras junto con la posibilidad de observar la grieta creada. Además el área delaminada es del orden
de la creada durante los procesos de fallo en componentes microelectrónicos y por tanto es útil para la
detección de dispersiones en la adhesión de películas delgadas. Finalmente, se está estudiando la
aplicación del método a geometrías más complejas con buenos resultados.
Abstract. Thin film illfe¡.facial adhesion is a critica! property in assessing thermo-mechanical reliability
of microelectronic components. This paper presents adhesion results for metal/ceramic intel.faces using
the technique of cross-sectional nanoindentation (CSN). During a CSN test. a nanoindentation is made in
the cross-section of the Si substrate at a distance ji-om the intel.face that produces contro!led bending o.f
the o uter thin film and the .formation o.f a crack at the inte¡.face o.f interest. The test is mode/led by FEM to
calculate the intel.facial energy. The results obtained are in good agreement with the values measured
using .four point bending (4 PB), which is the standard procedure used to date in the microelectronics
industl)'· The advantages of the CSN test are that it is quick, sample preparation is extreme(v easy and
the crack path can be obsen,ed by SEM. Unlike 4 PB, CSN gives a local measurement of adhesion,
producing delaminations ofsimilar si=e to those found in integrated circuit.failures. This higher spatia/
resolution suggests a natural extension o.f the teclmique to the study of delamination in patterned
structures.

l. INTRODUCTION

The new generations of thin film (TF) structures contain
new material combinations with a stacking sequence
predetermined by the electrical functionality and not
always optimised from the mechanical point of view [ 1].
In particular, understanding of interfacial cracking is a
critica! reliability concem. as this fracture phenomenon
has been identified in thc origin of many sh011-circuit
failures. not only in IC production but also during
device operation. Therefore, a technique to measure the
intrinsic interfacial strcngth [2] is needed. Presently, the
techniques used for measuring interfacial touglmess in
thin films can be divided into six main groups: stud-pull
tests, peeling tests, blistering tests, laser spallation tests,
bending tests, and indentation-scratching tests [3,4].

Among these tcchniques, the four point bcnding test (4
PB) is a widely acccpted mcthod within thc IC industry
for measuring interfacial energy in thin film multilaycr
structures [5]. Advantages of this technique are thc
simple loading configuration and the possibility to
achieve steady state crack growth where simplified
fracture mechanics applies to calculate the interfacial
fracture energy. However, the bending tcchniquc is only
applicablc to blankct (i.c .. not pattemcd) matcrials. i~
time consuming and rcquires surfacc chemical analysi~
to detetminc which interface dcbonded.
The cross sectional nanoindentation (CSN) test. first
introduced by our group in 1999 [3], is a quick
teclmique, applicable to pattemed structures, that allows
direct observation of the delamination crack tip . 1t has
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been successfully applied to Si,Ny-Si0 2 thin film stacks
(where the thin film behaviour is purely elastic) [3]. This
paper represents an extension of our previous work to
metal-cerarnic interfaces.

2. EXPERIMENTAL PROCEDURE
2. 1. Sample preparation

The thin film stacks shown in Fig. 1 were deposited on
silicon wafers using the Damascene process [6] .
Samples were prepared with two Cu barrier types and
three Cu film thicknesses, 0.26 f..Ul1, 0.5 f..Ut1 and 1.0 IJ.m
(Table 1). Barrier X is known to give better adhesion
than barrier Y.

Fig. l. Scanning electron micrograph showing the crosssection of sample B (see Table 1) prepared by cleavage.

Fig. 2. Scheme of a CSN test.
In this work, indentations were carried out with a Nano
Indenter II"' (Nano Instruments, USA) in load control at
500 IJ.N/s and spaced 200 f..Ut1 apart. The distance from
the indentation to the Cu-Si0 2 interface (d} was selected
depending on the Cu thickness in order to avoid tearing
of the Cu film during crack propagation. A distance
between 4 and 5 f..Ut1 was used for samples with
thicknesses of 0.5 and l. O f..Utl. For the 0.26 f..Ut1 Cu film,
this distance was reduced to 3 - 4 IJ.m. Under these
conditions, the maximum loads required to produce
delamination were between 80 and 120 mN. After
maintaining the maximum load for 5 seconds, the load
was released at the same rate used for loading. The
samples were subsequently analysed by scanning
electron microscopy (SEM).

Two different processing conditions were used that are
known to lead to weak and strong interfaces (Table 1).
3. CSN RESUL TS

T a ble 1 Sampl e eharactenst1cs.
Sample
Cu thickness (!lm)
1
A
B
1
e
0.5
D
0.5
E
0.26
F
0.26

Cu barrier type
X
y
X
y
X
y

A typical interfacial crack produced by CSN is shown
for the Cu-barrier-Si0 2 stacking in Fig. 3. For each test,
the interfacial crack length (x), the wedge length (2b).
the wedge displacement after load removal (ur) and the
distance from the indent to the interface of interest (d}
are measured from SEM micrographs.

Cross sections were prepared by cleavage of the wafers
by scratching on the Cu film with a diamond tip and
subsequent bending with special glasscutter's pliers. The
cross sections obtained are flat and clean, and no further
polishing is required (Fig. 1). Samples obtained from the
same wafers were prepared to carry out four-point
bending tests [7].
2.2. CSN test description

As described in detail in a previous publication [3]. CSN
delamination is achieved by cross-section indenting on
the silicon substrate up to a load at which indentation
cracks fonn and propagate to the interface of interest
(Fig. 2). Once this occurs, delamination progresses in a
controlled way by increasing the indenter load.
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Fig. 3. SEM micrograph of a CSN test perfonned on
sample C.
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Fig. 6. Debonded area A vs. wedge displacement after
load removal, u1, for samples with 0.5 f..llll Cu TF
thickness.
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Fig. 4. SEM micrographs showing details
CSN tests on (a) sample F and (b) sample A.
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As obtained by 4PB [8], CSN tests have shown that, for
the Cu-barrier-Si0 2 system, debonding occurs at the
barrier-SiO, interface, since the barrier film appears
stuck to th~ Cu film after testing (Fig. 4a) and shows
parallel small cracks. However, for sample A ( 1 f..llll Cu,
barrier X), 93 % of the tests show ligaments adhered to
the Cu film whereas pieces ofbarrier appear on the Si0 2
(Fig. 4b ). In this case, the interfacial crack seems to
progress altematively through the Cu-barrier and the
batTier-Si0 2 interfaces.
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Fig. 7. Debonded area A vs. wedge displacement after
load removal, u1, for samples with 0.26 ¡.tm Cu TF
thickness.
Finally, Figures 5 to 7 show the debonded area
calculated from the measured wedge and crack lengths
(assuming a semi-circular delaminated area [3]) versus
the wedge displacement after load removal for the
different Cu TF thicknesses. These results show a high
dispersion, especially in the case of samples with barrier
Y (having worse interfacial adhesion). However. the
barrier X samples (A, C. E), with better adhesion, show
a lower debonded area for the same wedge
displacement. The large dispersion found in delaminated
areas suggests that interfacial adhesion is not
homogenous but subjected to local changes (contrary to
that assumed in 4 PB ).
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Fig. 5: Debonded area A vs. wedge displacement after
load removal, u1, for samples with 1 ¡.tm Cu TF
thickness.

4. MODELLING
4.1. Model description
Unlike ceramic-ceramic systems [3], the plastic
behaviour of the Cu TF does not allow an analytical
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approach to calculate the interfacial energy release rate
from CSN tests. Consequently, finite element modelling
using ABAQUS [9] has been used. A CSN test is
modelled as an axisymmetric (circular) plate
(axisymmetric 8-node quadrilateral elements) with the
nodes at the bonded portion ofthe Cu-Si0 2 clamped and
a vertical displacement imposed to the nodes in contact
with the wedge (Fig. 8). The maximum wedge
displacement u0 is chosen such that the wedge
displacement after removing the load at the end of the
FEM simulation matches the one measured in the SEM
on the corresponding CSN test, ur- The outer Cu TF is
considered as elastic, perfectly plastic.

(2002)

4.2. Mode mixitv
The mode mixity '1' has been calculated from the
stresses at nodes corresponding to the crack tip obtained
in the FEM simulations. It is observed that the mode
mixity is initially of about 25° and increases to reach a
nearly constant value of about 45-50° for samples A and
C when the interfacial crack reaches a size of about 3
fJ.m (Fig. 9). These values are comparable with the mode
mixity of 43° calculated for the 4 PB test [5,7,8].
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Fig. 8. Sketch of the CSN FEM model.
The model inputs are the thickness of the Cu TF, h, the
parameters measured by SEM after each CSN test (b, x
and U¡; Fig. 3) and the elastic modulus, E, Poisson ratio,
v, and yield stress o:.. of the Cu TF. In the simulations
the values E = 165 GPa, v = 0.28 and a o:,. = 524 ± 18
MPa for sample A and o:.. = 544 ± 8 MPa for sample B
have been used. The elastic modulus has been measured
with a Nanolndenter XP™ (MTS, USA) [10], using a
sharp Berkovich tip and a continuous stiffness
modulation unit, and the yield strength for the l ¡.un
thick Cu TF with a Hysitron Triboscope [11]. For
thinner films (0.5 and 0.26 ¡.un), the yield strength
method is not applicable, since TF surface roughness is
too high compared to the piling up created by the
indentation. For these specimens, the data obtained for
the 1 fJ.m Cu sample (B) is used.
For this analysis, crack propagation has been simulated
in 20 steps. This means that the crack is divided in 20
intervals. At thc beginning of the simulation only the
first interval of the crack is debonded. For simplicity, a
linear relationship has been assumed between crack
growth and wedge displacement during a CSN test. Two
cases are considered depending on the sequence in
which the displacement is imposed and the crack is
debonded. In the case without relaxation, in each step
l/20 of the nodes of the interfacial crack are debonded
and simultaneously the wedge displacement is
incremcnted in 1/20 of the total 110 • In the case with
relaxation, cach incremental wedge displacement and
crack dcbonding is simulated in two steps: in a first step
thc wedgc displacement is incremented in l /20 of thc
total displacement 11 0 and in the next step 1120 of the
interfacial crack nodes are debonded.
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Fig. 9. CSN mode mixity calculated from the stresses at
the node corresponding to the crack tip. Samples A and

c.

4.3. Calculation ofinterfacial debonding energy
Two values of the interfacial debonding energy are
calculated, one from the simulation with relaxation,
which corresponds to the definition of the e las tic energy
release rate G, and another from the simulation without
relaxation.
In the case without relaxation, the interfacial energy T; is
calculated considering that the total strain energy U
stored in the Cu film is spent in crack surface formation.
Obviously, part of the energy will be spent in deforming
the Cu film and not in creating the interfacial crack. But
as in 4 PB tests the plastic strain energy consumed by
the film is attributed to the interface, the total strain
energy is thc value to consider if we want to compare
the results of both techniques. This is computed
numerically as:

T =!::.U

'!::.A

(1)

According to the above convention, the energy
consumption is calculated from the slope of the U vs.
debonded arca curve (Fig. 10). Only the points
corresponding to a constant value of the mode mixity
(Fig. 9) have been considered.
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Fig. 10. Total strain energy vs. debonded area curve of a
CSN test FEM simulation performed without relaxation
(SampleA).

Fig. 11. Elastic strain energy vs. wedge displacement

In the case with relaxation, an elastic strain energy U"
release is observed (F ig. 11) for the steps where the
wedge displacement is maintained while the crack
grows. This energy is spent in crack area formation,
GcM, and additionally, a certain amount of energy may
be used to further deform plastically the Cu film (the
simulations indicate that the plastic strain energy U,,
slightly increases during the relaxation step ). A
debonding energy release rate, Gn can be calculated,
according to the energy balance:

Table 2. lnterfacial debonding energy as calculated
from CSN tests (with Gc and without re1axation T;) and
fr om 4 pomt b en d tests T¡. M ean va1ues an d 95o/co C .1.
Sample
T;
T;
Gc
(CSN, J.m-2) (4PB, J.m- 2) (J.m-2)
1.44
24.1±2.1
16.1 ±0.8
A (1 Jlm,
barrier X)
( 19 tests)
1.34
14.6 ± 2.3
12.1 ±0.8
B (1 Jlffi,
(6 tests)
barrier Y)
1.01
e co.5 fliD, 13.5±3.9 13.2 ± 1.1
barrier X)
(5 tests)
0.94
10.8 ± 1.3
D (0.5 Jlffi,
9.8 ± 1.2
barrier Y)
(1 O tests)
E (0.26 Jlffi,
13.2± 5
11.9±0.7
barrier X)
(6 tests)
F(0.26 Jlm,
10.8 ± 3.4
10.2 ±0.8
barrier Y)
(6 tests)

(2)
and then

b.U

Ge = -!).A
-=

(3)

The values of the interfacial debonding energy
calculated from FEM CSN test simulations with and
without relaxation and from 4 PB tests are gathcred in
Table 2. 1t is noticeable that thc valucs obtained from
CSN tests using the total strain cncrgy compare very
well with the values given by the 4 PB tests. For cach
Cu thickness, a difference in T; is observed between
samples with barrier X and barrier Y. The cffect of
attributing the plastic energy consumed by the Cu TF to
the interface is reflected in the dependence of T, on the
Cu TF thickness: the interfacial energy is higher for
thicker Cu TF. lt should be noted that the dispersion in
the results is higher for CSN than for 4 PB. As
previously stated, this result reflects the fact that CSN is
a local test that produces delaminatcd arcas of about
500-1000 Jlm 2 whereas 4 PB test produces delaminated
areas of 10 7-lOH ~tm~.

curve of a CSN test FEM simulation performed with and
without relaxation (Sample A).

1

Finally, the va1ues obtained from FEM simu1ations with
relaxation are one order of magnitude lower than those
obtained from the total strain energy. These data,
ranging from 0.94 to 1.44 J/m2, are similar to those
predicted by thc dislocation free zonc model (DFZ)
[ 12.13] and could be closer to the intrinsic interfacial
energy.

5. CONCLUSIONS
The cross-sectional nanoindentation technique has been
demonstrated to be a re1iable test method applicable to
metal-ceramic thin film stacks with thicknesses ranging
fi·om 0.26 to 1 Jlm. The results obtained clearly show
that thc techniquc can resolvc differenccs in adhcsion
strength. lts advantages are easc of sample preparation.
quick tum-around time and direct observation of thc
delamination crack path. In the case of ceramic-ceramic
systems, an analytical model was developed to obtain
the interfacial energy release rate. However, finite
element modelling is necessary in the case of metalceramic systems to calculate the plastic contribution of
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the metal thin film. The results obtained show good
correlation to four point bending results when the plastic
work consumed by the thin film is attributed to the
interface. When this effect is separated, an intrinsic
value of the interfacial energy is obtained.
Finally, delarnination areas obtained by CSN are close
in size to those found in IC failures. This higher spatial
resolution suggests a natural extension of the technique
to the study of delarnination in pattemed structures. In
fact, in a preliminary study, CSN showed the ability of
distinguishing differences in delarnination behaviour due
to local geometry effects. The direct observation of
crack arrest at metal locking structures provides
evidence of the effectiveness of the locking structures in
providing thin film delarnination protection at the
polymer to ceramic interface [14].
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