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Cross-Sectional Nanoindentation (CSN) is a recent method for adhesion measurement of
nanoscale thin films in Ultra-Large Scale Integrated circuits. In the case of ductile thin
films, the motion of the substrate chip implies significant plastic deformation of the film
and complex geometry of delaminated areas. This article recalls first the experimental
procedure and the two main features observed in this test performed on various plane
copper films deposited on silicon: the critical force producing silicon edge chipping
increases linearly with the distance of the indenter to the interface; on the section
the delaminated length of the film (a − b) is proportional to the residual silicon chip
displacement u f and the ratio S = u f /(a − b) depends on the manufacturing process of
the film, and is so related to its adhesion to the substrate. One proposes a simple analysis
of the silicon edge chipping. Then a model of pull-off of an elastic-strain hardening plastic
film is developed, which suggests an explanation for the delamination process. Application
of the model to experimental results starting from films plastic properties deduced
from nanoindentation measurements provides plausible results. Some improvements for
performing the CSN test are proposed in order to make easier its interpretation.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Due to its low electrical resistivity, copper (Cu) has been widely adopted for microelectronic interconnect structures in
Ultra-Large Scale Integrated (ULSI) circuits. The reliability of electronic devices is strongly dependent on interfacial adhe-
sion and mechanical properties of Cu thin films. Insufficient adhesion can lead to interfacial delamination during Chemical
Mechanical Polishing (CMP) and to high electromigration failure rate of copper during device operation. Compared to alu-
minum, copper presents low adhesion with most of dielectric materials, therefore adhesion measurement became one of
the most important challenges for process technology development.

There exist numerous mechanical tests used for measuring the strength of joinings [1,2], but very few simple techniques
allow adhesion assessment of nanoscale films. It is very difficult to perform a peeling test [3] on very thin films; in addition,
plastic deformation of the film occurs generally and the interpretation of the peeling force is not easy [1]. Producing the
spontaneous peeling of the film by deposition of an additional film with high residual stress [4] is a very interesting test,
but requires a deposition technique. The blister test [5] is also very attractive, but it needs micromachining of the substrate
and precise control of the volume of injected liquid under the blister and measurement of its pressure. The four Point
Bending test (4PB) [6,7] is currently the most used technique for adhesion measurement in microelectronics. This method
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Fig. 1. CSN test configuration.

was recently applied to a polymer/SiO2 patterned structure to measure the macroscopic adhesion of the interface and the
influence of the aspect ratio of polymer lines [8]. However the 4PB test requires a complex sample preparation: a multi-
stack of thin films must be produced and the samples have to be precisely pre-notched to ensure that the crack propagates
at the interface of interest. Test interpretation is also difficult because the crack path is complex and must be studied by
XPS analysis.

By using the model of the lateral crack system generated during indentation of semi-brittle solids, Chiang et al. [9]
tried for the first time to propose a model of film delamination by macro or microindentation performed on rather thick
films surface. This technique was investigated by many authors [1,10–12] notably for the characterization of the adhesion of
hard brittle films deposited on softer tougher substrates. Instrumented nanoindentation has been recently employed for the
adhesion measurement of nanoscale thin films [13–15]. The indentation force, applied normally to the surface, produces a
delaminated blister whose dimensions are used to calculate adhesion. In the case of ductile coatings, like copper, deposition
of a hard encapsulating layer with high residual stresses is necessary to promote the delamination. Crack localization, which
is critical for interpretation, requires Focused Ion Beam (FIB) cross sectioning of the blister. Finally a very common technique
for adhesion measurement of thin films is the scratch test performed at various forces and indenter size scales [16]. It is
very useful and it is possible in some cases to correlate the delamination pattern extent in this test with that observed in
indentation [17], but the mechanical analysis of the scratch test is very complex [1] and requires generally three-dimensional
(3D) finite element calculations [18].

In parallel to this use of the indentation test at various scales, Lesage et al. [19] test the adhesion of thick coatings by
performing Vickers microindentation on a cross section, a diagonal of the indenter being located along the interface: the
adhesion is characterized by the evolution with the force of the length of the crack running along the interface. Cross-
Sectional Nanoindentation (CSN), developed by Sanchez et al. [20], is a new technique to access Cu thin film adhesion on
blanket and patterned structures. CSN was first employed for the study of adhesion between dielectric brittle thin films;
therefore an analytical model based on the elasticity theory could be developed to calculate the interfacial critical energy
release rate Gc for these elastic layers. For copper-dielectric adhesion measurement, a two-dimensional (2D) Finite Element
Modeling (FEM) was used to take into account the plastic behavior of metal into Gc calculation [21]. Recently, the CSN test
was also applied to patterned interconnect structures [22–24] to study crack propagation at complex interfaces.

One performed recently CSN tests on copper films deposited on silicon [18,25]. The edge chipping of the silicon and
the delamination patterns are different from those observed or assumed in these previous works. A three-dimensional (3D)
analysis has been developed as a tentative way for interpretation of the results. In this article one recalls the main observed
features and proposes a simple mechanical analysis of the test in order to explain them.

2. Experimental approach and results

2.1. Samples and experimental procedure

The studied samples consist of electroplated (ECP) copper thin films deposited on a Ta/TaN/SiO2 (or SiC)/Si substrate.
The surface of the silicon corresponds to the (100) crystalline plane. A Ta (15 nm)/TaN (10 nm) stack is used as a barrier
bilayer to avoid Cu diffusion in SiO2. The ECP copper thickness is h = 0.6 μm. Three processes were used for Cu deposition:
processes A, B and C, which are known to give, respectively, low, medium and high adhesion copper films. In addition one
considers some experimental results related to other manufacturing routes (X1, X2, X3) in order to obtain confirmation of
the conclusions.

First, samples are precisely cleaved through one crystalline plane of silicon substrate of the family (011) (Fig. 1) by pre-
scratching one edge with a diamond. Cleaved surfaces are perfectly straight and have a mirror aspect. CSN experiments
were performed on a Nano-Indenter® XP using a Berkovich indenter. Special sample holders were used to maintain cleaved
samples in a vertical position during indentation. The indentation force is applied on the silicon substrate, normally to the
cross-sectional plane, at a distance d from the interface of interest. One side of the Berkovich indenter must be parallel to
the interface (Fig. 1). The indenter–interface distance d is chosen between 2 and 10 μm, but cannot be precisely controlled
due to the lack of precision of the apparatus.

At a certain stage of the indentation process a crack starts in the silicon substrate at the two corners of the Berkovich
indenter and then propagates through the weakest interface, inducing a small delaminated blister. The silicon fragment
(wedge or chip) is removed from the substrate and remains stuck to the Cu film. In some cases, the crack propagates
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(a)

(b)

Fig. 2. Results of CSN test. (a) Schematic evolution of the force P with the penetration depth P of the indenter during CSN test. (b) SEM observation of CSN
experiments on blanket substrate (process A: U f /(a − b) = 0.16) and definition of the various geometrical quantities.

Fig. 3. Schematic description of the phenomena occurring during the CSN test: (a) penetration, (b) edge chipping of silicon and film delamination, (c) un-
loading and elastic recovery.

through the film and produces its ablation by shearing: in such circumstances the test provides no information on the
adhesion of the film.

2.2. Edge chipping of the silicon

Fig. 2a shows the shape of the force–displacement curves observed for successful CSN experiments on different samples
and with various distances d. In fact, according to the experimental results, only the distance d has a significant influence
on these curves. The indenter–interface distance d is measured post-test by Scanning Electron Microscopy (SEM) (Fig. 2b).
The crack initiates in the substrate at a critical load Pc and then we observe a step where the displacement increases
before unloading occurs (Fig. 3). The maximal penetration depth for indentation, which is required in the test inputs, is
usually fixed between 600 and 1000 nm. However, it cannot be precisely controlled due to fracture velocity and because the
nanoindenter is load controlled. The effective maximal indenter displacement hmax is given by the magnitude of the step.

We can notice in Fig. 2a that the critical load Pc and the step amplitude increase with the indenter–interface distance d.
High Pc results in high fracture velocity and so in high hmax. Performing various tests at different locations and on different
samples, we could notice that the data are repeatable.

As shown in Fig. 4, the critical load Pc increases linearly, in first approximation, with indenter–interface distance d and is
not influenced by location of test on the sample or sample type. Some scatter remains, probably due to the brittle behavior
of silicon crystal and to the defects induced by cleavage. The force Pc is mostly related to silicon toughness (see later) and
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Fig. 4. Critical load Pc versus the indenter–interface distance d.

Fig. 5. Evolution of b with d for various CSN tests and comparison with simple relation b = d tan(60◦).

may not be influenced significantly by the copper adhesion or the mechanical properties of the films. A larger scatter is
observed on step amplitude hmax. The maximal penetration of the indenter is very difficult to control during this very quick
fracture process.

Fig. 2b defines the various geometrical quantities characterizing the final geometry in the cross-sectional plane: the chip
width 2b, its residual displacement u f and the semi-length of the delaminated blister a. Fig. 5 describes the evolution of
the semi-width b of the silicon chip versus the distance to the interface d which is equal to its height as revealed by SEM
observations [18,25]. One sees that the crack does not propagate exactly along the direction of the indenter diagonals as
revealed by the gap between the experimental values and the plain line. In addition the highest values suggest an evolution
of the relation between b and d.

2.3. Film delamination process

The maximal indenter displacement, hmax, gives the maximal residual wedge displacement u f , but with some significant
scatter (Fig. 6) due probably to this uncontrolled rupture process. If the wedge displacement is too high because d is too
high, the CSN test can lead to the rupture of the Cu film. One possible explanation is that the angle between the interface
and the crack running in the silicon changes with d: so for high d the bifurcation angle of the crack as it passes along the
interface increases with d and prevents its bifurcation for high d. One notices in Fig. 6 that the residual chip displacement
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Fig. 6. Evolution of the residual displacement of the silicon chip U f versus the maximal penetration depth of the indenter hmax and comparison with the
model of Sánchez et al. [20].

Fig. 7. (a) SEM tilted view of a CSN test. (b) Probable motion of the silicon chip during the film delamination.

is higher than the displacement estimated previously by assuming that the motion of the chip is a translation normal to the
initial surface of the sample. It suggests that this motion is more complex and involves some rotation of the chip (Fig. 7).

Fig. 8a provides the evolution of the crack length (a − b) versus the wedge displacement u f for various tests on samples
with processes A, B and C. We can notice that (a − b) is proportional to u f for each sample. The slope of the curve
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(a)

(b)

Fig. 8. Blister dimensions (crack length (a − b) vs. wedge displacement u f ) for various CSN tests for samples manufactured with (a) processes A, B, C and
(b) processes X1, X3.

decreases with adhesion enhancement. There are rather few points in Fig. 8a, but the linear evolution of (a − b) versus
u f is confirmed with more numerous tests performed on samples elaborated by routes X1, X2 and X3. For the same film
thickness and mechanical properties, adhesion can then be evaluated using the geometrical ratio of blister dimensions:

S = u f

a − b
(1)

High adhesion results in high S ratio and vice versa. Average ratio S is 0.144 for samples with process A, 0.22 for process B
and 0.47 for process C. The spread is of about 5% due to the dimensions measurement error.

The crack can be directly observed and precisely localized using both secondary (SE) and back-scattering electron (BSE)
imaging without post-test treatments. Three main crack paths have been observed depending on the adhesion of copper:

• For samples with processes A and B, which have the lowest adhesions, the debonded interface is Cu/Ta;
• On the other hand, for samples with process C, which have the highest adhesion, SEM observations show that the

delaminated interface is TaN/SiO2. These results demonstrate that process C results in a very strong Cu/Ta interface;
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Fig. 9. Test of edge chipping model of Chai and Lawn: the curve is the relation (2) with Kc = 0.6 MPa m1/2.

• A third type of crack path, which was frequently observed on sample with process C, and when distance d is too high,
is propagation of the crack thought Cu layer and tearing of the film. In this case, the adhesion cannot be calculated.
Like other techniques, the CSN test does not provide results when the adhesion is too high [1].

3. Analysis of the substrate rupture

3.1. Application of current model

The formation of the silicon chip is similar to the edge chipping studied by Chai and Lawn [26] by Vickers indentation
in zirconia, alumina, porcelain and glass. However, the distance d between the indenter and the surface is much greater and
ranges between 0.2 and 2 mm. One diagonal of the indenter was parallel to the surface and forces higher than 1 N were
progressively applied. They observed the formation of four radial/median cracks at the edges of the prints; their lengths
increase in a stable manner with the force and progressively the length of the two cracks related to the diagonal parallel to
the surface becomes greater and they deviate toward the surface till a critical force Pc where edge chipping occurs. They
demonstrate that the critical force is related to the distance d and the toughness Kc of the material by the relation:

Pc = 9.3Kcd3/2 (2)

The constant 9.3 has been chosen in order to provide the best fitting of the experimental results. One compares in Fig. 9
our experimental results to the values provided by this relation by taking Kc = 0.6 MPa m1/2. The order of magnitude is
good, but the shape of the curve is not in very good agreement with the general trend of the experimental values.

This relative discrepancy cannot be explained by the choice of the value of the silicon toughness. Values provided by
papers [27,28] are rather scattered. For example, the cracking behavior of crystalline silicon induced by Berkovich indenter
suggests a value Kc = 0.9–1.25 MPa m1/2. But first this value is related to indentations performed on the (100) plane; then
one can remark that if one increases (decreases) Kc , the gap increases for high (small) values of d.

One must notice that the indenter geometry and especially the initial direction of the generated cracks are different:
in our experiments performed with Berkovich pyramid, the cracks run as soon as they are formed toward the interface,
whereas for Vickers indentations they deviate toward the surface when the stress field is perturbed by the surface. These
points would require further work and probably 3D numerical calculations. At present time one tries below to propose a
better model. However, let us recall simple relations useful for this. First one has for a material with Young’s modulus E the
classical relation between its toughness and its critical energy release rate Gc or rupture energy [1]:

Gc ≈ K 2
c

E
(3)

During conical indentation of a material with hardness H , the (equivalent for pyramid) contact radius a and the radial stress
σ at a radial distance r from the indenter tip are:

a =
√

P

π H
and σ(r � a) ∼ P

πr2
(4)
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3.2. Theoretical model

One possible explanation for this discrepancy is that our experiments are performed with small d values and thus for
forces P near the cracking threshold force P∗ [27–29]: according to these papers, for silicon P∗ ∼ 20–40 mN. So edge
chipping occurs when the cracks are not well developed. In order to test our method of approach let us first consider the
evaluation of P∗ and the steady state increase of a well developed radial crack of length c.

3.2.1. Cracking threshold force P∗
At the cracking threshold force P∗ , a fraction of the elastic energy stored in the core and just around the print (stress ∼

hardness H , volume ∼ a∗ 3) is released for forming a crack surface area ∼ a∗ 2. So:

1

2

H2

E
a∗3 ∼ αGca∗2 (5)

α is some numerical constant (as α′, β,β ′, γ and γ ′ later). Thus, with the relation (3) and the first relation (4), one obtains
the classical relation [29]:

P∗ ∼ α′ K 4
c

H3
(6)

3.2.2. Expansion of a well-formed half-penny crack
As the radius c of the crack increases by dc, a fraction of the elastic energy stored in the volume located between the

radial distance c and c + dc is released for increasing the crack surface area of c dc. So:

1

2

σ 2(c)

E
πc2 dc ∼ βGc2πc dc (7)

By using the relation (3) and the second relation (4), one obtains the classical relation [30,31]:

P = β ′Kcc3/2 (8)

Notice that this relation is the basis of the relation (2) [26].

3.2.3. Edge chipping for P < P∗
One assumes that the edge chipping occurs suddenly by release of the elastic energy stored in the volume located

between the radial distance a and d for forming a crack surface ∼ d2. So:

1

2E

d∫
a

σ 2(r)πr2 dr ∼ γ Gcπd2 (9)

By using the relation (3) and the relations (4), one obtains the implicit relation between Pc and d:

Pc

d

(√
π H

Pc
− 1

d

)1/2

= γ ′Kc (10)

In Fig. 10 are plotted the experimental values and the values deduced from this relation for H = 10 GPa and a value
γ ′ = 15.8 which gives the best fit for Kc = 0.6 MPa m1/2. Evidently it is only the product of these two quantities which is
important. One observes that the agreement is better than in Fig. 9. Indeed, further work is required. In particular, one can
expect that for higher values of d and Pc , the relation (2) must be recovered and this requires one to improve this simple
model.

4. Analysis of film delamination

SEM observations show that the debonding process induces a very large plastic deformation of the Cu film. The plastic
energy dissipation must be considered for adhesion quantification. In [18,25] one tries to simulate this deformation process
by 3D finite element calculations, but this approach presents some difficulties: first it is difficult to know the real conditions
during the delamination process and some simplifying assumptions have been made. Most importantly, this work does not
provide an explanation of the main experimental result: the delaminated length b − a increases in direct relation with the
residual central displacement U f (Fig. 8). So one proposes a model which is a generalization of the model of elastic film
pull-off developed by Gent [32].
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Fig. 10. Test of the present model of edge chipping (theoretical curve for γ ′ = 15.8 and Kc = 0.6 MPa m1/2).

Fig. 11. Model of the film delamination: elastic–plastic pull-off test of the film.

4.1. Model of deformation of the film

One neglects the strain in silicon during the delamination process. Fig. 11 describes schematically the model: One as-
sumes that the silicon block extends the film which is submitted at each time to an uniaxial stress σd . Each slab of the film
parallel to the cross-sectional plane is submitted to the same strain and stress, simply the delaminated length and the chip
displacement decreases from the cross section to 0 at the chip depth (2b). The Young’s modulus and the Poisson’s ratio of
the film are E and υ . At a given time, a section of the film is delaminated on a length 2c under the action of a vertical
force Fd (per unit film width) after a displacement y (Fig. 11).

Due to the elasticity of the film, during unloading, the displacement decreases to yp . For a partial recovery, one has:

y = yp + ye (11)

One assumes that the elastic displacement remains small with respect to c. So the plastic and elastic strains during
partial unloading are given by the elementary geometrical relations:

εp = ln

√
1 + y2

p

c2
, εe =

√
c2 + (yp + ye)2

c2 + y2
p

− 1 ∼ yp ye + y2
e/2

c2 + y2
p

(12)

As we shall see below some strain hardening occurs in the films. So one assumes that their uniaxial flow stress σ0 is
described by the classical Hollomon relation:

σ0 = σ1ε
n
p (13)

One assumes that the film extends under plane strain. So it is interesting to introduce the representative modulus and
strength (for von Mises yield criterion) [33]:

E∗ = E
2

, σ ′
1 = 2√ σ1 (14)
(1 − υ ) 3
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During the delamination process, the stress σd in the film verifies the yield criterion and the elasticity relation. So:

σd = E∗εed = σ ′
1ε

n
p ⇒ yp yed + y2

ed/2

c2 + y2
p

= σ ′
1

E∗ εn
p (15)

In fact, for n 	= 0, this equation implies that some plastic strain occurs for all values of y, but as y increases, ye becomes
small with respect to yp . So one shall simplify some formulae by neglecting ye with respect to yp . For an analysis of the
problem one applies the thermodynamic approach of adherence. The second principle of thermodynamics reads [1]:

F
dy

dt
− dV

dt
� 0 (16)

V is the variable free energy of the system, sum of the interface free energy and the elastic energy of the film. By neglecting
the volume change of the film due to its elastic strain, one has:

V (ye, yp, c) = E∗

2
2chε2

e + 2wc = E∗h
c(yp ye + y2

e /2)2

(c2 + y2
p)2

+ 2wc (17)

w is the Dupré’s work of adhesion of the film to the substrate [1]. By taking into account the relation (11):

F
dy

dt
− dV

dt
= F

dye

dt
+ F

dyp

dt
− ∂V

∂ ye

dye

dt
− ∂V

∂ yp

dyp

dt
− ∂V

∂c

dc

dt

So

(
F − ∂V

∂ ye

)
dye

dt
− ∂V

∂(2c)

d(2c)

dt
+

(
F − ∂V

∂ yp

)
dyp

dt
� 0 (18)

For each irreversible (reversible) process induced by the increase of a state variable, the related term in the previous
relation is positive (zero). As ye is related to the reversible elastic deformation of the film, we have:

F = ∂V

∂ ye
= 2E∗h

c(yp ye + y2
e/2)(yp + ye)

(c2 + y2
p)2

(19)

So according to the relation (15), the delamination force is:

Fd = 2σ ′
1h

(yp + yed)/c

1 + (yp/c)2
εn

p (20)

The second term of (18) defines the energy release rate G and, according to previous relations, its critical value is obtained
for εe = εed:

G = ∂V

∂(2c)
+ w = E∗h

2

(
4c2

c2 + y2
p

− 1

)[
yp ye + y2

e/2

c2 + y2
p

]2

⇒ Gc = G(yed) = hσ ′2
1

2E∗

(
4

1 + (yp/c)2
− 1

)
ε2n

p (21)

The energy release rate depends on the mechanical properties of the film and on the ratio yp/c. As this ratio increases,
Gc increases first, then decreases for n > 0, the position of the maximal value increasing from 0 as the exponent n increases
from 0 (Fig. 12). The case of n = 0 is studied later. If the adherence is not too high, delamination can occur for a critical
value of G and after the propagation of delamination can occur at constant value of this ratio. So this model provides some
explanation of the main experimental feature (Fig. 8) if the observed values of yp/c are situated in the increasing part of
the curves G(yp/c). We shall verify this important point below. Notice that the delamination force Fd is also constant. The
second principle induces that during delamination (dc/dt > 0):

Gc = w + D with D � 0 ⇒ Gc � w (22)

D is a first term of dissipation during film delamination. The second is related to the extension of the plastic deformation of
the delaminated film. As yp/c is constant, dyp/dt = (yp/c)dc/dt; so, after elementary calculations, one obtains from (18),
by assuming yed 
 yp :(

Fd − ∂V

∂ yp

)
dyp

dt
=

(
2σ ′

1h
(yp/c)2

1 + (yp/c)2
εn

p + 2hσ ′2
1

E∗

[
1 − (yp/c)2

1 + (yp/c)2

]
ε2n

p

)
dc

dt
(23)

Thus the work dissipated by plastic deformation par unit length (and width) of film is:

W p = σ ′
1h

(yp/c)2

1 + (yp/c)2
εn

p + hσ ′2
1

E∗

[
1 − (yp/c)2

1 + (yp/c)2

]
ε2n

p (24)

The second term is small with respect to the first.
One reports in Fig. 13 the evolution of plastic work versus the available energy release rate: it is much higher than

the effective interface rupture energy and increases dramatically as G increases and tends toward its maximal value: this
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Fig. 12. Theoretical evolution of the reduced energy release rate with the residual reduced chip displacement for various values of the strain hardening
exponent. One draws only the initially increasing part of the curve corresponding to stable propagation of the delamination.

Fig. 13. Theoretical evolution of the reduced plastic work with the reduced energy release rate for various values of the strain hardening exponent
(E∗/σ ′

1 = 173).

means that the bulk dissipated energy increases dramatically as the adhesion increases, a feature well known. For too high
adhesion only plastic extension of the film till rupture occurs without any delamination.

The limit case of the elastic–perfectly plastic solid (n = 0) is interesting to compare. In this case, the film delamination
can occur only under elastic strain without plastic strain. The elastic strain and the stress σ related to a displacement ye

are simply, by assuming ye 
 c:

εe = ln

√
1 + y2

e

c2
∼ y2

e

2c2
, σ = E∗εe � σ1 (25)

The inequality defines the maximal elastic strain of the film just at yielding. The variable free energy is:

V (ye, c) = E∗
2chε2

e + 2wc = E∗h
y4

e
3

+ 2wc (26)

2 4c
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Fig. 14. Theoretical evolution of the reduced maximal energy release rate Gmax with the strain hardening exponent of the film.

So the force F and the strain energy release rate G are:⎧⎪⎪⎨
⎪⎪⎩

F = ∂V

∂ ye
= E∗h

y3
e

c3

G = − ∂V

2∂c
+ w = 3

8
E∗h

y4
e

c4
�

3hσ ′2
1

2E∗

(27)

The maximal value of G is obtained as yielding occurs (cf. relations (21)). The previous relations are given by Gent with
the angle (assumed small) θ = ye/c [32]. Fig. 14 reports the evolution of the maximal energy release rate with the strain
hardening exponent n: if decreases dramatically as n increases.

4.2. Mechanical properties of copper films and interpretation of CSN tests

The mechanical properties of copper thin films must be put in the model to calculate the deformation energy of the
blister and the critical energy release rate. The important material parameters are the elastic modulus E and the stress–
plastic strain curve σ(εp).

First some brief considerations about the films. The residual stresses of copper films were measured using a commercial
apparatus FLEXUS from KLA-Tencor Corp. An average tensile stress of 70 MPa was found for each sample. As CSN test lead to
an important plastic deformation of the film, the influence of the residual stresses of the material (i.e. elastic work stored in
the film) is assumed negligible and they are not taken into account for quantitative analysis. The work produced by tensile
residual stresses is assumed to be very small compared to the energy provided by the indenter during the delamination
process. Electron Back-Scattering Diffraction (EBSD) measurements on samples with processes A, B and C showed that Cu
films are not textured; there is no preferred orientation of the grains. The average grain size is small compared to thickness
of the film. In this article, copper is then assumed to be isotropic, and we considered that the in-plane properties are close
to the through thickness properties which can be obtained by nanoindentation measurements.

Hardness and modulus of copper thin films were measured by standard nanoindentation using Continuous Stiffness
Measurement (CSM) and the Oliver–Pharr procedure [34]. A sharp and well calibrated Berkovich indenter was used. The use
of the Oliver–Pharr procedure to identify the mechanical properties of metallic films is debatable, as discussed previously
[18,25], but our aim is to obtain orders of magnitudes in order to test our model, which is also debatable. So refinements
in the interpretation of nanoindentation measurements are not performed.

The Young’s modulus curves are not depicted because no significant difference was found between samples A, B and C.
Modulus values also slightly increase during penetration, but it is due to the progressive influence of the stiffer substrate.
The average modulus E measured between 40 nm and 80 nm of depth is 110 GPa for all the samples. So, by assuming
υ = 0.35, one has E∗ ∼ 125 GPa.

In Fig. 15 we can observe first a sharp initial decrease of hardness due to measurement errors in very small penetration
depths. Then for each sample, hardness increases with penetration depth from 80 nm depth to the interface (600 nm). The
values are quite stable between 30 nm and 80 nm of depth. Some differences are observed between Cu films deposited with
processes A, B and C. Between 30 nm and 80 nm, average hardness H is 1.15 GPa for copper films deposited with process
A, 1.07 GPa for process B and 0.8 GPa for process C (Table 1). For the stable value, one applies the Tabor’s model [35] which
provides a first relation between the strength and the strain hardening exponent:
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Fig. 15. Average curves of the evolution of the hardness of films A, B and C with the penetration depth.

Table 1
Evolution of the average hardness with the penetration depth of the films A, B, C and the estimated strength σ1 and strain hardening exponent n.

Films Hm(30–80 nm) (GPa) H(600 nm)/Hm σ1 (GPa) n

A 1.15 1.63 0.72 0.25
B 1.07 1.66 0.68 0.26
C 0.8 2.65 0.94 0.5

Table 2
Interpretation of the results of the CSN tests with the model of elastic–plastic pull-off.

Films yp/c = u f /(a − b) εp yed/c εed Fd (mN/mm) W p (J/m2) Gc (J/m2)

A 0.144 0.01 0.0138 0.0021 49 3.54 0.49
B 0.22 0.023 0.011 0.0023 74 8.6 0.59
C 0.47 0.1 0.007 0.0027 158 37 0.64

σ(0.08) = σ1(0.08)n ≈ H(30–80 nm)

3
(28)

One performs numerical simulation of the bilayer copper film on silicon substrate [18]. So one demonstrates that the
increase of the hardness as the penetration depth increases remains low for an elastic–perfectly plastic film (n = 0) and is
due to the growth of the pile-up around the indenter [36]. This work is described in detail in [18,25]. On the other hand,
one observes a very significant increase of the hardness when indenting a strain hardening film: this effect is due to the
increase of the plastic strain of the film which is progressively more and more crushed between the indenter and the much
harder substrate. Thus one identifies the order of magnitude of the strain hardening of the films. Table 1 gathers the results.
We see that the strain hardening of film B: n = 0.26 is a little higher than that of A: n = 0.25 whereas it is two times higher
for film C: n = 0.5.

Table 2 gathers the results of the model applied to the films A, B and C. One assumes that for each film yp/c = S . In
all cases, one can apply the model because S is smaller than the reduced plastic strain related to the maximal value of the
energy release rate: for n = 0.25: > 0.6 and for n = 0.5: > 0.8 (Fig. 12). One sees that the elastic displacement is much
smaller than the plastic one by a factor greater than 10. Elastic strain is in all cases very small, about 0.2%. The plastic strain
is greater: equal to 1% for film A, and it is about 10% for film C. One sees that all other quantities increase from films A
to films C, but not with the same amplitude: The force and the plastic work increases greatly: factor 3.2 for Fd and 10 for
W p . On the contrary the critical energy release rate increases only a little: for film A: 0.49; film B: 0.59 and 0.64 J m−2

for film C. So the conclusions drawn from the values of S are correct, but the difference in adhesion is not so large. These
values of Gc are rather low and could correspond to the Dupré’s work of adhesion.

In conclusion, one must underline that it is difficult to verify in detail in these experiments the reliability of the model,
because it is not easy to determine the exact geometry of the delaminated blister along the boundary of the silicon chip.
One proposes in Fig. 16 to perform the CSN test on a film with a width l smaller than the blister width: this would make
easier the delamination process and examination of the final geometry of the film and so would permit a better evaluation
of the reliability of the present pull-off model.
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Fig. 16. Possible improvement of the CSN test by changing the geometry of the film.

5. Conclusions

CSN is a powerful technique to study the adhesion of ductile thin films on brittle substrate. No sample preparation is
needed, only cross sectioning. The crack path is directly observed without specific treatment. One of the main interests of
the CSN test is its ability to study local delamination on blanket and complex patterned structures, which seems impossible
with other adhesion characterization techniques.

Qualitative analysis of CSN tests provides major information on the debonding behavior of copper films. Delaminated
blister dimensions are strongly related to the thin film adhesion. Adhesion can be evaluated comparing the geometrical
ratios S of blister dimensions.

One has proposed first a simple mechanical model of the edge chipping of the substrate which provides better agreement
with experimental results than previous models. A model of pull-off of an elastic-strain hardening film which explains the
proportionality between the chip displacement and the delaminated length has been developed; in addition it provides an
estimation of the interface critical energy release rate. Finally, some improvements for performing CSN test in order to make
easier the application of this test have been proposed.
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