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Abstract

The effect of the mechanical polishing of the substrate surface on which thin films were deposited was investigated by ‘in situ’ tensile
tests. These tests, performed in a Scanning Electron Microscope, showed different responses through cracking and debonding behaviour
of the films, which could be related to the roughness of the substrate surfaces fixed by the granulometry of the polishing paste. The
rougher surfaces produced an activation of film cracking and debonding earlier than the smoother ones. We also observed that the crack
activation was dependent on the direction of the scratches which were produced before the deposition on the samples surfaces. Two
directions of scratches were investigated, perpendicular and parallel to the sample tensile axis. A simple energy balance gave apparent
values of the critical cracking energy of the filmrsubstrate interfaces. q 1998 Elsevier Science S.A.
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1. Introduction

One of the important intrinsic parameters, which will
act on the mechanical stability of film on substrate sys-
tems, concerns the microscopic scale irregularities of the
interface geometry. At nanoscopic scales, the effect of the
interface roughness on the thin film growth has been
analysed, for example in the case of heteroepitaxial grown
films.

At microscopic and higher scales, and for film or
coatings which present amorphous or polycrystalline mi-
crostructures, the interfacial roughness effect is often de-
tected indirectly. Indeed, in certain circumstances, the
modification of the physical or chemical parameters used
for cleaning the substrate surface prior to the deposition of
the films appear to act upon the global mechanical re-
sponse of the system, suppressing or promoting damage
mechanisms.

A substantial theoretical and experimental background
relevant to brittle films deposited on ductile substrates is
available in the literature, and provides information on the
mechanical behaviour of such film on substrate systems
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Ž w x.see for instance Refs. 1–4 . For example the effect of a
rough surface on the adhesion of mica surfaces was anal-

w xysed by Tabor 5 . It was shown then that the adhesion
depends not only on the surface forces, but also on the
roughness of the interface and on the mechanical proper-

w xties of the solids. Chan 6 investigated the possible rela-
tionship between crack deflection, surface roughness and
fracture toughness, by considering the toughening effects

w xin two phase TiAl alloys. Savage et al. 7 analysed the
interfacial roughness with respect to the films thickness
and the period of WrC multilayers deposited on Si sub-
strates. The relation between interfacial roughness and film

w xgrowth was studied by Jero and Kerans 8 for glass matrix
composites.

The aim of the present work is to investigate the
influence of an interfacial roughness on the evolution of
damage of SiO thin films deposited on Al–Si substrates.2

We prepared microtensile samples of the film on substrate
systems, with different mechanical polishings of the sub-
strate surface, but with the same deposition conditions for
all films. The samples were tested in tension to determine
the experimental conditions required to produce cracking
and debonding of the films. This behaviour was then
related to the roughness of the interfaces and discussed
with respect to it.
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Ž . Ž .Fig. 1. a Schematic view of the tensile specimen; The dotted lines correspond to the polishing directions. b Film on substrate systems investigated in the
Ž .present work. c Schematic view of the stress state in the film; dotted arrows represent the residual compressive equi-biaxial stresses and full arrows the

applied tensile stress.

Ž .Fig. 2. Induced roughness on the substrate surface before film deposition 3D optical interferometry surface profiles ; the average Rms roughness is
indicated on the labels.
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2. Experimental

Our purpose was to investigate the behaviour under
tensile stress of filmrsubstrate systems which present vari-
able interfacial roughness both in amplitude and in direc-
tion, obtained by mechanical polishing. We chose a system
for which the substrate would allow enough strain transfer
Ž .aluminium based solid solutions , and a film of SiO2

which is a well known material for microelectronic appli-
cations and has much less ability to strain plastically than
the substrate. Consequently, increasing strain of the sub-

Ž .strate elastic then plastic will induce irreversible damage
to the film, first cracking transverse to the tensile direction,
then decohesion from the substrate and spalling.

2.1. Preparation of the substrates

The substrates were made of Al-1% Si and Al-1%
Si-0.5% Cu alloys, with very similar mechanical be-
haviours. The gauge length of the samples for the tensile
tests were 2.5 mm long, 1.8 mm wide and 1.4 mm thick, in
the centre of a ‘double bone’ type sample. The surface was

Ž .polished first by abrasive SiC paper grade 1000, 1200 ,
Ž .then by diamond paste from 6 mm down to 0.25 mm and

finally by an alumina powder of 0.06 mm particle size.
Between each stage of polishing, samples were carefully
rinsed with water and ethyl alcohol and then submitted to
an ultrasonic bath cleaning. Finally, these substrates were

Žscratched in order to create a directional roughness Fig.
.1 . Two scratching orientations were applied: longitudinal
Ž . Žon substrate Al-1% Si and transversal on substrate Al-1%

.Si-0.5% Cu with respect to the tensile axis, and for each
Ž .case two dimensions of roughness 0.25 mm and 1 mm

were chosen. Diamond paste with the corresponding parti-
cle size on cloth disks was used to carry out this scratch-
ing.

In the following, samples are identified as L 1 mm for
longitudinal scratches done with 1 mm diamond paste
granulometry, L 0.25 mm for longitudinal scratches with

0.25 mm granulometry, T 0.25 mm and T 1 mm for
transverse scratches with the corresponding granulome-
tries. One sample was kept as a reference with an isotropic
fine roughness obtained by polishing down to 0.06 mm

Ž .alumina, referred in the following as REF. Fig. 2 .

2.2. Film deposition

Ž .Silica films SiO were deposited on the aluminium2

alloy substrates by electron beam evaporation at 2008C.
Thickness of the film was found to be 617 nm"2%.
Because of the thermal expansion mismatch between the

Ž y6 y1 .substrate 23.6 10 8K for the Al–Si alloys and the
Ž y6 y1 .film 0.5 10 8K for the SiO film , the deposition2

process induces compressive thermoelastic stresses in the
film when cooling. Radius of curvature measurements
have been performed on separate rectangular plate samples
of the same SiO on Al system. They gave compressive2

residual stresses for the SiO films of 300 MPa, larger in2

absolute value than what can be expected from thermoelas-
tic mismatch alone, and thus including an additional intrin-
sic compressive deposition stress.

2.3. Deformation experiment

In situ tensile experiments were performed in the S.E.M.
on the above samples. The specific in situ tensile device,

w xdescribed in detail in Ref. 9 , allowed the measurement of
displacement and load variation during the straining. Be-
cause the straining system induces a symmetrical displace-
ment of the grips with respect to the centre of the sample,
the observation of the damage process does not need a
systematic focusing and recovery of the image. For each
system, observations are conducted in the central part of
the sample where the strain will stay uniform during the
tensile test, under a magnification of =250.

Beyond F the applied load and D l the displacement, the
crack density d in the film and e the local longitudinal
strain can be deduced from the SEM observations. The

Fig. 3. Damage mechanisms developed during in situ straining. First: transverse cracking; then, debonding and buckling.
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Fig. 4. Evolution of the transverse crack density with the tensile strain for transversal and longitudinal scratches.

local strain e can be measured considering at the begin-
ning of the straining a longitudinal segment L marked by0

flaws on the surface. Then the length of this segment can
be measured at different stages of the tensile test. A local
longitudinal strain value is deduced by

LyL0
´s 1Ž .

L0

where L is the length of the definite segment at different
stages of the straining.

The evolution of the crack density d was evaluated
using the same reference observations as above:

N
ds 2Ž .

L0

where N is the number of cracks on L the initial length0
w xof the studied segment 10,11 .

3. Results: Experimental

The experimental parameters defined previously allow
characterization of the cracking evolution and the decohe-

Ž .sion and buckling when debonding is observed Fig. 3 .
The SEM in situ test allowed the observation of the
mentioned damage progress, which can be characterized at
different stages by critical strains. Typical transverse crack
density evolutions are presented in Fig. 4. For each sam-
ple, the tensile test was conducted until the crack satura-
tion was reached. Similar to experiments performed for

w xSiO on copper systems 12 , we observed that cracks in2

the film were normal to the tensile axis, irrespective of the
scratch orientation and of the grain boundary orientations
of the underlying grains in the substrate.

Table 1 summarizes the various damage process steps
and the corresponding threshold strains for each type of
specimens. In most cases, the decohesion and buckling of
transverse film stripes occurred much before the crack
saturation was achieved. Concerning the REF sample, a
second cracking system appeared under the first one typi-
cally activated by the intergranular accommodation in the
substrate at the interface. But we point out that no debond-
ing was observed, even though the total strain exceeded
17%.

The error on the strain and on the crack density were
evaluated at about "0.5% and "4 cracksrmm respec-
tively.

4. Results: decohesion energy calculations

A value of the interfacial cracking energy may be
deduced from simple calculations in order to characterize
the interfacial strength and allow comparisons between our
samples. Let x, y and z be respectively the longitudinal
Ž .tensile direction, the in-plane transverse direction and the
normal to the sample plane. In the following, subindexes s
and f correspond to the substrate and film, while indexes el

Ž .or pl will refer to elastic or plastic or total strain compo-
nents respectively.

Table 1
Summary of the damage behaviour of the SiO rAl–Si film on substrate systems for the various roughness characteristics2

Specimens REF. L 0.25 mm L 1 mm T 0.25mm T 1 mm

Ž .Tensile strain for first transverse cracks % 1.9 2 1.3 2.1 1.3
Ž .Tensile strain for transverse crack saturation % 15.3 16 15 14.2 5.4

y1Ž . Ž .Transverse crack saturation density mm secondary crack system 145 145 120 80
Ž . Ž .Tensile strain for decohesion and buckling of transverse film stripes % )17 4.8 4.3 7 1.3
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The interfacial fracture energy G can be calculatedi

using a combination of elastic fracture mechanisms and
buckling theory of plates. G is determined by consideringi

a relation assuming that the elastic energy stored in the
film strip at the onset of debonding and buckling is equal
to the buckling energy plus the Griffith interfacial crack
propagation energy, as proposed by Evans and Hutchinson
w x13 :

h
G s 1yx s ysŽ . Ž .i y y ,f buckling2 Ef

20a2 y3L2

P s y s 3Ž .y y ,f buckling2 2ž /4a qL

Ž .where x is a constant parameter xs0.52 , E the Youngf

modulus of the film. s is the critical theoreticalbuckling

stress needed to buckle a free standing plate of the film
with thickness h, L in width and 2a in length with

w xclamped extremities 14 . s is the compressive stressy y,f

induced in the film by the transverse contraction of the
substrate, during the tensile test, at the moment when
buckling is observed experimentally. s , L and a arey y,f

determined from the experiments. For s determinationsy y,f

we assume that:
- the mechanical response of the film is fully elastic;
- the filmrsubstrate system is constituted of isotropic
materials;
- the stress components are null and the strain compo-
nents are equal along y and z in the substrate;
- the film stiffness is negligible with regards to the
mechanical behaviour of the substrate.
Both elastic and plastic strain of the substrate were

considered to evaluate the strain transmitted to the film by
the substrate, from which the stress in the film can be
estimated. The substrate is submitted to an uniaxial longi-
tudinal stress s . The elastic strains of the substrate inx x ,s

the x and y directions are:
s sx x ,s x x ,sel el´ s and ´ syn 4Ž .x x ,s y y ,s sE Es s

ŽBecause the observed failure processes i.e., cracking
.and debonding are observed at total strains of the sub-

strate which widely exceed the elastic domain, the volume
conservation of the sample may be written on the basis of

these total strains, nearly equal to the plastic strains, that
is:

2pl plVsL L L sL L L 1q´ 1q´ 5Ž .Ž . Ž .x 0 y0 z 0 x 0 y0 z 0 x x ,s y y ,s

L , L and L are the initial length, width and thick-0 x 0 y 0 z

ness of the sample. This relation allows calculation of the
value of the transverse plastic strain of the substrate e pl

y y,s

from the longitudinal one e pl which is monitored bothx x ,s

globally and locally during the test:

121
pl´ s y1. 6Ž .y y ,s plž /1q´x x ,s

As long as the film is adherent to the substrate, its
transverse and longitudinal strains can be assumed to be
identical to the total strains imposed by the substrate.
Application of Hooke’s law in the film then gives:

Ef
s s n ´ q´ qs 7Ž . Ž .y y ,f f x x ,f y y ,f R21yn f

s being the initial residual stress in the film.R

From experimental determinations of total longitudinal
strains of the substrate and average estimates of buckled

Ž .zone dimensions, we calculated G with relation 3 . Thei

incertitude on G is estimated about "20%, mainly result-i

ing from the wide distribution of values for 2a and L
observable on a given specimen, and the incertitude on
s . The results of the calculations are summarized iny y,f

Table 2.

5. Discussion

The results in Table 1 do not show any significant
difference between samples scratched at 0.25 mm with
different orientations. Moreover these results are very simi-

Žlar to the values obtained for the reference system sample
.REF comparing the critical cracking onset strain and the

crack density saturation strain. Then for a 0.25 mm depth
of roughness scratches seem to present an influence only
on the decohesion and buckling strain value, since the
reference system with 0.06 mm roughness does not appear
to debond.

Table 2
Ž .Experimental parameters corresponding to the observation of buckling, and determination of the apparent interfacial energy G by relation 3i

Specimens REF. L 0.25 mm L 1 mm T 0.25 mm T 1 mm

Buckled zone dimensions
Ž .Average values 2a mm None 12 11.4 14.6 25
Ž .L mm None 11.2 12.5 12.5 20.8

Ž .Critical buckling stress s MPa y y781 y629 y639 y233buckling
Ž .Experimental stress s MPa y y1162"83 y1007"90 y1513"86 y529"88y y,f

y2Ž . Ž Ž .G Jrm s s 300MPa larger 0.13 0.46 0.85 0.08i R
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Considering now the 1 mm scratched samples, the
Ž .system with transverse scratches sample T 1 mm show

significant differences with sample L 1 mm–and actually
with all other types of specimens. First cracking and
decohesion and buckling almost appear simultaneously on
sample T 1 mm at a 1.3% strain. The effect of the scratch
orientation is important in that case. Transverse scratches
seem to promote all processes of damage, and especially
the debonding of the film.

Considering the interfacial crack energy estimations
Ž .Table 2 , the major effect again appears to occur on the
specimen T 1 mm, with the lowest value of G . The REFi

sample shows the highest interfacial crack energy as sug-
gested by the occurrence of a secondary transverse crack

Žsystem proving a good strain transfer from the substrate to
.the film , and no decohesion observed even at high strain.

Experimental evidence shows in our case that an in-
crease of interfacial roughness does not seem to produce

Ž .an increase of interfacial fracture toughness see Fig. 5 ,
contrary to the most current observations and models
w x15,16 . This embrittling effect with increasing interfacial
roughness depends on both the amplitude and direction of
the interfacial asperities: it is less obvious for longitudinal
or transverse 0.25 mm asperities and only enhances the
film decohesion. But it becomes more effective to enhance
transverse cracking of the film for longitudinal 1 mm
asperities, and above all to induce much easier decohesion
of the film transverse stripes for transverse 1 mm asperi-
ties.

Recalling that the thickness of the SiO layers on our2

specimens is about 0.6 mm; indeed, it may be expected

that the effect of interfacial asperities on the local short
range stress fields concentrations around these asperities
becomes more critical when the roughness amplitude is
more than the film thickness itself. Then the interfacial
roughness seems to be a critical factor for nucleation of
interfacial cracks.

Besides, concerning the propagation of these interfacial
cracks, it must be noted that the scratches which are
transverse to the tensile direction are actually parallel to
the interfacial crack propagation direction when transverse
film stripes debond and buckle. Longitudinal scratches are
perpendicular to the crack propagation direction, and might
make this propagation more difficult.

These considerations may form the bases for an expla-
nation of the observed differences in film stability and
apparent interfacial crack energy, but a detailed analysis of
the influence of the direction of the interfacial asperities on
the mode mixity of the interfacial cracks appears to be
necessary, both at the crack nucleation stage and during
the crack propagation.

6. Conclusions

In situ tensile experiments on film on substrate samples
presenting different types of interfacial roughness were
performed. The experiments allowed us on one hand to

Žobserve the evolution of damage film cracking and
.debonding , on the other hand to correlate the damage

evolution to the various kinds of mechanically induced
interfacial roughness.

Ž .Fig. 5. Typical damage observed when reaching crack saturation and debonding S.E.M. . Debonded areas for the samples with longitudinal 0.25 mm
scratches are much smaller than those with transverse 1 mm scratches. The dimensions of the buckled zones of the cracked film strips allow critical
buckling stress calculation and thus crack propagation energy estimation. The numbers on top of the micrograph indicate the tensile strain reached when
the observation was made.
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The following main points may be retained:
Ž .i The interfacial roughness promotes the film cracking;
Ž .ii The direction of the surface scratches with respect to
the tensile axis controls the activation of the successive
steps of damage:

- the samples with transverse scratches showed a
tendency to activate the cracking of the film at lower
strains than the samples with longitudinal scratches.
- the interfacial cracking and debonding process
showed the same tendency. These effects were en-
hanced for the samples with steeper scratches.

Ž .iii The values of the critical adhesion parameters de-
duced from the experiments were consistent with the
observations, with lower apparent interfacial fracture
energy values for the samples showing cracking and
debonding at lower strain.
Finally we suggest that further experiments may involve

directional asperities with more precise and regular geo-
metrical characteristics, for instance by machining a pol-
ished surface with help of a nanoindentor, to obtain test
substrate areas with well defined scratches with varying
amplitudes, wavelength and orientation, even possibly on
the same tensile specimen.
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