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Abstract — Organosilicate glass (OSG) is a material that is used as a dielectric in
advanced integrated circuits. It has a network structure similar to that of
amorphous silica where a fraction of the Si-O bonds has been replaced by organic
groups. It is well known from prior work that OSG is sensitive to subcritical crack
growth as water molecules in the environment are transported to the crack tip and
assist in rupturing Si-O bonds at the crack tip. In this study, we demonstrate that
exposure of an OSG containing film stack to water prior to fracture results in
degradation of the adhesion of the film stack. This degradation is the result of the
diffusion of water into the film stack. We propose a quantitative model to predict
adhesion degradation as a function of exposure time by coupling the results of
independent subcritical crack growth measurements with diffusion concentration
profiles. The model agrees well with experimental data and provides a novel
method for measuring the water diffusion coefficient in film stacks that contain
OSG. This study has important implications for the reliability of advanced

integrated circuits.
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1. Introduction

In order to improve the performance of advanced integrated circuits, the relative
permittivity of insulators used as inter-layer dielectrics in integrated circuits has been reduced
from greater than 4.0 for the traditional silicon dioxide to less than 2.5 for dielectrics that are
currently used in advanced devices. It is expected that this value will be reduced even further for
future generations of integrated circuits. The most common dielectric now in use is
organosilicate glass (OSG). This material has a network structure similar to that of amorphous
silicon dioxide where a fraction of the Si-O bonds has been replaced by methyl termination
groups. The result is an open siloxane network with lower density and dielectric constant than
silica. However, one of the drawbacks of introducing the methyl groups is a reduction of the Si-
O bond density and hence of the fracture toughness and stiffness of the material. The result is a
greater propensity of the material for adhesive or cohesive failure modes such as delamination
(Lin et al. 2003; Lin et al. 2004; Vlassak et al. 2005) and channel cracking (Tsui et al. 2005).

The Si-O bonds in the OSG make the material susceptible to subcritical crack growth
when water is present in the environment (Wiederhorn 1967; Wiederhorn and Bolz 1970). This
behavior has been investigated extensively for OSG coatings by several researchers (Lin et al.
2003; Lin et al. 2004; Vlassak et al. 2005; Lane et al. 2001; Guyer and Dauskardt 2004). These
researchers measured the adhesion of several capping layers to OSG in various ambient and
aqueous conditions using four-point flexure and double cantilever beam adhesion specimens.
They demonstrated that the adhesion depends on the partial pressure of water in ambient
environments and on the hydroxyl concentration (i.e., on the pH) in aqueous environments.
Similar behavior has also been observed for cohesive failure of OSG using a technique based on
channel cracking (Tsui et al. 2005). In all these studies, the reactive species (water and OH) are

transported to the crack tip during the fracture process. Thus far, little or no attention has been



paid to the possibility that the reactive species can diffuse into the OSG before fracture takes
place if the OSG is exposed to a reactive environment for some period of time. The presence of
reactive species in the material is expected to lower the fracture toughness of the OSG with
exposure time even if the measurements are made in an inert environment, making this type of
measurements fundamentally different from traditional subcritical crack growth experiments.
Diffusion of an active species into the film stack then leads to an apparent time-dependent
adhesion or fracture toughness that may eventually result in adhesive or cohesive failure of the
OSG. This issue has important technological implications for the manufacture and reliability of
integrated circuits that contain OSG: During the manufacturing process, integrated circuits are
exposed to various reactive environments including aqueous solutions. If the OSG is not sealed
at the time of exposure, the reactive species diffuses into the film stack and degrades its
resistance to fracture.

The objective of this study is to characterize the effect of water diffusion on the fracture
toughness of the interface between OSG and various capping layers. First, a simple quantitative
model is presented that links time-dependent adhesion degradation to diffusion of water into the
film stack. Then, experimental data are given for the adhesion of various coatings to OSG
demonstrating that adhesion indeed degrades with increased exposure time to water. Finally, the
rate of adhesion degradation is compared with model predictions. The model suggests a new

approach for measuring the diffusion coefficient of water in OSG film stacks.

2. Model

In this section, we develop a quantitative model for the degradation of the adhesion or
fracture toughness of a film stack as a result of diffusion of water in the film stack. The geometry
we consider in this analysis is appropriate for both double cantilever beam and four-point flexure

specimens, test geometries that are often used for measuring the adhesion of thin films



(Charalambides et al. 1989; Charalambides et al. 1990; Ma 1997; Snodgrass and Dauskardt
2000). For instance, Fig. 1 (a) depicts a schematic illustration of the four-point flexure geometry,
which is used for the adhesion measurements in this study. The film stack of interest is
sandwiched between two substrates and loaded in bending until delamination occurs. A more
detailed description of the technique is given in the experimental section of this paper. Figure 1
(b) provides a transverse cross-sectional view of the specimen and shows the diffusion fronts that
develop when the sample is exposed to water. The diffusion process and its effect on the fracture
resistance can be described as follows.

Consider an infinitely long film stack sandwiched between two impervious substrates as
illustrated schematically in Fig. 1 (b). Consider further a Cartesian coordinate system with x-axis
perpendicular to the edge of the stack. Assume the film stack is exposed to water at a
temperature 7" along its edges at x = 0 and x = a. Water will then diffuse into the film stack from
its edges. This is a simple one-dimensional diffusion problem that results in the following water

concentration profile in the OSG strip (Shewmon 1989)
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where C; is the initial water concentration in the OSG, C,(7') is the solubility of water in OSG at
temperature 7, and Dy, ,, is the diffusion coefficient of water in the film stack. Implicit to Eq. (1)
is the assumption that transport of water molecules from the liquid phase to the surface of the
film stack is not rate limiting. For experimental reasons, it is convenient to reformulate Eq. (1) in
terms of water partial pressures. Consider OSG in equilibrium with a water partial pressure
Pu,0- Water dissolved in the OSG is in equilibrium with the water vapor outside the OSG

according to

H,0(v) = H,0(0SG). )



In equilibrium, the chemical potentials of water inside and outside of the OSG are the same. This
leads to the following expression for the equilibrium concentration of water inside the OSG as a

function of the partial pressure of water in the environment

A
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assuming that water dissolved in OSG follows Henry’s law. Here, v}, is the activity coefficient,
po the reference pressure, and Ay, the difference in the standard chemical potential of water
inside and outside of the OSG with respect to the appropriate reference states. If the OSG is in

equilibrium with liquid water at temperature 7, it follows that

C,(T)= f—Vexp(—%j, (4)
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where p, is the water vapor pressure and C, (') is the solubility of water in OSG at 7. A similar

expression can be derived for C,. Substituting these expressions in Eq. (1) leads to
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The pressure p; in Eq. (5) is the water partial pressure in equilibrium with the initial water
content of the OSG. The pressure py o is the partial pressure that would be in equilibrium with
an OSG sample with a uniform water content of C (x,t). Since the concentration of water in the
OSG strip changes with time and location, py , is a function of x and . Equation (5) is
equivalent to Eq. (1), but is expressed in terms of water partial pressures in equilibrium with the
appropriate water concentrations. This formulation makes it easier to apply Eq. (5) to the
problem at hand, because water partial pressure is a variable that is readily controlled in fracture
experiments.

The next step is to relate the fracture resistance of the OSG to the water partial pressure

in the environment. It is well known that the resistance to fracture of OSG and other silica-based



materials decreases with increasing water partial pressure (Wiederhorn 1967; Wiederhorn and
Bolz 1970; Lane et al. 2001; Lin et al. 2003; Lin et al. 2004; Vlassak et al. 2005). Figure 2, for
instance, shows the subcritical crack growth velocity in OSG as a function of applied energy
release rate for different levels of water partial pressure. At constant crack velocity, the energy
release rate indeed decreases with increasing water partial pressure. An analysis of the crack
growth kinetics in the reaction-controlled regime (Lawn 1975; Vlassak et al. 2005) shows that

for a given crack velocity

where 7 is the number of water molecules reacting with a Si-O bond in the OSG, N is the bond
density of the OSG in mols per unit area, B is a constant that depends on crack velocity, T is the
absolute temperature at which the crack propagates, and G is the energy release rate for that
crack velocity.

Now consider a crack propagating at constant velocity in an OSG film stack sandwiched
between two substrates and exposed to water at the edges for a period of time. Assume the crack
propagates parallel to the substrate as it would for a four-point flexure or double cantilever-beam
fracture specimen, i.e., the crack propagates into or out of the plane of Fig. 1 (b). The water
content of the OSG now varies along the crack front as described by Eqgs. (1) or (5). Since the
crack travels at a constant velocity, the energy release rate must also vary along the crack front,
unless the water content is uniformly distributed throughout the OSG film. It follows then that
the crack front must be curved, with the sign of the curvature determined by the ratio pi/ D, -
The energy release rate at a given point along the crack front required to drive the crack at
constant velocity is then given by Eq. (6), where py , is the water partial pressure in

equilibrium with the local water content, i.e.,
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by combining Eqgs. (5) and (6). The average energy release rate along the crack front, i.e., the

quantity that is measured macroscopically, is then
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The function Cb(y,r) represents the time-dependence of the macroscopic energy release rate and
is readily evaluated numerically. Figure 3 shows Cb(y,r) as a function of the normalized time 7
and for various values of the normalized initial water content ¥ of the OSG. It should be noted
that the constants A and B can be determined by performing sub-critical fracture measurements
in environments with different water partial pressures. Equation (9) suggests the following
simple method for determining the diffusion coefficient Dy ,,: Plot the experimental value of the
crack extension force as a function of the logarithm of the time that the OSG has been exposed to
water. The shape of this curve should be similar to the shape of the curve obtained from Eq. (9)

using the appropriate values of ¥, A, and B, but shifted along the time axis. The shift along the



time axis is a measure of the value of the diffusion coefficient of water in OSG and the diffusion

coefficient can be extracted using Eq. (11).

3. Experimental Procedure

Organosilicate glass thin films (OSG) with a thickness of 420 nm were deposited on 200
mm diameter bare silicon wafers at 400°C by means of plasma-enhanced chemical vapor
deposition (PECVD). The precursor gases used in the deposition were 3, 5, 7-tetra-methylcyclo-
tetrasiloxane (TMCTS), carbon dioxide, and oxygen. The OSG density was measured with
Rutherford Backscattering Spectrometry (RBS) and is approximately 1.2 g/cm’; the relative
dielectric constant of the OSG was 3.0. The precise chemical composition and mechanical
properties of the OSG have been reported in previous studies by Vlassak and coworkers (Lin et
al. 2003; Lin et al. 2004; Xiang et al. 2004; Vlassak et al. 2005). As-deposited OSG coatings
have a porosity of approximately 8% as measured using X-ray reflectometry and ellipsometry.
Here, the effect of water diffusion on the adhesion between OSG and four different capping
materials is investigated — tantalum, tantalum nitride (TaN,), silicon nitride (SiN,), and silicon
dioxide (TEOS - SiO,). The last three capping layers are identical to those studied by Vlassak
and coworkers (Lin et al. 2003; Lin et al. 2004; Vlassak et al. 2005). The SiO, and SiN, coatings
were deposited at 400°C using PECVD. The TaN, coatings were deposited using reactive
sputtering, followed by an in-situ sputter deposition of a thin copper coating. The Ta coatings
were sputter-deposited. The film thicknesses for the various film stacks are listed in Table 1; the
substrate thickness was 730 + 10 ym.

The adhesion energy of all the samples was measured using the four-point flexure
technique (Charalambides et al. 1989; Charalambides et al. 1990; Ma 1997). Adhesion samples
were prepared by cleaving 200 mm silicon substrates into 12 mm x 60 mm strips. These strips

were then bonded face-to-face using epoxy and cured for one hour at 120°C. After curing the



epoxy, the samples were pre-notched using a diamond saw. The samples were then loaded in
pure bending until a crack nucleated at the notch and propagated into the film stack selecting the
weakest interface in the stack. In the four-point flexure geometry, the energy release rate does
not depend on crack length. As a result, an interfacial crack propagating at constant velocity
results in plateau in the load-displacement curve. If P is the constant load at which the crack
propagates, the corresponding energy release rate G is given by (Charalambides et al. 1990)
21P22(1-12)
TR
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where E and v are the elastic modulus and Poisson’s ratio of the Si substrate, / the distance
between the inner and outer loading pins in the four-point flexure set-up, b the width of the
specimen, and £ the substrate thickness (cfr. Fig. 1 (a)). For each capping material, one group of
samples was tested immediately after the epoxy was set. The rest of the specimens were
submerged in de-ionized water (7T = 24 + 2°C and 100°C) and tested after exposing them for
specific periods of time. Unless stated otherwise, all adhesion measurements were conducted in
an ambient environment with 45 + 5% relative humidity and a temperature of 24 + 2°C. The

crack velocity was approximately 60 pm/s for all measurements.
4. Results and Discussions

4.1. The effect of water diffusion on adhesion energy

Figure 4 shows the adhesion energy between the OSG and the various capping layers as a
function of submersion time in de-ionized water at 24°C. Each data point represents the average
of at least five measurements and the error bars correspond to one standard deviation. X-ray
photoelectron spectroscopy (XPS) of the fractures surfaces reveals that the crack path is located
inside the OSG at a distance of approximately 5-10 nm from the interface for the SiN,, Ta, and

TaN,-capped samples. The adhesion energy of the Ta-capped samples is larger than for the other



samples because a pre-deposition plasma clean was used to remove contaminants from the OSG
surface of these samples and this plasma clean densifies the OSG near the surface. For the OSG/
SiO, samples, by contrast, the XPS results show that the delamination occurred at the interface.
This is consistent with observations reported by Vlassak et al. (Vlassak et al. 2005). It is evident
from Fig. 4 that the adhesion of each of the four film stacks degrades with increasing exposure
time. Annealing experiments on the OSG/SiN, film stack further demonstrate that the adhesion
can be fully recovered to the pre-exposure value by vacuum-baking the film stack for three hours
at 250°C. This observation implies that the adhesion degradation is reversible as long as fracture
does not occur prior to out diffusion of water, i.e., the Si-O bonds do not react with water until
they are stressed.

In order to eliminate the possibility that the time-dependent adhesion degradation is
caused by changes in the mechanical properties of the epoxy as a result of the absorption of
water, OSG/Si0O, samples with different bi-layer thicknesses were tested: 200 nm Si0O,/420 nm
OSG, 1600 nm Si0,/420 nm OSG, and 1600 nm SiO,/3000 nm OSG. If energy dissipation in the
epoxy contributes significantly to the experimental adhesion values, the different film stacks
should yield different adhesion values, because the stress distribution at the crack tip depends on
the thicknesses of the films in the stack (Suo and Hutchinson 1989). As illustrated in Fig. 5, this
is clearly not the case: The initial adhesion values and the rates of degradation are
indistinguishable within experimental scatter for the different film stacks. This indicates that the
adhesion degradation is related to changes that take place in the OSG at or near the delaminating
interface.

Figure 6 shows the adhesion energy as a function of soak time for SiO,-capped OSG
coatings soaked in de-ionized water at 100°C. Each data point is the mean of at least five

measurements and the error bars represent one standard deviation. Again, there is no significant
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difference between specimens with 200 nm or 1600 nm of SiO,, indicating that any softening of
the epoxy that may occur as a result of water diffusion does not affect the measurements. It is
evident from the data in Fig. 6 that degradation occurs significantly faster at 100°C than at room

temperature — the degradation process is accelerated by a factor of twenty or so.

4.2. The effect of testing environment on fracture toughness

In order to evaluate the effect of water vapor in the testing environment on the
degradation of the adhesion, several OSG samples coated with SiO, were exposed to de-ionized
water a room temperature for various periods of time and tested under three different conditions
of relative humidity: 5 + 3 %, 45 + 5%, and 98 + 2%. Figure 7 shows the fracture toughness of
these samples as a function of the partial pressure of water in the testing environment. Two
trends are immediately observed: The fracture toughness decreases with increasing exposure
time. This trend of course agrees with the results in Fig. 4 and 5. Furthermore, the fracture
toughness decreases with increasing water partial pressure in the environment in agreement with
previous reports (Wiederhorn 1967; Lane et al. 1999; Vlassak et al. 2005). The question then
arises how to separate both effects. The crack velocity at which transport of water molecules
from the environment to the crack tip becomes important can be estimated from (Lawn 1993;
Vlassak et al. 2005)

64(1-v?)Gpy 0

Vv, = )
" 3anNEN2mmkT In(1/b)

(13)

where py  is the water partial pressure in the environment, mthe molecular mass of water, /1is
the mean free path length of a water molecule, and n the number of molecules adsorbed per
broken bond. G is the mode I energy release rate, E and v are Young’s modulus and Poisson’s
ratio, and b the bond length. If a crack propagates at a velocity larger than v,, water molecules do

not have time to diffuse to the crack tip and the fracture behavior is determined by the water
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molecules already present in the OSG as a result of diffusion during the water soak. If a crack
propagates at a velocity smaller than v, water from the environment can reach the crack tip and
lower the resistance of the material to fracture. The velocity calculated from Eq. (13) is several
times smaller than the experimental crack velocity for the measurements made at a relative
humidity of 5%, but is larger for measurements performed at 98% relative humidity.
Consequently, the measurements at 5% relative humidity are independent of the environmental
conditions and any changes in the adhesion as a function of soaking time reflect changes in the
water content of these specimens as a result of diffusion during the soak.

It should be noted that the data in Fig. 7 also indicate there is an asymmetry in the
transport of water molecules to and from the crack tip: once the specimens are saturated with
water, the adhesion energy is approximately 2.7 J/m’ independent of the environmental
conditions. However, for specimens tested at 5% relative humidity, one might reasonably expect
water to diffuse away from the crack tip, thus lowering the water concentration at the crack tip
and increasing the adhesion energy. This is clearly not the case. This observation indicates that
transport away from the crack tip is more difficult than transport to the crack tip, possibly

because water molecules need to desorb from the crack surface before they can diffuse away.

4.3. Model and discussion

The diffusion model presented in the previous section can be used to describe the
adhesion data in Figs. 4, 5 and 6. In principle, Eq. (9) could be fitted directly to the data in these
figures using A, B, y and D as fitting parameters. It is possible, however, to obtain values for
some of these parameters from independent measurements. Figure 8, for instance, shows the
energy release rate as a function of water partial pressure for a crack velocity of 60 um/s for
OSG coatings with three different capping layers. The data used to construct this graph was

obtained from subcritical crack growth measurements reported by Vlassak et al. (Vlassak et al.
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2005) for OSG coatings that are very similar to the coatings used in this investigation. Since the
crack velocity of interest is relatively large, the reaction-controlled regimes of the subcritical
crack growth curves were extrapolated to the appropriate crack velocity. This was done to ensure
that slow transport of water molecules to the crack tip would not lead us to overestimate the
effect of water partial pressure on energy release rate. It is evident from Fig. 8 that within
experimental scatter the constant A =nNRT is the same for the three film stacks in the figure.
The constants B and Y can then be determined from the results in Fig. 7: Specimens that are fully
saturated with water at room temperature yield an energy release rate of 2.7 J/m’, as-fabricated
specimens yield a value of 6 J/m”. Application of Eq. (6) to these results along with the value of
A from Fig. 8 yields values for B and p, =7y p,. Values of A, B, and y used in the model are
tabulated in Table 2. The initial water content of the samples is very low as evidenced by the
small value of y. This is consistent of the fact that the OSG films are heated to 400°C in UHV
immediately prior to the PECVD SiO, deposition. Figure 9 shows the experimental data for the
OSG/SiO, system along with the results obtained from the diffusion model, in which the
diffusion coefficient was used as a fitting parameter. Agreement between the experimental data
and the model calculations is very good, with the exception of the initial part of the curve where
the model slightly over-predicts the energy release rates. This discrepancy arises because these
measurements were conducted under ambient conditions with a relative humidity of 45%. Water
molecules that are transported to the crack tip during the measurement weaken the Si-O bonds
and lower the energy release rate. The same measurements performed in an inert N, atmosphere
are in much better agreement with the model as indeed illustrated in the figure. At longer
exposure times, the effect of the environment becomes less important. This is evident in Fig 7 as

well. The diffusion coefficient obtained from the model is 1.4 10”7 cm?/s.
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The model can also be applied to the specimens that were exposed to water at elevated
temperature (Fig. 6). Because the temperatures of the diffusion experiment (7)) and the adhesion
measurements (7,) are now different, some care needs to be exercised with respect to the partial
pressures used in Eqgs. (5) and (6). The pressure in Eq. (6) is the water partial pressure in
equilibrium with the OSG at the temperature of the adhesion measurement; the partial pressures
in Eq. (5) are by definition those in equilibrium with the various water concentrations at the
temperature of the diffusion experiment. For a given water concentration in the OSG, the partial

pressures at these temperatures are related by the equation

C py'
pTA :pTD AT LT’ (14)
CSA va

where C STD and C STA are the solubility of water at T, and T, respectively. This equation follows
directly from Eq. (3) applied at the corresponding temperatures and water concentrations. If the
solubility of water is temperature independent, the right hand side of Eq. (14) is simply the ratio
of the water vapor pressures at the relevant temperatures. Taking into account the effect of

different temperatures, Equation (9) becomes

CTD
Ga(t)zB—A{ln(c—%‘pfA]+¢(7,7)TD], (15)
where
T T
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and 7 is evaluated using the diffusion coefficient at T, It is interesting to note that the G, (t)
function now depends on the water solubility ratio Cgf‘ / C;D . For small temperature changes
such as those in this study, one can expect this ratio to be close to unity. In principle, however, it
may be possible to obtain information on the solubility of water from a measurement of G, (¢):

It is evident from Eq. (15) that the saturation value of the energy release rate shifts up or down
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with the value of Cgf‘ / C;D . Figure 10 shows the experimental energy release rates measured for
the OSG/SiO, system at room temperature as a function of exposure time to water at 100°C. The
solid line represents Eq. (15), in which the diffusion coefficient at 100°C was used as a fitting
parameter — all other parameters are the same as before. Agreement between model and
experimental data is very encouraging, especially for the measurements obtained in dry N,. The
corresponding diffusion coefficient is D = 2.6 10° cm?/s. It is evident that the energy release rate
in the high-temperature experiments has not yet saturated at the end of the experiments and it is
thus difficult to determine if there is increased water solubility at this temperature. For
simplicity, the water solubility ratio in the model was taken equal to one. Small changes in
solubility do not, however, result in a significant change of the diffusion coefficient obtained
from the model, nor does the diffusion coefficient depend sensitively on the precise values of A
and B. The activation energy calculated from the temperature dependence of the diffusion
coefficient is estimated to be 0.37¢eV.

The experimental values of the diffusion coefficient are relatively large implying fast
transport of water. From the experiments it is not possible to determine unambiguously whether
diffusion takes place primarily along the interface or through the bulk of the coating. Since
transport is fast, one might assume at first that it occurs primarily along the interface between the
OSG and the SiO,. The data in Fig. 4, however, show that the adhesion energy degrades at
approximately the same rate for different materials systems and hence different interfaces. This
makes it less likely that transport occurs mainly along the interface. Given the porosity of the
OSG material and its open network structure, transport through the bulk of the film indeed
cannot be excluded. Literature data on the diffusion of water in OSG are scarce since most
diffusion experiments are performed using organic solvents such as toluene or ethanol

(Shamiryan and Maex 2003; Worsley et al. 2005). These solvents have a refractive index
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sufficiently different from OSG that diffusion fronts can be tracked using optical microscopy.
Diffusion coefficients of 1 107 cm%s and 0.8 107 cm?s have been reported for toluene and
ethanol, respectively, in an OSG material with 7% porosity (Shamiryan and Maex 2003).
Assuming that diffusion of these solvents is representative for the behavior of water, agreement

with our results is quite good.

5. Conclusions

It is well known from prior work that OSG is sensitive to subcritical crack growth as
water molecules in the environment are transported to the crack tip and assist in rupturing Si-O
bonds at the crack tip. In this study, we have demonstrated that exposure of an OSG containing
film stack to water prior to fracture results in degradation of the adhesion of the film stack. This
degradation is the result of the diffusion of water into the OSG film stack and is fully reversible
with an appropriate heat treatment. We have developed a quantitative model to predict the
adhesion degradation as a function of exposure time by coupling the results of subcritical crack
growth measurements with diffusion concentration profiles. The model agrees well with
experimental data and provides a novel method for measuring the water diffusion coefficient in
the film stack. This study has important implications for the reliability of advanced integrated

circuits where OSG is used as a dielectric.
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Table 1. Film stacks investigated in this study

Film stack Thicknesses (nm)
0OSG/Si0, 400/200
400/1600
3000/1600
OSG/SiN, 400/200
OSG/Ta 400/10-20
OSG/TaN,/Cu 400/10-20/100

Table 2. Coefficients relating energy release rate and water partial pressure (in Pa) for the
OSG/Si0, system and for a crack velocity of 60 pum/s.

A 0.46 J/m®
B 6.27 J/m’
y 0.0006
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Figure 1. (a) Schematic of a four-point flexure specimen for adhesion measurements. The OSG
film stack is sandwiched between the substrates and is not shown explicitly in the
figure. (b) Transverse cross-section of the four-point flexure specimen illustrating the

geometry of the diffusion problem.
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Figure 2. Subcritical crack growth curves for the OSG/Si0, system in an ambient environment
with controlled humidity levels (from Vlassak et al. (2005)).
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24°C for various values of OSG and SiO, layer thickness. The arrow marks the
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Figure 7. Adhesion energy of the OSG/SiO, interface as a function of water partial pressure in
the testing environment after exposure to water at 24°C for various periods of time.
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Figure 8. Energy release rate to drive an interfacial crack at a given velocity as a function of
water partial pressure in the testing environment. The results were obtained from
subcritical crack growth measurements on OSG with several capping layers reported
by Vlassak et al. (2005). Because of the large crack velocity, the reaction-controlled
regimes of the subcritical crack growth curves were extrapolated to the appropriate

crack velocity to avoid transport-control effects. Partial pressures are given in Pascal.
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