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Fracture of organosilicate glass thin films: environmental effects
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Abstract

Fracture of organosilicate glass coatings is shown to depend sensitively on reactive species in the environment: water vapor for fracture
in ambient environments and hydroxyl ions for fracture in aqueous solutions. A simple model captures the key features of the experimental
crack velocity curves, including the presence of a threshold energy release rate below which no crack propagation is observed and the effect of
chemical species on crack velocity. The similarity between subcritical fracture of OSG in aqueous environments and results from a dissolution
study suggests that both processes are controlled by the same mechanism. Bond densities obtained from both the ambient and the aqueous
m nments is
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easurements are in line with expectations for organosilicate coatings. At high driving forces, crack growth in aqueous enviro
imited by diffusion of hydroxyl ions to the crack tip.
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. Introduction

Organosilicate glass (OSG) is a leading candidate among
ew dielectric materials under consideration for use as in-

erlayer dielectric (ILD) in high-performance integrated cir-
uits. OSG is essentially silica in which some of the SiO
onds have been replaced with bonds to organic groups, typ-

cally terminal methyl groups. As a result, OSG has a net-
ork structure similar to that of fused silica, but less dense
ecause of the presence of theCH3 groups. Because of this

ower density and a reduced ionic polarizability as compared
o silica, OSG has a significantly lower dielectric constant.
ntegration of this material in a microelectronic device is not
ithout difficulty, however, since the mechanical properties
f OSG are inferior to those of silica. One important concern

s the susceptibility of OSG to stress-corrosion cracking in
et environments, which may lead to failure of the device
uring processing.

Environmental effects on the fracture of bulk SiO2-based
aterials such as amorphous silica and glass are well docu-

mented in the literature[1–6]. Recently, concerns about t
reliability of integrated circuit reliability have motivated
interest in stress-corrosion cracking of thin dielectric fil
The effect of moisture and temperature is well studied[7–10],
but the issue of fracture and delamination of dielectric c
ings in aqueous environments is only starting to be addre
[11–13]. It is well known that the dissolution rate of sili
in water depends sensitively on the pH of the solution[14].
Since both dissolution and stress-corrosion cracking o
ica involve rupturing SiO bonds in the presence of react
species, one would expect the pH of the aqueous env
ment to also play an important role in the subcritical frac
of silica and silica-like coatings such as OSG.

In a first section of this paper, a simple model for cr
growth in the presence of a reactive species is discu
The model is based on earlier work by Wiederhorn[3] and
Lawn [2,15]. Since subcritical crack growth requires an
tive species to be transported to the crack tip, various t
port models for both ambient and aqueous environmen
briefly discussed also. In the experimental section, re
of subcritical crack growth measurements in both amb
∗ Corresponding author. Tel.: +1 617 496 0424; fax: +1 617 496 0601.
E-mail address:vlassak@esag.harvard.edu (J.J. Vlassak).

and aqueous environments will be reported for three differ-
ent films stacks containing OSG films. Fracture results in
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aqueous solutions of varying pH will be discussed in light of
an OSG dissolution study.

2. Model description

Environmentally aided fracture in glass and other ceram-
ics is a complex process that can be regarded as a stress-
enhanced reaction between highly strained bonds at the crack
tip and a reactive species in the environment. As the driving
force applied to the material increases, several regimes can be
observed in which different rate limiting steps control crack
growth[1,2,3,6,15]. This is illustrated inFig. 1, which depicts
a schematic graph of crack velocity versus energy release
rate. At low driving forces, crack velocity is determined by
the kinetics of the chemical reaction responsible for breaking
bonds at the crack tip. In this regime, crack velocity increases
rapidly with driving force. Often there is also a threshold en-
ergy release rate below which no crack growth is observed.
In the second regime, crack velocity is limited by transport of
reactants to the crack tip. In this regime, the velocity is nearly
independent of the energy release rate, but depends strongly
on environment. At even higher driving forces, catastrophic
failure takes place and the crack velocity no longer depends
on environmental factors. Simple models have been derived
f
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ous environments, one would expect the processes involved
in the dissolution of silica in aqueous environments to provide
insight in how water molecules or other reactive species such
as OH− interact with the SiO bonds. Dissolution of silica
in water is a well studied phenomenon[14,17–19]and the
overall process can be represented formally by the following
chemical reaction[17,19]:

(SiO2)x + 2H2O ↔ (SiO2)x−1 + Si(OH)4. (1)

The rate of dissolution depends on many factors, but gen-
erally requires a species such as OH− or F− that can be
chemisorbed, thus increasing the coordination number of sil-
icon atoms at the surface to more than four and weakening
the oxygen bonds to underlying Si atoms. The Si atom then
goes into solution as a silicate ion. Above pH 11, the sili-
cate ion is stable, otherwise it hydrolyzes to form Si(OH)4
and OH− [17]. The dissolution process can thus be written
in more detail as

(SiO2)x + 2H2O + OH−) ↔ (SiO2)x−1 + Si(OH)5
−

↔ (SiO2)x−1 + Si(OH)4+ OH−, (2)

where the second reaction only takes place if the pH is not
too high. Since the hydroxyl ion participates in the disso-
lution reaction, the dissolution rate is a strong function of
the OH− concentration. A slightly different mechanism was
p
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or each of these stages of the fracture process[1,3,6,15].

.1. The dissolution of silica

In the reaction-controlled regime, crack velocity is de
ined by the rates of chemisorption of reactive specie

he strained bonds at the crack tip and subsequent ru
f these bonds. This is a process that is clearly sensiti
nvironmental parameters. Consider for instance the ca
ubcritical fracture of amorphous silica under atmosph
onditions. Chemisorption of water molecules makes it
er to break the strained SiO bonds at the crack tip allowin
he crack to grow[3,16]. For subcritical crack growth in aqu

Fig. 1. Schematic graph of crack velocity vs. energy release rate
roposed more recently by Brady and Walther[14,20]. They
bserved that the dissolution rate of silica in alkaline envi
ents is proportional to the surface charge of the silica
escribed the dissolution process in terms of deproton
f the Si OH groups at the surface:

Si OH+OH− ↔ Si O− + H2O. (3)

eprotonation of the surface polarizes and weakens th
erlying Si O bonds thus promoting dissolution. Thus,
issolution of silica is of the first order relative to the c
entration of the deprotonated surface species, but no
ssarily with respect to the hydroxyl ion concentration
olution. For dissolution in alkaline environments, value
orted in the literature for the order relative to the aque
H− concentration vary from approximately 0.3 for qua

14] to 0.4–0.5 for amorphous silica[18]. This mechanism
rovides a simple explanation of the decreased depende

he dissolution rate at very high pH through saturation o
eprotonated surface[14]. Similar dissolution mechanism
ave also been presented for a number of other simple o
nd silicates[21]. Not much is known about the dissoluti
f organosilicate glass and how the terminal methyl gro

n the structure affect the dissolution kinetics.

.2. The reaction-controlled regime

During subcritical crack growth in a ceramic, adsorp
f water or other reactive species in the environment wea
onds near the crack tip that have already been stretch
result of the applied load. The combined action of app
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load and chemisorbed species causes these bonds to rupture at
a given rate. Several models have been developed to describe
this phenomenon[1–3,6,15,22]. The following analysis is
substantially based on the kink motion model by Lawn[15].
Consider crack propagation as a sequence of bond ruptures
according to the following general reaction

A + nX↔ A + nX∗ ↔ AX∗n ↔ B, (4)

where A represents an unbroken bond andX a reactive en-
vironmental species.X* is the chemisorbed reactive species,
AX∗n the activated complex, and B represents the reaction
products, i.e., the resulting broken bonds terminated in the
appropriate functional groups. The Gibbs free energy change
associated with Eq.(4) per unit of crack area can be calcu-
lated from the chemical potentialµ of reactants and reaction
products:

�F = (µB − µA − nµX)N = 2γ, (5)

whereN is the number of bonds per unit area andγ can be
regarded as the surface energy of the material in the presence
of the reactive species. Since energy is generally required to
create new surface area,γ is positive and the energy asso-
ciated with the reaction products is higher than that of the
reactants. This is shown schematically inFig. 2(a). Since the
reaction in Eq.(4) is reversible, one might expect crack heal-
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is a lattice vibration frequency. Imposition of the mechanical
energy release rate changes the energy barriers to bond rup-
ture and healing. As illustrated inFig. 2, the energy barriers
are now

� �G∗ = � �G∗0 −
βG

N
and

�← G∗ = �
←
G∗0 +

(1− β)G

N
, (7)

provided the imposed energy release rate is not too large.
Here,β is a constant reflecting the asymmetry of the energy
barrier. The net rate of bond rupture is then

ω = ω0

{
exp

(
−�
�G∗0 − βG/N

kT

)

− exp


−�

←
G∗0 + (1− β)G/N

kT






= ω0

[
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(
βG− γ

NkT

)
− exp

(
− (1− β)G− γ

NkT
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ng to occur in this situation[23,24]. If a load is applied, th
orresponding energy release rate,G, provides a driving forc
or the forward reaction in Eq.(4) to occur, while making th
everse reaction more difficult. The amount of mechan
nergy available per bond isG/N. Hence, whenG is equal to
γ, both reactions take place at the same rate and the cr
tationary (Fig. 2(b)); if G exceeds 2γ, the crack propagat
Fig. 2(c)).

If bond rupture is governed by Maxwell–Boltzmann sta
ics, the net rate at which bonds break is given by[15]

= ω0


exp

(
−�
�G∗0
kT

)
− exp


−�

←
G∗0
kT




 , (6)

here� �G∗0 and�
←
G∗0 are the activation energies for bo

reaking and healing as shown inFig. 2(a) andω0 ≈ kT/h

ig. 2. Schematic graphs of the energy barriers for bond rupture: (a)G = 0
rows.
f the energy barrier is symmetric, i.e.,β = 1/2, the following
imple relationship is found:

= 2ω0 exp

(
−�G

∗
a

kT

)
sinh

(
G− 2γ

2NkT

)
, (9)

here�G∗a = (� �G∗0 +�
←
G∗0)/2. The crack growth ratevcan

e found directly from Eq.(9):

= 2ω0b exp

(
−�G

∗
a

kT

)
sinh

(
G− 2γ

2NkT

)

= v0 sinh

(
G− 2γ

2NkT

)
, (10)

hereb is the bond length andv0 is a reference-velocit
q. (10) can be applied to stress-corrosion cracking in b
queous and ambient environments. Consider the ca

rack heals; (b)G = 2γ, there is no net crack growth; (c)G > 2γ, the crack
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stress-corrosion cracking of amorphous silica or organosil-
icate glass. In ambient environments, the reactive species
X in Eq. (4) can be identified with water, while in aqueous
environmentsX is identified with the hydroxyl ion. Note
that in this model the effect of the reactive species on
crack velocity enters through the expression for 2γ given
in Eq. (5), shifting the velocity curve to lower values of
G with increased concentration of active species.N is the
number of bonds per unit area. An alternate and more
phenomenological interpretation forN is that of the inverse
of an activation area for bond rupture.

2.3. The transport-controlled regime

When the driving force for crack growth increases,
transport of reactive species to the crack tip becomes the rate
limiting step. In this regime, crack growth rates are nearly in-
dependent of the energy release rate, but depend strongly on
environment. For subcritical crack growth in ambient envi-
ronments, transport of reactive species to the crack tip occurs
in the gas phase. If the crack opening exceeds the mean free
path of the gas molecules, flow of the ambient gas into the
crack can be characterized as fluid flow. As the crack tip is
approached, the crack opening decreases and the mean free
path length will become larger than the crack opening at some
d ore
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The situation in liquid environments is somewhat more
complicated and, as illustrated inFig. 3, several possible
transport mechanisms need to be considered. If the crack
velocity is sufficiently low for the liquid to keep up with the
crack, diffusion of the reactive species in the liquid may be
rate limiting. If the reactive speciesX is assumed to diffuse to
the crack tip through a stagnant boundary layer of thickness
δ, a simple one-dimensional analysis shows that the corre-
sponding crack velocity is given by

v2 = bDX

nNδ
([X]δ − [X]c), (12)

where [X]� and [X]c are the concentrations ofX in the bulk of
the liquid and at the crack tip, respectively. If diffusion ofX
is rate limiting,X chemisorbs as soon as it reaches the crack
tip and [X]c approaches zero. The salient feature of Eq.(12)
is then that the limiting crack velocity is linearly proportional
with the concentration ofX in the liquid. Note that depending
on the concentration ofX, it may be necessary to write Eq.
(12) in terms of the activity ofX in the liquid.

There is experimental evidence that flow of the liquid to
the crack tip can be rate limiting for cracks moving at high
velocities[6,25]. In the vicinity of the crack tip, the crack has
a parabolic profile described by[26]
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F nts: (a)
s diffusi
istance from the crack tip. At this point, gas molecules m
ften collide with the crack faces than with other molec
nd transport takes place through molecular flow[1,2]. Given

he mean free path for ambient air molecules and typical c
penings for brittle solids, the transition to molecular fl
ccurs at a distance of approximately 1 mm from the c

ip [2]. Consequently, one would expect the molecular ra
han the fluid flow regime to be rate limiting. In that case,
rack velocity is given by[1,2]:

1 = 64(1− ν2)GpX
3πnNE

√
2πmXkT ln(l/b)

, (11)

herepX is the partial pressure of the reactive specieX
n the environment,mX the molecular mass of the react
pecies,l the mean free path length, andn the number o
pecies adsorbed per bond.G the mode I energy release ra
andν are Young’s modulus and Poisson’s ratio of the so
the bond length. Eq.(11) describes the transport-limit

rack velocity quite well as evidenced by experimental re
eported in the literature[2,3,10].

ig. 3. Possible limiting transport mechanisms in aqueous environme
pecies may in the latter case still reach the crack tip through surface
= 2
πE

x. (13)

ere,x is the distance from the crack tip. If the crack mo
t a velocityv3, the total flow through a plane perpendicu

o the direction of propagation and at a distancex from the
rack trip is

= 2uv3 = 4v3

√
2G(1− ν2)

πE

√
x, (14)

hereF is defined as flow per unit width. For laminar flo
f a fluid with viscosityµ through a channel of width 2u, one
as

dp

dx
= 3Fµ

2u3 =
3πµv3E

8G(1− ν2)x
, (15)

aking into account Eqs.(13) and (14). Integrating Eq.(15)
rovides the following expression for the pressure at a

ancex of the crack tip

(x) = pa− 3πµv3E

8G(1− ν2)
ln
( c
x

)
, (16)

diffusion of active species in fluid; (b) cavitation of fluid near crack tip. The active
on along the crack faces.
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Fig. 4. Variation of cavitation bubble size and correction factorζ with the
dimensionless parameterγ f /2pac.

wherec is the crack length andpa the ambient fluid pressure.
The pressurep(x) in Eq.(16)has a lower limit determined by
cavitation of the fluid[25]. Assume a bubble with radius of
curvatureR forms at the crack tip as depicted inFig. 3. The
pressure in the fluid required to maintain the bubble is

p = −γf

R
, (17)

if the curvature of the bubble along the crack front is small and
the fluid vapor pressure inside the bubble is neglected. In this
expression,γ f is the surface tension of the fluid. Assuming
further that the bubble intersects the crack faces at right angles
at a distancex from the crack tip, the radius is found to be

R ≈ u

(
du

dx

)−1

= 2x. (18)

Eq. (18) is easily modified if the contact angle is different
from 90◦. Combining Eqs.(16)–(18)yields an expression
for the crack velocity in terms ofx

v3 = 8G(1− ν2)pa

3πµE ln(c/x)

(
1+ γf

2pac

( c
x

))
. (19)

This is the maximum velocity the crack can attain before
a bubble may form at the crack tip. This limiting velocity
depends onxand hence on the size of the bubble formed at the
c on
c

v

w di-
m
p the
c e

vary withγ f /2pac. If the wetting angle is different from 90◦,
the relevant dimensionless parameter is also a function of the
wetting angle, the elastic stiffness of the material, and the
applied energy release rate, but the results are qualitatively
very similar. It should be emphasized thatv3 is the minimum
velocity at which a stable bubble can form. If nucleation of
a bubble of sufficient size is difficult, larger velocities are
required. It should be noted that even if a bubble forms at the
crack tip as depicted inFig. 3, it may still be possible for the
reactive species to reach the crack tip by means of surface
diffusion or through formation of a precursor film for wetting
liquids [27]. If so, the velocity of the crack is determined by
a combination of fluid flow and surface diffusion.If the crack
faces are rough, flow into the crack is hindered and the crack
velocity at which fluid flow is rate limiting is reduced. It is
therefore desirable to determine the effect of roughness on
flow of the fluid to the crack tip. A simple model to account
for this effect is presented inAppendix A. According to this
model, Eq.(16)needs to be replaced by

p(x) = pa− 3πµv3E

8G(1− ν2)

∫ c

x

1

xρ(λ)
dx, (21)

whereρ(λ) is a correction factor that depends on the rough-
ness of the crack faces, the crack opening displacement, and
the amount of mode II versus mode I loading of the crack.
T
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c ses.
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rack tip. The minimum velocity for which bubble formati
an occur is found by minimizingv3 with respect tox:

3 = ζ
8G(1− ν2)pa

3πµE
, (20)

here ζ is a numerical constant that depends on the
ensionless parameterγ f /2pac. At velocities belowv3, the
ressure in the crack is not low enough anywhere in
rack to sustain a bubble.Fig. 4shows howζ and bubble siz
he exact definition ofρ(λ) can be found inAppendix A. In
eneral, the integral in Eq.(21)needs to be evaluated nume
ally. The effect of roughness is relatively small in most ca

. Experimental methods

Subcritical delamination experiments were conducte
lm stacks containing organosilicate coatings and t
ypes of capping layers. To this effect, (1 0 0)-Si substr
ere coated at 400◦C with 500 nm organosilicate (OSG
lms using an industrial plasma enhanced chemical
or deposition process (PECVD) with oxygen and 3,

etramethylcyclotetrasiloxane (TMCTS) as precursors.
SG films were capped with three different barrier lay
0 nm of SiNx, 30 nm of TaN, and 250 nm of SiO2. The SiNx
nd SiO2 coatings were deposited using PECVD proces
he precursors for the SiNx coatings were SiH4, N2 and NH3,
hile the precursor for the SiO2 coatings was tetraethoxy

ane (TEOS)[28]. The TaN coatings were deposited us
eactive sputtering from a Ta target. The precise film st
re summarized inTable 1.

able 1
ilm stack information

aterials system Film stack

SG/TaN 500 nm OSG/30 nm TaN/150 nm Cu
SG/SiNx 500 nm OSG/80 nm SiNx/40 nm Ti/400 nm Cu
SG/SiO2 500 nm OSG/250 nm SiO2/40 nm Ti/400 nm Cu
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Fig. 5. Schematic representation of the specimen configuration in the four-point bend test.

Subcritical delamination experiments were performed us-
ing the four-point bending technique. Test specimens were
prepared by bonding SiNx-coated Si wafers to the substrates
with the film stacks of interest using a spin-on epoxy (EPO-
TEK 353ND). The epoxy was cured at 90◦C for 60 min under
a pressure of 8 kPa. The epoxy thickness after the curing cy-
cle was approximately 5�m. In order to increase the distance
between the film stack and the epoxy, 40 nm of Ti and 400 nm
of Cu were sputter deposited onto the SiO2 and SiNx samples
prior to spin-coating the epoxy. The TaN samples were coated
with 150 nm of Cu. After bonding, the sandwiched structures
were diced into 60 mm× 6 mm specimens. Finally, a notch
was machined to within approximately 30�m of the interface
using a high-speed dicing saw. Small variations in the adhe-
sion or fracture toughness of coatings deposited at different
instants of time are quite common. In order to minimize these
changes, all specimens for a given set of experiments were
prepared at the same time and randomized with respect to the
experimental conditions.

Fig. 5 is a schematic representation of the specimen con-
figuration in the four-point bending test. As the specimen is
loaded in pure bending, a crack emanates from the notch and
propagates along the weakest interface in the film stack. The
energy release rateG at the crack tip can be expressed as
[29,30]

G

w o of
t er
a
t sults
i ase
a n,
t gth.
H e
r y the
f

v

w rate
i th.
E row
s su-

ally, only one crack grows while the other is stationary. Hence,
the crack growth rate in Eq.(23) represents the velocity of a
single crack.

Crack growth rates were measured as a function of ap-
plied energy release rate using a load relaxation technique
with constant displacements[32]. All measurements were
made using the following two-step method: first, samples are
preloaded in a shortened-Sconfiguration until delamination
occurs, whereSis the span between the two inner loading pins
(S= 12 mm). The plateau load at which the crack propagates
along the interface is used to determine the critical energy
release rate for delamination. Next, the samples are unloaded
and the spacing between the inner loading pins is increased to
36 mm. After reloading the samples to a predetermined load,
the displacement is held constant and the load is recorded as
the crack continues to grow. Eqs.(22) and (23)are used to
derive crack velocity as a function of applied energy release
rate. All measurements were conducted using a custom-built,
high-stiffness, low-drift, four-point bending test system with
in situ environmental cell. A load cell of the metal-foil type
and with a resolution of 10 mN (Sensotec 31) was selected
to minimize drift effects. Throughout all loading steps, the
displacement rate was held constant at 0.5�m/s. All exper-
iments were conducted at 26◦C and the total temperature
drift was less than 1◦C over a period of 24 h. To minimize
t test
a

que-
o
a tive
h es it
p of a
g s is
a pre-
p pH
v sed
t ll
p
f rode
w ided
b
u

are-
f pec-
t film
= 21P2l2(1− ν2)

16Eb2h3 , (22)

hereE andν are the elastic modulus and Poisson’s rati
he Si substrate,P is the load,l the distance between the inn
nd outer loading pins,b the width of the specimen, andh

he substrate thickness. This specimen configuration re
n mixed-mode loading with a macroscopic loading ph
ngle of approximately 41◦ [31]. During crack propagatio

he compliance of the beam is a function of the crack len
ence, the crack growth ratev can be evaluated from th

ate of change of the sample compliance and is given b
ollowing equation[32]

= 8Ebh3

21(1− ν2)l2
d

dt

(
H

P

)
, (23)

hereH is the deflection of the beam. The crack growth
n Eq. (23) is the rate of change of the total crack leng
xperimentally, it is observed that the crack does not g
ymmetrically with respect to the center of the sample. U
he effect of vibrations on the measurements, the entire
ssembly was placed on a vibration isolation table.

The environmental cell can run in both ambient and a
us modes. In the ambient mode, the cell provides a N2 or
N2/O2 atmosphere with precise control over the rela

umidity in the chamber, while the aqueous mode mak
ossible to perform measurements in buffer solutions
iven pH. The accuracy of the relative humidity value
pproximately 2%. In this study, aqueous solutions were
ared from HCl, KCl, and KOH solutions. The desired
alues were obtained by titration. The KCl solution was u
o maintain a constant Cl− concentration of 0.122 M. A
H values were measured using a FUTURATM pH electrode

rom BECKMAN. Before each measurement, the elect
as calibrated using standard pH buffer solutions prov
y VWR. The measured pH values are accurate to±0.1 pH
nit.

After delamination, the fractured specimens were c
ully opened and analyzed using X-ray photoelectron s
roscopy (XPS) to determine the crack path in the thin
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stacks. All measurements were made with Al K� radiation
using a Surface Science XPS system, model SSX-100. Infor-
mation thus obtained comes from the first 20Å of material
in the sample. Composition depth profiles were obtained by
making XPS measurements after eroding the surface of the
samples with a 4 keV Ar+ ion beam at an incident angle of
45◦.

In order to determine the morphology and roughness of
the crack faces, fractured surfaces were also investigated with
atomic force microscopy (AFM) using a Dimension 3100
Scanning Probe Microscope from Veeco equipped with a tap-
ping mode tip from Pacific Nanotechnology. AFM images for
the OSG/SiNx, OSG/SiO2, and OSG/TaN materials systems
were obtained by scanning several 1000 nm× 1000 nm ar-
eas in the immediate vicinity of the crack tip. Both fracture
surfaces obtained in air and in aqueous environment were
examined.

In addition to the subcritical delamination experiments in
various ambient and aqueous environments, the dissolution
rate of OSG films was measured as a function of pH. Ex-
periments were conducted over a pH range from 6 to 13.
Aqueous solutions with a Cl− concentration of 0.12 M were
prepared from HCl, KCl, and KOH solutions. The pH of the
solutions was measured using a FUTURATM pH electrode.
For each pH value, two Si substrates with 0.5�m OSG coat-
i ly the
O a in
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i 3.8
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t with
a -
i n of
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d tion
c

4. Results

Fig. 6summarizes the results from the dissolution study in
a plot of dissolution rate as a function of pH. For comparison,
the dissolution rates of amorphous silica as reported in the lit-
erature is also shown. Dissolution rates were determined from
linear least squares fits to the OSG film thickness as a function
of time. In some dissolution studies of amorphous silica, two
reaction regimes are observed[18]. Initially, there is a regime
during which the amount of Si in solution increases parabol-
ically. This regime is followed by a linear regime, where the
Si concentration increases linearly with time. The parabolic
regime has been attributed to the presence of flaws in the sur-
face of the silica or to diffusion of water into the silica and
release of weakly bonded silica tetrahedra[18]. In the present
experiments, only a linear dissolution regime was observed.
While one might expect OSG and amorphous silica to have
similar chemical properties, the absence of a parabolic regime
is not entirely surprising given that the dissolution rate in
this study was determined from the change in film thickness,
rather than from the composition of the solvent. As illustrated
in Fig. 6, the logarithm of the dissolution rate changes lin-
early with pH in a range of 6–13 and the slope is 0.53± 0.04.
Consequently, the dissolution of OSG follows a power law
in the OH− concentration with exponent 0.53± 0.04.
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ngs were enclosed in a sealed Teflon frame so that on
SG films were exposed to the solution. The total are
ontact with the buffer solution was 20.25 cm2 for each spec

men. The frames with the OSG films were placed in
103 cm3 of buffer solution in sealed polyethylene re

ion vessels. The vessels were placed in a water bath
constant temperature of 22.0± 0.1◦C. There was no ag

tation during the dissolution experiments. The duratio
he dissolution experiments was 270 h. To determine the
ate, film thickness measurements were made at regula
ntervals using a V-VASE Spectroscopic Ellipsometer fr
.A. Woollam Co., Inc. Each time, thickness measurem
ere made at three predefined locations on the samples.

he OSG films are amorphous, dissolution of the films
eeds in a uniform fashion. Thus, thickness changes pr
good indication of the total amount of material disso

nd there is no need to track the composition of the b
olutions. After each experiment, the pH of the solution
easured. In all cases, only a small change in pH was det

ver a 270 h period. For the near-neutral solutions the ch
as less than one pH unit, while for the alkaline solut

he change was as small as 0.2 pH units. The total am
f Si dissolved in the most alkaline solution correspond
Si concentration in the buffer solution of approxima

.1 ppm. This is an insignificant fraction of the satura
oncentration of amorphous silica. While it is not kno
ow the organic groups in the OSG films affect its solubi

he OSG film thickness decreased linearly in time indi
ng that no significant back reaction occurred and tha
issolution experiments were conducted far from satura
onditions.
Fig. 7(a) shows typical XPS spectra for an OSG/TaN s
le delaminated in air at a relative humidity of 50%. On

he fracture surfaces consists of OSG as indicated by the
nce of Si, C, and O signals, but the character of the
urface is not as clear. After 60 s of Ar+ sputtering, howeve
eaks for Ta and N become evident. Delamination there
ccurs within the OSG layer, parallel to the TaN/OSG

erface. The thickness of the OSG remaining on the
ide is estimated from the time required to remove i

ig. 6. Dissolution rate of OSG and amorphous silica as a function o
ata for amorphous silica is from Wirth and Gieskes[34].
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Fig. 7. (a) Typical XPS spectra for an OSG/TaN sample delaminated (a) in
air at a relative humidity of 50% and (b) in water at pH 7.

sputtering to be approximately 5 nm. XPS spectra for an
OSG/TaN sample delaminated in an aqueous environment
with pH 7 are depicted inFig. 7(b). Unlike for specimens
delaminated in air, the crack faces on the TaN side of these
samples show signals for Ta and N, without ion sputtering.
Since the escape depth of photoelectrons is approximately
2 nm, one can expect the thickness of the residual OSG layer
on the TaN surface to be less than 2 nm.Fig. 8shows an AFM
image of a crack face on the TaN side for a specimen delami-
nated in a pH 13 buffer solution. This image clearly illustrates
that that crack face is quite smooth with an RMS roughness on
the order of 0.98 nm. This observation supports a mechanism
where the crack propagates very near the OSG/TaN interface
allowing some photoelectrons originating in the TaN to es-
cape and occasionally exposing the underlying TaN. It may
be somewhat surprising that a crack would propagate within
the OSG layer rather than at the interface for a specimen sub-
jected to mixed-mode loading. Because the OSG film is much
more compliant than the Si substrate, an elasticity analysis
[31] shows that the crack will be trapped within the compli-
ant layer even for mixed-mode loading. Since the mode II
loading component is significant, the crack will not propa-
gate in the center of the film, but close to the interface. The

Fig. 8. AFM image of a crack face on the TaN side for a specimen delami-
nated in a pH 13 buffer solution.

surface topography of the crack faces as shown inFig. 8has
a characteristic wavelength of about 30–40 nm. The precise
origin of this pattern is not known, but may be related to inho-
mogeneity in the OSG at this length scale. Célaríe et al.[33]
recently reported the formation of cavities ahead of a crack
tip in glass subjected to stress-corrosion. The length scale of
these voids is similar to the roughness observed in the OSG
experiments in this study. Finally, it should be pointed out that
some OSG may dissolve in the buffer solution during the de-
lamination experiments reducing the amount of OSG on the
TaN. Results of the dissolution rate experiments, however,
lead to the conclusion that on the time scale of the delami-
nation experiments, dissolution plays a role only in the most
alkaline solution.

Fig. 9(a) and (b) depict XPS spectra for OSG/SiNx sam-
ples delaminated in air with a relative humidity of 50% and in
a buffer solution with pH 7, respectively. The XPS spectra for
both crack faces are similar and are distinguished mainly by
the N(1s) signal at 397.3 eV on the SiNx side. The spectra for
delamination in ambient or aqueous conditions are compa-
rable and indicate that delamination occurred at or very near
the OSG/SiNx interface in both cases. Since the N(1s) sig-
nal for the specimen delaminated under ambient conditions
is relatively weak compared to that delaminated in aqueous
environment and given the presence of the C and O peaks,
m er
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w and
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ore OSG remains on the SiNx side after delamination und
mbient than under aqueous conditions. AFM images s

hat the crack faces are quite smooth with an RMS rough
f approximately 1 nm and with no significant difference

ween the aqueous and ambient specimens. Based on th
nd AFM results, one can conclude that the crack propa
ithin the OSG only a short distance from the interface
ccasionally exposing SiNx.

The interpretation of the XPS spectra for the OSG/S2
ample shown inFig. 10is not as straightforward. Analys
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Fig. 9. Typical XPS spectra for OSG/SiNx samples delaminated (a) in air
with a relative humidity of 50% and (b) in an aqueous buffer solution of pH
7.

of both fracture surfaces results in very similar spectra, even
after 60 s of Ar+ sputtering to remove any adsorbed hydro-
carbons. Since TEOS-based SiO2 contains a certain amount
of carbon, it was necessary to perform an XPS analysis of
blanket films of SiO2 and OSG in order to identify the crack

Fig. 10. Typical XPS spectra for an OSG/SiO2 sample delaminated in air
with a relative humidity of 50%.

Table 2
Composition of the crack faces of an OSG/SiO2 sample and blanket TEOS
PECVD SiO2 and OSG films, before and after Ar sputtering (sputtering was
performed for 60 s with an energy of 4 keV)

Surfaces O (at.%) C (at.%) Si (at.%)

SiO2 side 53 16 31
SiO2 side (after sputtering) 54 10 36
Blanket SiO2 54 15 31
Blanket SiO2 (after sputtering) 55 9 36
OSG side 43 31 26
OSG side (after sputtering) 44 19 37
Blanket OSG 47 29 24
Blanket OSG (after sputtering) 42 20 38

path. A comparison of the composition of the fracture sur-
faces before and after Ar+ sputtering (seeTable 2) clearly
indicates that one surface consists of OSG, while the other
of TEOS-based SiO2. Hence, delamination for this materials
system takes place at the OSG/SiO2 interface. AFM scans
show again very smooth crack faces with an RMS roughness
of less than 1 nm for both aqueous and ambient specimens.

Fig. 11shows subcritical crack growth data for the three
materials systems in an ambient environment with controlled
relative humidity. For the purpose of clarity, only one rep-
resentative curve for each humidity condition is shown, al-
though at least four specimens were tested for each value
of relative humidity. The curves inFig. 11 are all similar
indicating that subcritical delamination in these systems is
controlled by the same mechanism. With increasing relative
humidity, the stress-corrosion thresholds shift to lower values
of the energy release rate.Fig. 12shows the threshold energy
release rate as a function of the natural logarithm of the water
partial pressure in the environment. The reproducibility of the
measurements is quite good as witnessed by the error bars in
the figure, which correspond to one standard deviation of the
measurement population at a given relative humidity level.
The figure illustrates clearly that there is a linear relationship
between threshold energy release rate and the logarithm of
the pressure.
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Fig. 13 shows subcritical crack growth curves for
SG/SiO2 system in various pH buffer solutions and co
ares them to data obtained in ambient environments
ifferent levels of relative humidity. For a given crack vel

ty, there is a clear progression towards lower energy re
ates as the relative humidity in the air increases, or as th
ncreases for the aqueous environments, with energy re
ates approximately the same for very humid environm
r acidic solutions. At a given energy release rate, the c
elocity can differ by many orders of magnitude depend
n the pH of the buffer solution. Representative subcri
rack growth curves for both the OSG/TaN and OSG/Sx
ystem are shown inFig. 14(a) and (b). The specimens us
o obtain these results were fabricated at a different time
hose used for the ambient measurements. Since ther
mall shift in fracture toughness for these specimens
esults from these specimens cannot be directly comp
ith the ambient measurements. The results inFig. 14show
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Fig. 11. Representative subcritical crack growth curves in ambient environment for (a) the OSG/TaN system, (b) the OSG/SiNx system, and (c) the OSG/SiO2

system. Solid symbols represent experimental measurements; curves are fits to the experimental results using Eq.(10).

that pH has a significant effect on the crack growth rate in
the films. The pH of the aqueous solution also changes the
threshold energy release rate for both systems. The threshold
energy release rate is plotted as a function of pH for the three
materials systems inFig. 15. Again, a linear relationship is
obtained with a slope that is approximately the same for all
three materials systems.

5. Discussion

5.1. OSG dissolution results

Fig. 6shows the OSG dissolution rate constant as a func-
tion of pH and compares it to the dissolution rate of amor-

phous silica. In both cases, the dissolution rate increases dra-
matically with increasing pH. This observation is consistent
with results obtained for a wide range of silica-containing
minerals[14,18,20]. Brady and Walther[14] have developed
a model for the dissolution of silicates in which the disso-
lution rate has a first order dependence on the concentration
of a reactive species on the surface of the silicate, i.e., the
deprotonated SiOH surface groups in this case. This model
yields a similar pH dependence for all silica-containing min-
erals in alkaline environments: ifk represents the dissolution
rate constant, then∂ logk/∂pH takes on values around 0.3.
The dissolution rate data for amorphous silica shown inFig. 6
yield a∂ logk/∂pH of approximately 0.39, while results from
a study by Mazer and Walther[18] suggest a value of 0.4–0.5,
where the higher value applies to the linear reaction regime.
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Fig. 12. Threshold energy release rate vs. partial pressure of the water vapor
for delamination in ambient environments. The water partial pressure is given
in Pa.

The value obtained for OSG is 0.53± 0.04, in good agree-
ment with the results for amorphous silica. This observation
implies that the dissolution mechanisms for amorphous sil-
ica and OSG are similar and suggests that the appropriate
value forn in Eqs.(4) and (5)is 0.53± 0.04, when applied
to OSG in alkaline environments. The dissolution of OSG
is significantly slower than that of amorphous silica. This is
somewhat surprising since OSG has a more open structure
than amorphous silica and dissolution of OSG requires fewer
Si O bonds to be severed. Indeed, Rutherford back scatter-
ing (RBS) measurements performed on the OSG films[35]
show that on average each Si atom is bonded to a methyl
group and three oxygen atoms. The terminal methyl groups

F
a erent
l sure-
m

Fig. 14. Representative subcritical crack growth curves in aqueous envi-
ronment for: (a) the OSG/TaN system and (b) the OSG/SiNx system. Solid
symbols represent experimental measurements; curves are fits to the exper-
imental results using Eq.(10).

in the OSG structure apparently provide enough steric hinder
to compensate for this reduced number of bonds. Note that
the OSG composition as listed inTable 2does not necessar-
ily give the correct ratios of C to O in the OSG films since
differential sputtering of C and O atoms may skew the results.

5.2. Effect of water vapor on subcritical fracture of OSG

The XPS results combined with the AFM images indi-
cate that upon delamination in ambient environments, the
crack propagates within the OSG film for the OSG/TaN and
OSG/SiNx samples and at the interface for the OSG/SiO2
samples. In either case, delamination requires severing of
ig. 13. Representative crack growth curves for the OSG/SiO2 system in
queous solutions of various pH and in ambient environments with diff

evels of relative humidity. Solid symbols represent experimental mea
ents; solid lines are curve fits.
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Fig. 15. Threshold energy release rate as a function of pH for delamination
in aqueous environments.

Si O bonds. It is then no surprise that the crack growth re-
sults depicted inFig. 11 are similar for all three materials
systems: crack velocity increases exponentially with applied
driving force and increases with increasing water vapor pres-
sure. These results are qualitatively similar to those obtained
by Wiederhorn for bulk soda-lime glass[3] and by Lane et al.
for thermally grown SiO2 coatings[9], although the tough-
ness of the OSG coatings is significantly lower than that of
either material. This is a direct consequence of the termi-
nal methyl groups in the OSG structure, which result in a
significant reduction in the density of the material and pos-
sibly in a lower bond strength as well. The crack velocities
in Fig. 11are well represented by Eq.(10) over four orders
of magnitudes of the velocity. This indicates that the crack
is in the reaction-controlled regime. If one assumes that one
water molecule reacts with one SiO bond, Eq.(11)predicts
that transport of water molecules to the crack tip becomes
rate limiting at crack velocities in the 10−4 to 10−3 m/s range
depending on the water partial pressure. The experimental
velocities inFig. 11 are well below this range, confirming
that crack propagation is limited by reaction kinetics. In the
reaction-controlled regime, the slope of the velocity data in
a logarithmic plot is inversely proportional to the bond den-
sityN. As shown inTable 3, all three materials systems yield
similar bond densities with an average value of (8.6± 2.3)
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× 1018 m−2. This bond density is close to the value of 8.4×
1018 m−2 one would expect based on the RBS measurements
[35] and a density of 1.47 g/cm3 for the OSG films. Values of
N reported by Lane et al. for the cohesive failure of thermally
grown SiO2 coatings[9,10]are almost an order of magnitude
higher.

The results for the OSG/SiO2 samples inFig. 13 show
that at high relative humidity, the crack velocity in ambient
environments is similar to that in buffer solutions with low
pH. Under these humidity conditions, one needs to consider
the possibility that water condenses at the crack tip to form a
small pocket of water[3]. The curvature of the water meniscus
is governed by the Kelvin equation[36]. If the curvature in
the plane of the crack is negligible, the radius of curvature of
the meniscus,ρ, is determined by

ln

(
p

p0

)
= ΓV

ρRT
, (24)

wherep is the vapor pressure over a surface with radius of
curvatureρ, p0 the vapor pressure over a flat surface,Γ the
surface tension of water, andV is the molar volume. Accord-
ing to Eq.(24), the radius of curvature required for a relative
humidity below 75% is smaller than 2 nm. Considering that
the contact angle between water and OSG is approximately
75◦, it is straightforward to show that the corresponding vol-
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ond densities for each of the materials systems for fracture in both aq
nd ambient conditions

aterials system Ambient
environment (m−2)

Aqueous
environment (m−2)

SG/TaN 8.13× 1018 7.19× 1018

SG/SiNx 8.79× 1018 10.3× 1018

SG/SiO2 8.87× 1018 6.72× 1018
me is too small to contain a significant number of w
olecules and one would not expect any liquid water a

rack tip. If the relative humidity approaches 100%, howe
ormation of a pocket of water at the crack tip is certainly p
ible and the smooth transition between ambient and aq
esults inFig. 13is not surprising.Fig. 12shows a linear re
ationship between the threshold energy release rate an
atural logarithm of the water partial pressure in the e
onment for the three materials systems. This behavio
een reported previously by Lane et al.[9] for subcritica

racture of amorphous silica coatings. The linear relation
an be rationalized based on Eq.(5) if the reactive speciesX

s identified with water:

γ = N(µB − µA − nµX)

= N(2µSi OH− µSi O Si− nµH2O)

= N(�µ− nkT lnpH2O). (25)

Here, the equation for the chemical potential of an i
as was used to obtain an expression in terms of the
artial pressure. Eq.(25)indeed predicts a linear relationsh
etween threshold and logarithm of the water partial pres
ote that it is appropriate to include the data obtained at 1

elative humidity inFig. 12, since the droplet that forms
he crack tip for these experiments is in equilibrium with
ater vapor in the ambient, i.e., the chemical potentia

he water molecules in both phases is identical. The s
f the graphs inFig. 12 are nearly identical for the thre
aterials systems and can be related to the number of
oleculesn involved in breaking a SiO bond through Eq

25). The experimental data inFig. 12yield a value forn of
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approximately 10. This number is very close to that reported
by Lane et al.[9] for amorphous silica films, but much higher
than that reported by Wiederhorn[3] for bulk soda-lime glass.
It is unlikely that 10 water molecules would be involved in
the reaction. The high value ofn was attributed by Lane et
al. [9] to plastic deformation in their specimens. However,
OSG/SiNx specimens in which the thickness of the Cu layer
was systematically varied from 0.1 to 2�m, did not show any
significant change in fracture toughness with increasing Cu
thickness[35]. This observation combined with the fact that
the slope is independent of the film stack, implies that plastic
dissipation in the Cu layer does not contribute significantly to
the measured energy release rates. Energy dissipation in the
OSG layer as suggested by Célaríe et al.[33] cannot be ruled
out, but it is not clear if the effect would be large enough.
Even though the linear behavior of the threshold values is
consistent with the stress-corrosion model, the origin of the
large slope is presently not well understood.

5.3. Effect of pH on subcritical fracture of OSG

In the reaction-controlled regime, the velocity of a crack
propagating in an aqueous solution is given in Eq.(10). This
equation indeed provides a good description of the experi-
mental data inFigs. 13 and 14over several orders of mag-
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in an aqueous environment. The order of the reactionncan be
obtained from the slope of the lines inFig. 15through use of
Eq. (26). The value thus obtained is independent of the ma-
terials system and is equal to 0.56± 0.07. This result agrees
with the fractional order of 0.53± 0.04 observed in the dis-
solution experiments and suggests that both dissolution and
subcritical crack growth are controlled by the same mecha-
nism, i.e. a weakening of the SiO bonds by chemisorption
of OH− groups or deprotonation of SiOH surface groups. It
should be noted that this model is also consistent with recent
observations by Ćelaríe et al.[33] of the formation of cavities
ahead of the crack tip in aluminosilicate glass. It is known
from dissolution studies of silica glass[18] that active species
can diffuse into the glass and break SiO bonds in regions
where the silica tetrahedra are weakly bonded due to atomic
density fluctuations that occur naturally in amorphous silica.
One could expect a similar mechanism to take place in OSG
films as well.

Figs. 13 and 14show that some of the crack velocity curves
level off for velocities in the range of 10−6 to 10−5 m/s. The
effect is most pronounced at high values of pH and only oc-
curs for measurements in aqueous environment; it is absent in
the ambient measurements. This is an indication that cracks
in specimens tested at high pH have entered a regime where
crack propagation is controlled by transport of hydroxyl ions
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he values ofN corresponding to the slopes of the veloc
urves are similar for the three materials systems with a
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Fig. 15depicts a graph of the threshold energy release
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s illustrated in the figure, the threshold decreases line
ith increasing pH for the three systems. The linear beha
an again be explained by invoking Eq.(5), where the reactiv
peciesX is now identified with the hydroxyl ion:
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ince at room temperature

n aOH− = ln 10(pH− 14) (27)
o the crack tip. Eq.(20)predicts that the crack velocity abo
hich flow of the aqueous solution into the crack tip beco
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he maximum velocity for which crack growth data were
ained. Moreover, the AFM results show that the crack f
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n the maximum velocity as a result of crack face roughne
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Finally, one should also consider the possibility that the
t the crack tip changes as the velocity increases. A dec

n pH at the crack tip reduces the crack velocity for a g
riving force. This mechanism was first used by Wiederh
nd Johnson[5] to explain some of their experimental resu
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tip pH for silica glass is controlled by the composition of the
aqueous solution for velocities up to at least 10−4 m/s[5]. The
OSG dissolution results obtained in this study demonstrate
that the dissolution rate of OSG films is even slower than that
of silica glass. Hence, significant changes of the pH at the
crack tip due to dissolution of OSG are not likely to occur
even at the highest crack velocities observed in this study.

6. Conclusions

Organosilicate glass is susceptible to subcritical crack
growth due to the SiO bonds in its structure. A dissolu-
tion study has demonstrated that OSG coatings dissolve in
aqueous environments at a lower rate than silica glass and
that the order of the dissolution reaction is similar to that ob-
served for other silicates. Subcritical crack growth measure-
ments have been performed on three materials systems, i.e.,
OSG/TaN, OSG/SiNx, and OSG/SiO2. Crack growth occurs
within the OSG coating for the OSG/TaN and OSG/SiNx sys-
tems, but at the interface for the OSG/SiO2 system. The crack
faces are quite smooth in all cases. Measurements in ambient
environments are similar to previously published results for
thermally grown SiO2 coatings, although the toughness of
OSG coatings is significantly lower than that of SiO2 coat-
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Appendix A. Roughness model

When crack propagation is limited by fluid flow, one would
expect the roughness of the crack faces to affect the velocity
of the crack. In this appendix, we present a simple model
to estimate the magnitude of this effect. Consider a Carte-
sian coordinate system with thex-axis perpendicular to the
crack front,y-axis parallel to the crack front, andz-axis per-
pendicular to the crack face. Assume that the average crack
opening at some distanceX from the crack tip is given byδ,
while the relative displacement of the two crack faces with
respect to each other due to the mode II loading component
is represented byε. Assume further that the crack face is well
described by a sinusoidal function of amplitudeA, whereA
is a measure of the roughness of the crack. The width of the
channel available for fluid flow is then

h(x, y)=δ+ A sin
(

2π
y

l

)[
sin

(
2π

x+ ε

l

)
− sin

(
2π

x

l

)]
,

(A.1)

where l is the characteristic wavelength of the roughness.
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ngs. The presence of water vapor in the ambient result
ignificant increase in crack velocity for a given energy
ease rate. The threshold energy release rate changes li
ith the logarithm of the water vapor pressure as predicte

he model, while the slopes of the velocity curves yield b
ensities which are in line with expectations for OSG. S
ritical measurements in aqueous environments demon
hat crack velocities increase with increasing concentr
f hydroxyl ions, in agreement with the results of the diss

ion study. Threshold energy release rates vary linearly
H and suggest that both dissolution and subcritical c
rowth are controlled by similar mechanisms. The bond
ities obtained from the aqueous measurements are in
greement with those obtained in the ambient measurem
t high driving forces, the crack velocity is limited by diff
ion of hydroxyl ions to the crack tip.
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p = 12Fµ

l∫
0

dx

(δ+ A sin(2π(y/l))[sin(2π(x+ ε)/l)− sin(
y

.

or a crack loaded in mode I,ε is zero and the width o
he channel remains constant since the topography of
rack faces is identical. This is of course only true if pla
eformation at the crack tip is negligible. If the loading
mode II component, the channel width varies in box

ndy-directions. Since the Reynolds number for this sys
pproaches zero, fluid flow through the channel is lam
nd it follows that

dp

dx
= 12Fµ

h3 , (A.2)

herep is the pressure,µ the viscosity of the fluid, andF the
ow through the channel per unit width in they-direction.
ote that implicit to Eq.(A.2) is the assumption that th
ow pattern is one-dimensional, i.e., flow occurs in thx-
irection only. As a result,F is independent ofx, but is a

unction ofy since the width of the channel is modulated
his direction. The crack opening displacementδ generally
aries very little over one wavelength of the roughness
an therefore be regarded as constant at this length
ntegrating Eq.(A.2) over one wavelength in thex-direction
rovides the corresponding pressure drop

l))])3 =
12Flµ

2πδ3

2π∫
0

dt

(1+ η[sin(t + ϕ)− sin(t)])3 , (A.3)

fter substitutingt = 2πx/l, ϕ = 2πε/l, and

= A

δ
sin
(

2π
y

l

)
. (A.4)
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After some manipulations, the integral in Eq.(A.3) can be
readily calculated to yield

�p = 12Flµ

δ3

1+ η2(1− cosϕ)

(1− 2η2(1− cosϕ))5/2
. (A.5)

The flow per unit width averaged in they-direction is

F̄ = 1

l

l∫
0

F dy = �pδ3

12µl2

l∫
0

(1− 2η2(1− cosϕ))
5/2

1+ η2(1− cosϕ)
dy

= �pδ3

24πµl

2π∫
0

(1− 2λ sin2 ζ)
5/2

1+ λ sin2 ζ
dζ = �pδ3

12µl
ρ(λ), (A.6)

where

λ =
(

1− cos
2πε

l

)(
A

δ

)2

(A.7)

and

ρ(λ) = 1

2π

2π∫
0

(1− 2λ sin2 ζ)
5/2

1+ λ sin2 ζ
dζ. (A.8)

Rewriting Eq.(A.6) as follows:

a -
r f the
c
i ene-
t , but
d el.
H ro
w el,
fl this
c ever,
t rack
t
o for
p h in-
c

a and
s ith
r
A d
t rack
i ooth
c

r

Fig. A.1. Correction factorρ(λ) as a function of the roughness parameterλ.

Integration of this equation results in

p(x) = pa− 3πµv3E

8G(1− ν2)

∫ c

x

1

xρ(λ)
dx, (A.11)

which is identical to Eq.(21). The integral in Eq.(A.11)
needs to be evaluated numerically. Near the crack tip,λ can
be expanded in a Taylor series:

λ ≈ 2π2
(
A

l

)2(ε
δ

)2 = 2π2
(
A

l

)2

tan2ψ, (A.12)

whereψ is the loading phase angle. Since the effect of rough-
ness is most pronounced near the crack tip where the channel
is narrow, this equation shows that the relative amplitude of
the roughness and the mode mix are the most relevant param-
eters affecting the flow. For the samples in this investigation,
the effect of roughness on crack velocity is small. According
to Eq.(A.11), the limiting velocity would be reduced by only
a few percent due to the roughness of the crack faces. If the
amplitude of the roughness was on the order of 10 nm in-
stead of 1 nm, however, the crack velocity would be reduced
by a factor of two or three. Note that if the roughness of the
crack faces is due to void formation and plastic deformation
as suggested by Célaríe et al.[33], the profile assumed in Eq.
(A.1) does not apply, although one would again expect the
c

R

548.
973)
�p

l
= 1

ρ(λ)

12F̄µ

δ3 , (A.9)

nd comparing with Eq.(A.2) shows thatρ(λ) is a simple cor
ection factor that captures the effect of the roughness o
rack faces. Note that Eq.(A.8) requires that 2λ sin2 ζ ≤ 1,
.e., asperities from both crack faces should not interp
rate. In actual reality, asperities do not interpenetrate
eform elastically or plastically pinching off the chann
ence, the integrand in Eq.(A.8) can be taken equal to ze
henever 2λ sin2 ζ > 1. In a simple one-dimensional mod
uid flow to the crack tip would be stopped completely in
ase; in the two-dimensional model discussed here, how
here are channels available for the fluid to reach the c
ip. Fig. A.1 shows the correction factorρ(λ) as a function
f λ. As expected, the correction factor is equal to one
erfectly smooth crack faces and decreases slowly wit
reasing roughness.

Sincel is often small compared to the crack length –l is
pproximately 30–40 nm in the present study, the left h
ide of Eq.(A.9) is in effect the derivative of the pressure w
espect tox. Note the similarity between Eqs.(A.2) and (A.9).
s long as the correction factorρ(λ) is taken into account an

he average channel width is used, flow through a rough c
s described by exactly the same equation as flow in a sm
hannel.

Using Eq.(A.9) instead of Eq.(A.2), Eq. (15) can be
ewritten as

dp

dx
= 1

ρ(λ)

3Fµ

2u3 =
3πµv3E

8G(1− ν2)

1

xρ(λ)
. (A.10)
orrection factor to be relatively small.
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