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Abstract

The integration of nanoporous organosilicate thin films involving chemical mechanical planarization (CMP) is a significant challenge
due the evolution of defects in the films during CMP in the form of cracking and delamination. This study shows that small changes in
CMP electrolyte chemistry and surfactant additions can have dramatic effects on crack growth rates in the films. Crack growth rates were
sensitive to the type of electrolyte and decreased in the presence of electrolytes that caused crack tip blunting. Growth rates were also
sensitive to nonionic surfactant additions where molecular structure and weight were demonstrated to be important variables. An opti-
mized blend of surfactants and electrolytes can significantly retard defect evolution due to molecular bridging. Surfactant self-assembly
and resulting molecular bridging were characterized by in situ atomic force microscopy and used to quantify the molecular bridging

observed.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Processing of thin-film device structures for emerging
technologies often involves exposing the structures to moist
or chemically active aqueous process environments. The
most prominent examples are chemical mechanical planari-
zation (CMP) and post-CMP cleaning, which have become
ubiquitous in the processing of Cu interconnects in micro-
electronic devices [1]. CMP is designed for precise material
removal with extremely high planarity through the
mechanically abrasive action of a rotating polishing pad
in the presence of slurries containing abrasive particles.
This exposes the device structure to normal and shear stres-
ses in the presence of the chemically active aqueous slurry.

* Corresponding author. Tel.: +1 650 725 0679; fax: +1 650 725 4034.
E-mail address: dauskardt@stanford.edu (R.H. Dauskardt).

The nanoporous organosilicate films used as interlayer
dielectrics in interconnect structures are mechanically frag-
ile and susceptible to moisture-assisted cracking, and this
leads to damage in the form of fracture and delamination
during CMP that has significantly limited the use of these
films [2-5]. Similar challenges exist for other emerging
applications of nanoporous films including those used for
size-selective membranes [6], biosensors [7], optical wave-
guides [8,9] and photovoltaic cells [10].

Damage evolution during CMP involves the synergistic
effects of both process stress and chemistry, although dam-
age has mostly been attributed to the effects of CMP stress
[11-13]. Stresses arise not only from the abrasive contact
with the rotating CMP pad but also from the inherent film
stresses that arise from thermal expansion mismatch and
film growth processes. While the effects of stress on fracture
processes are well understood, it is not always appreciated
that the chemistry of the process or service environments
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can greatly affect crack growth in thin-film structures. Even
small changes in CMP slurry or post-CMP cleaning solu-
tion chemistry are known to have dramatic effects on
resulting damage [2-4,14,15].

Itis well known that increasing humidity or aqueous solu-
tion pH greatly accelerates crack growth rates in bulk glasses
[16-19] and in organosilicate thin films [2-4,20,21]. In the
case of nanoporous glass films, the effects of environment
on fracture can be even more complex since diffusion of the
environmental species into the nanopores, which is strongly
dependent on pH and the presence of organic buffering
agents, can lead to a change in the film stress and then even
greater effects on cracking [4,22]. Such complex interactions
involving solution chemistry and pH have immediate impli-
cations for the evolution of CMP damage in nanoporous
films when exposed to chemically active slurries. However,
given the fragile nature of nanoporous films and their suscep-
tibility to chemically accelerated cracking, it is remarkable
that the effects of other essential components of CMP slurries
such as alkali metal ions and surfactants have never been
studied.

Nonionic surfactants are added to CMP slurries to sta-
bilize particulate dispersions and control the material
removal rate. Surfactants improve the contact area
between the film surface and the slurry and affect the
removal rate by modifying the surface interaction, charge
status and polarity of the abrasive [23]. They also enhance
the topographical selectivity of barrier layers which are
indispensable for uniformity and planarity when two or
more materials are polished simultaneously [24]. However,
their role on the growth of damage in nanoporous films is
currently unknown.

In this study we demonstrate that surfactants in aqueous
solutions can significantly affect the crack growth rate in
nanoporous organosilicate thin films. This involves the
transport of surfactant molecules from the test environment
into the nanoscale confined crack and their subsequent inter-
action with the crack surfaces. These molecular interactions
include hydrophilic interactions between the hydrophilic
groups on the surfactant molecule and hydroxide terminal
groups on the crack surfaces, and hydrophobic interactions
between the hydrocarbon chain of the surfactant and methyl
groups on the crack surfaces, as schematically illustrated in
Fig. 1la. We demonstrate that even small changes in the
lengths of either the hydrophobic or hydrophilic groups
together with the molecular structure of the surfactants
can have dramatic effects on the growth rate of cracks. The
suppression of crack growth rates is described in terms of
bridging of the crack surfaces by surfactant molecules or
the formation of nanobubbles in the surfactant-containing
solution. Alternatively, the acceleration of crack growth
rates observed for dimeric surfactants are explained in terms
of their effect on decreasing the surface energy of the fracture
surfaces. The study suggests the potential role of tailoring
surfactant additions as crack-inhibiting agents for optimized
CMP slurries.
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Fig. 1. Schematic illustration of (a) the interaction of a nonionic
surfactant molecule with the organosilicate crack surfaces, and (b) two
possible surfactant micelle-bilayer bridging assemblies between the crack
surfaces.

2. Materials and methods

Double cantilever beam (DCB) specimens were fabri-
cated for crack-growth testing by sandwiching a multilayer
thin-film stack between two elastic silicon substrates using
previously reported techniques [25,26]. The thin-film stack
includes a nanoporous methylsilsesquioxane (MSSQ) film
typically used for ultra-low dielectric constant (k) insulat-
ing layers. The nanoporous organosilicate film thickness
was 500 nm and had a density p ~ 1.06 gcm > and pore
diameter d ~ 2.1 nm measured by positron annihilation
lifetime spectroscopy, and a dielectric constant k ~ 2.3.
The MSSQ glass matrix is a structurally modified form of
silica produced by replacing a bridging oxygen atom with
a terminal methyl group, yielding a film with reduced &
and strong hydrophobicity.

Cracks were introduced in the nanoporous organosili-
cate film using a pre-notch in the DCB specimen and load-
ing until fracture initiated. The DCB test configuration
typically produces cohesive fracture in the center of the
brittle nanoporous organosilicate layer, and this was
observed for all tests conducted here. Crack growth rates,
v, were characterized as a function of the applied strain
energy release rate, G, over the range 107*-107""ms™!
using load relaxation fracture mechanics techniques [26].
This involved loading the specimen at a constant displace-
ment rate to a predetermined load, then fixing the displace-
ment. The ensuing time-dependent load relaxation
resulting from crack growth increases the specimen compli-
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ance from which the crack length, a, v, and G can be calcu-
lated. The mean load drift per minute of the load cell was
+1 mN and this introduced errors in the crack length cal-
culated using compliance techniques and resulting crack
growth rate values of +£5 x 107> m s~! for the low v region
(<107 ®ms™'). The load drift also caused errors in the
calculated G by +10 mJ m 2. These errors, however, are
relatively small and not visible on the scales of the v—G
plots. Each v—G curve includes a number of experimental
data sets from different specimens, demonstrating signifi-
cant reproducibility.

Testing was conducted in an environmental chamber
with controlled aqueous solutions at 30 + 0.5 °C. A wide
range of CMP solution chemistries was employed to exam-
ine the effects of these chemistries on the environment-
assisted crack growth. These included pH7 and 10
NH4OH, pH 10 NaOH, and pH 10 KOH solutions in
deionized water (DIW) without surfactants. Surfactant
solutions were also tested including pH 7 and 10 NH,OH
DIW solutions containing one of the 0.1 wt.% monomeric
(linear) and dimeric (branched) surfactants listed in Table
1. The hydrophilic-lipophilic balance (HLB) of the surfac-
tants was calculated by Griffin’s method [27]: HLB =
20M,/M, where M), is the molecular mass of the hydro-
philic portion of the molecule, and M is the molecular mass
of the whole molecule. Therefore, an HLB value of 0 cor-
responds to a completely hydrophobic surfactant, and a
value of 20 corresponds to a completely hydrophilic surfac-
tant. After testing, X-ray photoelectron spectroscopy
(XPS) was used to determine the location of the fracture
path in the thin-film stack.

The morphology of a nanoporous film surface in contact
with water and the surfactant solutions, respectively, was
studied by atomic force microscopy (AFM) using a Muti-
mode microscope (Veeco, Santa Barbara, CA). Imaging
was performed with silicon nitride cantilevers with a spring
constant of 0.22 N'm~' and a tip radius of 20 nm. Force—
displacement curves were also characterized to measure
the bridging force of surfactant aggregates on the nanopor-

ous organosilicate film surface. The in situ measurements in
the aqueous solutions were performed in soft contact mode
using an AFM liquid cell.

3. Results and discussion

We consider first the effects of electrolyte solutions on
crack growth behavior and then show the effects of surfac-
tant additions. Moisture-assisted crack growth in organos-
ilicate films is a time-dependent mode of fracture that
involves a stress-enhanced chemical reaction between
strained Si—O bonds at the crack tip and reactive environ-
mental species such as water (H,O) and hydroxide (OH™)
[3,16-21]. The reactions can be described by:

=Si—0—Si + H,0 — =Si—OH + =Si—OH (1)
=Si—0—Si= + OH~ — =Si—OH + =Si—0" (2)

In basic solutions, the hydroxide ions dominate the
crack tip reaction, while in acidic solutions, water mole-
cules mediate crack growth, and hydronium ions inhibit
the reaction kinetics. At intermediate pH values, both
crack tip reactions occur in parallel. Hydrogen peroxide
(H»0,) has been shown to significantly accelerate the crack
growth due to its strong affinity for electrons which weak-
ens the Si—O crack tip bonds by reducing the electron den-
sity in the bonding orbitals [2].

To demonstrate the effects of alkali metal ions on the
crack growth in nanoporous organosilicate glasses, a mul-
tilayer thin-film stack containing a nanoporous organosili-
cate film (Fig. 2) was tested in pH 7 and 10 NH4OH, and
pH 10 NaOH and KOH solutions. Crack growth rates
measured as a function of applied strain energy release
rate, G, are shown in Fig. 3. In the NH4OH solutions,
crack growth rates were accelerated when the pH was
increased from 7 to 10, consistent with the previously
reported dependence of crack growth rates on pH [3,21].
Surprisingly, however, the crack growth rates were deceler-
ated in pH 10 NaOH and KOH solutions compared to the
pH 10 NH4OH solution, and slower even than those mea-

Table 1
Polyoxyethylene alkyl ethers and dimeric surfactants selected for the crack-growth tests. Hydrocarbon and EO chain lengths, HLB, and molecular weight
are listed.
Type Name No. of C, m No. of EO, n Hydrophilic-lipophilic balance, HLB Molecular weight, M (g mol’l)
Monomeric CioEs 10 4 10.5 334

CyoE¢ 6 12.4 423

CyoEo 9 14.3 555

CzEy 12 4 9.2 363

Cy,E; 7 12.2 495

Ci2Eq; 23 16.8 1200

Ci,Es 50 18.3 2389

CisEqo 18 10 12.4 711

CisEq 20 15.3 1152

Ci5E 100 100 18.8 4676
Dimeric D-1 14 1.3 4 284

D-2 3.5 8 381

D-3 10 13 667

D-4 30 17 1548
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Fig. 2. Schematic illustration of a sandwiched multilayer thin-film stack.

sured in the pH 7 NH4OH solution. For example, at pH 10
and G=1.7Jm 2, the crack growth rate was decreased by
about one order of magnitude by changing the cation in
solution from NH; to Na', and another order of magni-
tude from Na' to K*. The suppression in crack growth
rates is even more obvious when comparing the threshold
value of the applied strain energy release rate, Gy, below
which crack growth is dormant. For the pH 10 solutions,
G,, values increased from ~1.35Jm 2 in NH,OH, to
~1.45Jm~ in NaOH, and ~1.62Jm > in KOH. The
marked effect of cation type on the crack growth rate has
not been reported for organosilicate glass films. On the
other hand, the interaction of reactive hydroxide anions
with strained Si—O crack tip bonds has been reported
[3,21].

We believe the suppression of crack growth rates is
related to crack tip blunting caused by the alkali metal ions
through dissolution and reprecipitation of the siloxane net-
work of the organosilicate film and similar to that reported
in bulk silicate glasses [28,29]. Alkali metal ions promote

10

Crack Growth Rate, v (m/s)

“pH 10
1 |Na|OH| 1
1.2 1.4 1.6 1.8 2.0 2.2 24
Applied Strain Energy Release Rate, G (J/m?)

30°C

Fig. 3. Effects of pH and alkali metal ions of pH 10 solutions on the crack
growth rate in a nanoporous organosilicate film as a function of applied
strain energy release rate. A v—G curve for a pH 7 NH4OH solution is
shown in a gray line as a reference.

the dissolution of the Si—O—Si backbone and the dissolu-
tion rate increases in the order NH,OH < NaOH < KOH
[30]. The dissolved Si—O—Si backbone in the form of
silicic acid, Si(OH),, reprecipitates at the crack tip because
of the decreased solubility of silica in water at the crack tip
due to the negative curvature of the crack tip (Fig. 4)
[28,29]. The subsequent increase in the crack tip radius
of curvature, p, results in a decrease in the crack tip stress
fields which scale with p”/ % as described by the Inglis solu-
tion [31]. The reduced crack tip stress fields can be directly
related to a reduction in the strain energy release rate, G,
and hence a lower crack driving force and reduced crack
growth velocity with increasing dissolution of the crack
tip.

We now demonstrate the dramatic effects of a range of
common nonionic surfactants on the crack growth behav-
ior in selected electrolyte solutions. Polyoxyethylene alkyl
ethers (Fig. 5a), CH3(CH,),,—;(OCH,CH,),OH or C,E,,
with various hydrophobic alkyl tail lengths, m, and hydro-
philic ethylene oxide (EO) head lengths, n, were selected as
monomeric surfactants to systematically study the roles of
the hydrophobic and hydrophilic group lengths in the
crack growth rates of the nanoporous organosilicate film.
Dimeric surfactants (Fig. 5b) were also tested to reveal
the effect of the molecular structure of surfactants on the
crack growth rates. Properties of the selected surfactants,
including hydrocarbon and EO chain lengths, the HLB,
and molecular weight, are listed in Table 1. The crack
growth rates measured as a function of G were significantly
suppressed in the presence of 0.1 wt.% C,,,E,, surfactants for
both the pH 7 (Fig. 6) and pH 10 (Fig. 7) NH4OH solu-
tions. At pH 7, CyoE, surfactants significantly suppressed
the crack growth and increased G, values with longer
hydrophilic head lengths (Fig. 6a). G, increased systemat-
ically in the order 1.4 J m~2 without surfactant < 1.6 J m >
with surfactant having four EO units < 1.7 J m~? with sur-
factant having six EO units <1.9 J m~? with surfactant hav-
ing nine EO units. C,E,, surfactants, which have the longer
hydrophobic tails than those of C;oE, surfactants, further
reduced the crack growth rates, but the hydrophilic head
length dependency was less apparent (Fig. 6b). CigE, sur-
factants, however, had almost no effect on the crack growth

initial crack /

configuration

Fig. 4. Schematic illustration of crack tip blunting by dissolution and
reprecipitation.
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Fig. 5. Molecular structure of (a) polyoxyethylene alkyl ethers and (b)
dimeric surfactants.

rates (Fig. 6¢c). At pH 10, the crack growth rates were
reduced for the surfactants with longer hydrophobic tail
lengths (Fig. 7). We note that CgE, surfactant additions
dramatically suppressed the crack growth (Fig. 7c). These
results are in sharp contrast to the insensitivity of the crack
growth to CgE, surfactant additions in pH 7 NH,OH
solutions. Of these surfactants with a hydrocarbon chain
length of 18, CigE,g suppressed the crack growth rates
most, increasing the G,, value from ~1.35] m 2 (in the
pH 10 NH4OH solution without the surfactant) to
~2.1J m~? (in the pH 10 NH,OH solution with the surfac-
tant). This value is much higher than G, in air
(~1.7 Jm~?), which implies the surfactant is able to sup-
press or even shut down crack growth. Generally even
small changes in the hydrophobic hydrocarbon tail length
m and hydrophilic EO head length n of C,,E, surfactants
dramatically suppressed the growth rate of cracks in nano-
porous organosilicate materials. Conversely, 0.1 wt.%
dimeric surfactant additions significantly accelerated the
crack growth in nanoporous organosilicate films compared
to the crack growth rates without surfactants as shown in
Fig. 8a. For values of applied G in the range ~1.4—
2.0 J m~2, growth rates were found to increase by up to
nearly two orders of magnitude for the solution containing
the D-2 surfactant compared to the control.

The addition of nonionic surfactants therefore resulted in
two opposite effects on crack growth rates. C,,,E,, surfactants
suppressed and dimeric surfactants accelerated crack growth
rates compared to growth rates in the absence of surfactants.
We consider first the accelerated crack growth in the pres-
ence of the dimeric surfactants, which may be related to their
superior surface wetting and related low foaming (defoa-
ming) properties. This leads to a decrease in the surface
energy, yr, of the crack surfaces formed in the organosilicate
film. Using chemical reaction rate models, the crack growth
rate, v, can be related to yz[3,16,32-35]:
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Fig. 6. Crack growth rates as a function of G, observed for pH 7 NH,OH
solutions with 0.1 wt.% of (a) CoE,, (b) C|,E, and (c) CgE,, surfactants,
respectively.

v =v,expla(G — 2yp)/kT) (3)

where v, is a material-dependent reference velocity, o is an
activation area for the crack tip reaction and related to the
slope of the v—G curve, k is the Boltzmann constant, and 7’
is the absolute temperature. With different dimeric surfac-
tants additions the slope o of the v—G curves was constant
and equal to the slope in the absence of surfactants
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Fig. 7. Crack growth rates as a function of G, observed for pH 10
NH4OH solutions with 0.1 wt.% of (a) CjoE,, (b) C\2E, and (c) CigE,
surfactants, respectively.

(Fig. 8a). Therefore the ratio of the crack growth rate in the
solution with surfactant, vz, to the crack growth rate in the
solution without surfactant, v;, can be expressed as:

% = exp|—20Ay; /kT] (4)
L

where Ayr is the change in the crack surface energy in the
presence of the surfactant solution relative to the solution
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Fig. 8. Crack growth rates were significantly accelerated in pH 7 NH,OH
solutions with 0.1 wt.% dimeric surfactants as shown in (a) the v—G plot
where straight red lines show the predicted crack growth rates in the
solutions, and (b) the predicted crack growth rates at applied
G=1.8Jm 2 are compared with the measured. (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)

without surfactant. Ayr can be calculated using Young’s
equation:

Ayr = Yprs = Vrr = ~ V154 €08 015 + 7,4 COS O (5)

where 7/, 1s the surface energy of the film in contact with the
surfactant solution (Ls), yzz is the surface energy of the film
in contact with the solution without surfactant (L), y7,.4 is
the surface tension of the Ls-air interface, y;_, is the surface
tension of the L-air interface, and 0, and 0, are the contact
angles of Ls and L with the nanoporous film surface, respec-
tively. The measured values for 0; and y;.4 for the pH 7
NH,OH solution without surfactant are 100° and
72 mN m~ !, respectively. The values of 0, and y;, 4 are
53° and 32mN m~! for the pH 7 NH,OH solution with
0.1 wt.% of the D-1 surfactant, 21° and 33 mN m™! for the
D-2 surfactant solution, 50° and 42 mN m ™! for the D-3 sur-
factant solution, and 47° and 51 mN m ! for the D-4 surfac-
tant solution, respectively. Using Eqs. (4) and (5), the
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predicted crack growth rates are shown in Fig. 8 and were
found to be in good agreement with the measured growth
rates. This suggests that the accelerated crack growth ob-
served is related to a decrease of the crack surface energy
formed in the presence of the dimeric surfactants.

Unlike in the dimeric surfactant solutions, crack growth
rates were significantly suppressed in the C,,E, -containing
solutions. The C,,E,, surfactants are not known to be effec-
tive wetting agents like the dimeric surfactants, and contact
angle measurements revealed that they were also not as
effective at lowering the surface energy of the organosilicate
films. For example, the contact angle 6, for the C,(Eg sur-
factant in the pH 7 NH4OH solution was 60°. We therefore
do not expect them to accelerate growth rates. In fact,
C,,.E,, surfactants further suppressed the crack growth rates
compared to the solutions without them as shown in Figs.
6 and 7. We now discuss energy dissipation processes
related to crack bridging effects from two possible sources
that explain the suppression of crack growth rates. These
processes are expected to dominate any possible accelera-
tion of the crack growth related to the small changes in
crack surface energy. The first mechanism is the formation
of molecular bridging from micelles and bilayer assemblies
of surfactants. As shown in Fig. 1b, C,,E, surfactants may
form micelles and bilayer assemblies of surfactants that
bridge two crack surfaces in the wake of the crack. The
hydrophobic methyl groups on both crack surfaces may
participate in the formation of the bridging micelles via
the hydrophobic interaction between the methyl groups
and the alkyl groups of the surfactant molecules resulting
in the bridging contribution. The hydrogen bonding
between the polar EO groups and hydrophilic hydroxyl
groups on the surfaces may also contribute to the forma-
tion of the bridging micelles and bilayers. We note that
the structure and connectivity of the bridging surfactant
aggregates is expected to be sensitive to surfactant concen-
tration, hydrophilic head and hydrophobic tail lengths, pH
and the type of electrolyte. We found in fact that surfactant
solutions with 0.01 wt.% CgE, significantly suppressed
the crack growth, whereas a higher concentration of
0.1 wt.% did not affect the crack growth rate (Fig. 9).
Reported phase diagrams for this surfactant suggest a dra-
matic change from cylindrical or bilayer structures for the
0.01 wt.%, while spherical micelles form at 0.1 wt.% surfac-
tant [36]. It appears that the spherical micelles do not form
effective crack bridging elements while the cylindrical or
bilayer structures bridge the crack surfaces and conse-
quently suppress the crack growth rate.

The second possible mechanism for the bridging is nano-
bubble formation and cavitation enhanced by surfactants.
When a hydrophobic surface comes into contact with
water, nanobubbles can be formed on the surface and the
direct evidence of nanobubble formation has been revealed
with the help of AFM imaging [37,38]. In the case of two
parallel hydrophobic surfaces approaching each other in
water, nanobubbles on each surface can coalesce, leading
to an attractive Laplace pressure by the cavity bridging

10
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Fig. 9. The effect of surfactant concentration on the crack growth rate.
The surfactant solution with 0.01 wt.% C,gE, significantly suppressed the
crack growth, whereas 0.1 wt.% C;gE,q did not affect the crack growth rate
noticeably.

the two surfaces [38,39]. The nanobubble and subsequent
cavity formation would be enhanced and stabilized in the
presence of high foaming surfactants such as polyoxyethyl-
ene alkyl ethers (C,,E,,). Therefore we can envision a crack
bridging phenomenon by surfactant-enhanced nanobubble
cavitation in four steps as shown in Fig. 10a—d.

In both cases, the crack driving force at the crack tip,
Gy, will be decreased by the bridging contribution, Gp,ze-
ing> as follows:

Gtip = Uapplied — Gbridging (6)

where G,,pieq 1 the applied strain energy release rate. No
matter what mechanism dominates the bridging effect, the
steady-state bridging contribution Gj,4gine may be approx-
imated using a stress—separation curve, -9, with

1
Ghridging = %50/ x(e)de (7)
0

where ¢, is a maximum bridging stress, J, is 2 maximum
bridging separation across the crack surfaces, ¢ is the bridg-
ing strain, dd/d, and y describes the shape of the 6—6 curve
[40,41]. One of methods to directly measure ¢, and 9, is pull-
ing the surfactant aggregates with an AFM probe. As shown
in the AFM topography image of interface between a nano-
porous film surface and aqueous pH 10 NH4,OH without
surfactant (inset, Fig. 11a), the interface is featureless and
flat. However, in the presence of 0.1 wt.% C,gE,( surfactant
in the solution, the surfactant aggregates self-assemble on
the nanoporous film surface (Fig. 11a). When we pushed
and pulled the surfactant aggregates with an AFM tip, a sig-
nificant bridging force was detected as shown in the force—
displacement plot (Fig. 11b). Surprisingly the bridging was
sustained for a very long range of displacement of more than
350 nm. This implies that surfactant molecules can bridge
two crack surfaces in the nanoporous organosilicate film
from very near the crack tip where elastic crack opening is
on the molecular scale to tens of micrometers behind the
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Fig. 10. A crack bridging phenomenon by surfactant-enhanced nanobubble cavitation consisting of the following four steps. (a) Crack propagates in a
hydrophobic nanoporous organosilicate film and nanobubbles nucleate instantly on crack surfaces in contact with an aqueous solution. (b) Surfactants are
attracted to air-water nanobubble interfaces. (c) Surfactants adsorb on nanobubbles and facilitate the growth of nanobubbles. (d) Finally, nanobubbles
coalesce and the resulting cavity generates an attractive Laplace pressure at large range.
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Fig. 11. The in situ AFM characterizations of the surfactant self-assemblies
and their bridging force measured in the aqueous solutions. (a) An AFM
image of CgE,, aggregates adsorbed to the interface between a nanoporous
film surface and NH4OH pH 10 water containing 0.1 wt.% C;gE,q surfactant.
Aninset shows an AFM image of interface between a nanoporous film surface
and NH4OH pH 10 water without surfactant. (b) AFM force-displacement
curves measured between a nanoporous film surface and aqueous pH 10
NH4OH with and without 0.1 wt.% C;gEy surfactant, respectively. Arrows
indicate the direction of AFM probe retraction. Significant long-range
surfactant bridging was observed for the C;gE, solution.

crack tip where elastic crack opening is of the order of hun-
dreds of nanometers. The resulting ¢, and J, for the CigE»q
surfactant aggregates are approximately 2.65 pN nm 2 and

350 nm, respectively. The maximum bridging force,
Fuax ~ 13.30N, and bridging area, A4~ m x (C X r)* ~
5027 nm?>, was used to calculate g, = Fy /A4, where Cis a
constant to determine the areal coverage and estimated to
be ~2, and r is the radius of the AFM tip. The value of ¢,
is estimated from Fig. 11b, but is consistent with previously
reported data [42]. Assuming the shape function y is rectilin-
ear, the calculated Gj,;qgine value using Eq. (7)is ~0.93 J m~2
and this is reasonably close to the AG,, ~ 0.75 ] m~? for the
C,3E»p surfactant solution observed in Fig. 7c. This clearly
implies that surfactant bridging can result in the significant
suppression of the crack growth rates.

We note that aqueous solutions containing organic spe-
cies may diffuse into strongly hydrophobic nanoporous
organosilicate glass films [22]. The penetrating aqueous solu-
tion can change the surface stress of the film, resulting in
expansion and contraction associated with elastic strains in
the film [4]. In the case of expansion of the film sandwiched
between two Si substrates, the relaxation would create a
compressive elastic stress in the film, and consequently
reduce the crack driving force at the crack tip G,;,, leading
to suppression of crack growth rates near the threshold G,
[4]. This might be a possible mechanism for the suppression
of the crack growth rates observed in Figs. 6 and 7. However,
the rate of diffusion of the solutions into the films is suffi-
ciently slow that the effect is important only at relatively
low crack growth rates where the solution has time to diffuse
into the layer on either side of the crack. In the case of high
growth rates, the solution simply does not have sufficient
time to diffuse into the material and there is no effect on
the measured crack growth rates. On the contrary, the sup-
pression of the crack growth by the addition of the surfac-
tants occurred even at relatively high crack growth rates
v>10"" m s 'asshownin Figs. 6 and 7. Moreover, the most
significant crack suppression effect was observed for CigE,
surfactants in pH 10 (Fig. 7c), which have lower diffusivities
in the nanoporous film compared to those of C;oE, and
C\,E, surfactants [43]. Therefore, it is unlikely that the com-
pressive stress at the crack tip induced by the diffusion of the
aqueous solutions mainly causes the suppression of the crack
growth rates observed in this study.
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Fig. 12. Crack growth rates as a function of G, observed for pH 10 KOH
solutions. A solid line represents a v—G curve for a pH 10 KOH solution
without surfactant. The hatched band includes all v—G curves for pH 10
KOH solutions with 0.1 wt.% C,,,E,, surfactants.

The 0.1 wt.% C,,E,, surfactant additions in pH 10 KOH
solutions did not result in the suppression of the crack
growth, but rather increased crack growth rates compared
to the solution without surfactant (Fig. 12). We believe this
is associated with the immobilized EO chains of the surfac-
tants by the complexation with potassium ions and the sub-
sequent decrease in free potassium ion concentration
leading to the mitigation of both bridging and crack tip
blunting effects. Alkali metal ions such as K™ and Na™
can be trapped in the EO chains of the surfactants by their
complexation with the EO chains [44-47]. The EO chain
can adopt a helix and trap alkali metal ions in the molecu-
lar cavity by electrostatic bonding between the metal ion
and the oxygen in EO [44]. The complexed surfactant mol-
ecules may not contribute to the bridging of self-assembly
due to their immobilized EO chains. Moreover, the concen-
tration of the potassium ion available for the crack tip
blunting would be decreased by the complexation, resulting
in the accelerated crack growth compared to the solution
without surfactant as shown in Fig. 12.

4. Conclusions

This study shows that small changes in electrolyte chem-
istry and surfactant additions can have dramatic effects on
crack growth rates in nanoporous organosilicate thin films.
Crack growth rates were sensitive to the type of electrolyte
and decreased in the presence of electrolytes that caused
crack tip blunting. Growth rates were also sensitive to non-
ionic surfactant additions where molecular structure and
weight were demonstrated to be important variables. C,,,E,
surfactants significantly retarded crack growth rates,
whereas dimeric surfactants accelerated the crack growth
process. The dimeric surfactants were shown to accelerate
growth rates by lowering the surface energy of the fracture
surface. The suppression of crack growth rates in C,E,
surfactant solutions was attributed to crack bridging result-

ing from the formation of molecular assemblies of surfac-
tants, or the formation of nanobubbles and their
cavitation, across crack surfaces. Surfactant self-assembly
and resulting molecular bridging were characterized by
in situ AFM and used to quantify the molecular bridging
observed.
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