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Abstract—The reliable integration of nanoporous low dielectric
constant (k) materials is challenging due to their vulnerability
to delamination, cohesive cracking, and diffusion. We review se-
lected reliability issues for the integration of nanoporous low-k
dielectrics regarding UV curing, diffusion, and damage evolution.
Depth-dependent UV curing by the UV standing wave effect is
presented. It is demonstrated that significant enhancement in frac-
ture energies at both interfaces of low-k films can be obtained by
tailoring UV curing depth profiles and employing the underlying
barrier as an optical spacer. The effects of nonionic surfactants
on diffusion and damage evolution in nanoporous low-k£ films are
discussed.

Index Terms—Dielectric films, environmental testing, failure,
reliability testing, ultraviolet radiation effects.

1. INTRODUCTION

HE ADVANCES of ultralarge scale integrated circuits are

being limited by the challenges in the development and
reliable integration of new insulating materials with reduced
dielectric constant & for Cu interconnects [1]. The reduction in
the k value, which is critically required to mitigate the RC de-
lay, has been achieved by decreasing density (increasing nano-
porosity) [2], [3]. However, decreasing density significantly
sacrificed the mechanical reliability of the nanoporous low-k
materials: Adhesive and cohesive fracture resistance dimin-
ished (Fig. 1) and environment-assisted crack growth accel-
erated (Fig. 2) as density decreased [4]. Nanoporous low-k
dielectrics with the compromised mechanical properties suf-
fered delamination and cohesive cracking during harsh
processes such as chemical mechanical planarization (CMP),
wafer dicing, and packaging [4]-[10].

Another challenge that the introduction of porosity to the
brittle low-£ dielectrics incurred is molecular diffusion. The
pores in nanoporous materials containing more than ~20 vol.%
porosity are nearly always interconnected and the films are
frequently exposed to molecular species in process or service
environments allowing permeation of the molecules [11], [12].
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Fig. 1. Fracture resistance as a function of the density of organosilicate thin-
film glasses. The dielectric constant corresponding to the density is also shown.
Adhesive and cohesive fracture energies were measured using four-point bend
and double cantilever beam specimens, respectively. Cohesive fracture energies
in air and water were measured at a crack growth rate of 10~5 m/s (from [4]).

Organic molecules from CMP slurries were shown to diffuse
readily in hydrophobic nanoporous low-k films, however non-
classically and very differently depending on their molecu-
lar weight and structure when confined in the interconnected
nanopores [12]. Diffusion of reactive molecules such as water,
hydroxide ion, and hydrogen peroxide is of great concern be-
cause they not only increase the k value [13] but also accelerate
environment-assisted cracking [4]-[6].

Significant efforts have been directed to improving the me-
chanical properties of low-k films by postdeposition treatments
such as thermal [14], plasma [15], e-beam [14], [16], and
UV curing [14], [17]-[19]. UV curing has been demonstrated
to significantly increase the elastic modulus, hardness, and
fracture energy while inducing relatively minor increase in
dielectric properties [14], [17]-[26]. However, the adhesive
fracture energy at the bottom interface (with a Si substrate or
a SiCN underlying layer on a Si substrate) and the cohesion
in the middle of the low-£ film are remarkably insensitive to
UV curing compared to adhesion at the top interface irradiated
by UV light [17], [19], [23]. We demonstrated the insensitivity
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Fig. 2. Environment-assisted crack growth behavior for organosilicate films
of varying density measured in water showing (a) the crack growth rate as a
function of applied strain energy release rate G and (b) the crack growth rate at
G = 1.3 J/m? as a function of density. Crack growth data for bulk silica were
included for comparison. A 0.5 g/cm® decrease in film density resulted in over
five orders of magnitude increase in crack growth rate (from [4]).

of the fracture energy at the bottom to UV curing is related to
depth-dependent UV curing through the low-k film thickness
by the UV standing wave effect [17], [19]. It was shown that
UV light intensity at the bottom interface of the low-% film on a
highly reflecting underlying layer has a minimum value due to
destructive light interference, which leads to the relatively small
increase in the fracture energy at the bottom by the UV curing.

Despite extensive efforts to improve mechanical properties
of nanoporous low-k dielectrics, they are prone to easily fail in
the form of cracking and delamination during CMP [4]-[10].
Damage evolution during CMP involves the synergistic effects
of both process stress and chemistry, although damage has
mostly been attributed to the effects of CMP stress [8], [27],
[28]. 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
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Fig. 3. (a) FM signal image of a cross section of a specimen containing a
monochromatic UVx10 organosilicate film. White and black colors indicate
high and low stiffness, respectively. (b) Elastic modulus depth profile of the
monochromatic UVx10 film measured by FM-AFM is compared with predicted
one by the standing wave simulation (from [19]).

well understood, it is not always appreciated that the chemistry
of the process or service environments can greatly affect crack
growth in thin-film structures. Even small changes in CMP
slurry or post-CMP cleaning solution chemistry are known to
have dramatic effects on resulting damage [4]-[6], [29], [30].
In this paper, we review selected reliability issues for the
integration of nanoporous low-k dielectrics regarding UV cur-
ing, diffusion, and damage evolution. The depth-dependent
UV curing by the UV standing wave effect is presented. It is
demonstrated that significant enhancement in fracture energies
at both interfaces of low-k films can be obtained by tailoring the
UV curing depth profiles and employing the underlying barrier
as an optical spacer. The effects of surfactants on diffusion and
damage evolution in nanoporous low-k films are discussed.

II. UV CURING

Postdeposition UV curing of organosilicate glass (OSG) thin
films has demonstrated the ability to significantly influence
glass structure and improve mechanical properties such as
elastic modulus, hardness, and fracture energy [14], [17]-[26].
The most significant changes in the glass structure are reduction
in Si—-CHj terminal groups and subsequent formation of Si—O
network bonds characterized by Fourier transform infrared and
nuclear magnetic resonance spectroscopies [23], [25], [26].
However, the adhesive fracture energy at the bottom interface
and the cohesion in the middle of the OSG film are remarkably
insensitive to UV curing compared to adhesion at the top
interface [17], [19], [23].
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Fig. 4. Simulated UV cure intensity depth profiles in 65-nm-thick OSG deposited on (a) SiCN and (c) SiN, and measured fracture energies for the OSG on
(b) SiCN and (d) SiN, respectively. Monochromatic UV light with a wavelength of 172 nm was used for the curing (from [31]).

It was demonstrated that the insensitivity of the fracture
energy at the bottom to UV curing is related to depth-dependent
UV curing through the OSG film thickness by the UV standing
wave effect [17], [19]. UV light intensity at the bottom interface
of the OSG on a highly reflecting underlying layer had a
minimum value due to destructive light interference, which
led to the relatively small increase in the fracture energy at
the bottom by the UV curing. It was shown that the UV cure
intensity at the bottom is a minimum regardless of whether
the UV light is monochromatic or broadband, because the
superposition of the standing waves of each wavelength which
the UV spectrum consists of always results in the minimum
intensity at the bottom by destructive light interference [19].

The nonuniform curing that resulted through the film thick-
ness was apparent by observing a corresponding change in the
elastic stiffness of the film [17], [19]. Force modulation atomic
force microscopy (FM-AFM) technique was used to measure
the oscillation of the elastic modulus through the film thickness
of the monochromatic UV-cured OSG film [17], [19]. Fig. 3(a)
shows the FM signal and the oscillation was so obvious that
the modulus variations appeared visually as ripples parallel to
the film plane. In Fig. 3(b), the measured elastic modulus was
compared with the elastic modulus simulated by the standing
wave model [19]. The model prediction matched the observed
variations with surprising accuracy, which certainly implied
that the depth-dependent UV curing was caused by the UV
standing wave effect [19].

It was recently demonstrated how to maximize the UV light
intensity and therefore the fracture energy at both top and bot-
tom interfaces of the OSG film by exploiting the UV standing
wave effect and an underlying barrier layer as an optical spacer

[31]. A UV transparent SiN layer was used for the underlying
optical spacer layer and compared to a UV-absorbing SiCN
layer. Fig. 4 shows the simulated UV cure intensity depth
profiles in a 65-nm-thick OSG film deposited on SiCN and SiN,
respectively, and their measured fracture energies. As shown in
the simulated UV cure intensity depth profile for the OSG on
SiCN [Fig. 4(a)], UV cure intensity at the bottom is very small
because of strong UV light absorption by the SiCN underlying
layer. Consequently, fracture energy at the bottom was not
improved by the UV curing, although fracture energy at the
top increased noticeably [Fig. 4(b)]. On the contrary, the UV
transparent SiN underlying layer had totally different results.
The simulated UV cure intensity depth profile showed maxi-
mum UV cure intensities both at the top and bottom [Fig. 4(c)].
The measured fracture energy was dramatically increased not
only at the top but also at the bottom [Fig. 4(d)]. A promising
application of this paper is the possibility of fabricating films
with graded mechanical and physical properties with a single
postdeposition UV curing process.

III. DIFFUSION

The lateral solvent diffusion technique [32]-[37] was re-
cently adopted to characterize the diffusion of CMP slurries
and post-CMP cleaning solutions into nanoporous low-% thin
films [11], [12], [36]. This technique was originally developed
to study pore size and connectivity by observing the diffusion
of solvent into porous films. The top surface of the film is first
hermetically sealed with an optically transparent SiN or SiCN
capping layer. The silicon substrates containing the films are
cleaved to expose a fresh through-thickness surface of the film
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Fig. 5. Lateral solvent diffusion technique adopted to measure diffusion
through a hydrophobic nanoporous thin film. (a) Schematic diagram of the
cross-sectional view of a test specimen. (b) Optical image showing the change
in color due to the diffusion of solutions into the films as a result of the change
in refractive index (top down view) (from [12]).

and immersed in the solution of interest [Fig. 5(a)]. Diffusion of
the solution into the plane of the film from the freshly exposed
film surface results in a change in the refractive index (RI)
and color of the film that can be easily monitored by optical
observation through the top surface of the films using an optical
microscope [Fig. 5(b)]. Diffusion distance x is measured as a
function of square root of diffusion time t°->. Generally, a linear
relationship is observed, which is characteristic of 1-D Fickian
diffusion with diffusion distance given by = = (Dt)%®, where
D is the diffusion coefficient that can be calculated from the
x versus 95 plot [11], [12].

The lateral diffusion technique was used to measure diffusion
coefficients of nonionic surfactants ubiquitously employed in
a wide range of technologies [12]. For example, they are
essential components of CMP slurries for emerging classes of
nanoporous glass films where they are vital for the control of
wetting, removal rate, slurry stability, and selectivity. In the
case of nanoporous low-k films, molecular-assisted diffusion
of such CMP slurries into the films can have dramatic effects
on the resulting dielectric constant [11], [13], [36], [38], [39].
The behavior of surfactant molecules in these films was not
well understood and the lack of the knowledge has generated
the misconception that surfactants do not penetrate the films
but adsorb on the film surface and simply assist water diffusion
into the pores [13], [38], [39].

Surfactants were demonstrated to diffuse readily into
nanoporous OSG films with pore sizes < 2.1 nm [12]. Poly-
oxyethylene alkyl ethers (C,,E,,) with various hydrophobic
alkyl tail lengths m and hydrophilic ethylene oxide head lengths
n were selected as monomeric (linear) surfactants to systemati-
cally study the roles of the hydrophobic and hydrophilic group
lengths in the diffusion. Dimeric (branched) surfactants were
also tested to reveal the effect of the molecular structure of sur-
factants on the diffusion. The measured diffusion coefficients of
the surfactants were found to be sensitive to molecular weight
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Fig. 6. Diffusion coefficients in terms of M in log-log scale for (a) 0.1 wt.%
surfactant aqueous solutions and (b) 100 wt.% surfactants. Slopes were cal-
culated from the linear fits. Schematic diagrams of diffusion by reptation:
(c) the classical reptation model regards a polymer chain (a black solid line)
in an entangled melt or concentrated solution as being within a virtual tube
(dotted lines) defined by the locus of its intersections with other melt molecules
(gray solid lines) and (d) short-chain surfactants diffuse through an real tube
formed by interconnected nanopores in nanoporous glass (from [12]).

M, the chain lengths of hydrophilic and hydrophobic groups,
and molecular structure of surfactants [Fig. 6(a) and (b)].
Moreover, the diffusion coefficients of the surfactant aqueous
solutions in the nanoporous OSG films were nearly proportional
to M2, as shown in Fig. 6(a). This coincided with the scaling-
law predicted for molecular reptation where D ~ M ~2 which
was proposed by de Gennes [40] to explain the motion of
a polymer molecule in a concentrated (or molten) polymer
network. According to the reptation model, the motion of
polymer molecules above a critical entanglement length are
confined within virtual tubes that are defined by the locus of in-
tersections (or points of entanglement) with adjacent molecules
[Fig. 6(c)] [41]. The motion of the surfactants that are well be-
low the entanglement molecular weight do not exhibit reptation
mobility as they are not long enough to provide entanglement
confinement. However, instead of the fictitious tube anticipated
in the reptation model [Fig. 6(c)], the short-chain surfactant
molecules in the nanoporous glass films are physically confined
in real tubes formed by interconnected nanometer-sized pores,
exhibiting the reptation mobility [Fig. 6(d)].

IV. DAMAGE EVOLUTION

Damage in the form of cracking and delamination of low-k
materials remains a significant challenge for the CMP process-
ing of Cu interconnects in microelectronic devices [1]. The
evolution of cracks in interconnect structures during CMP is a
kinetic process involving the synergistic effects of process
stress and chemistry, namely, environment-assisted crack
growth [6], [29], [42], although damage has mostly been at-
tributed to the effects of stress. However, chemical compo-
sition of the CMP slurry may have more significant effects
on the growth of cracks and associated damage compared to
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mechanical loads. Even small changes in CMP slurry or post-
CMP cleaning solution chemistry are known to have dramatic
effects on resulting damage [4]-[6], [29], [30]. Environment-
assisted crack growth in OSG films is a time-dependent mode
of fracture that involves a stress-enhanced chemical reaction
between strained Si—O network bonds at the crack tip and
reactive environmental species such as water and hydroxide
ion [5], [43]-[48]. Increasing humidity or aqueous solution
pH accelerates crack growth rates in OSG films [4]-[6], [47],
[48]. Hydrogen peroxide also significantly accelerates the crack
growth due to its strong affinity for electrons that weakens the
Si—O crack tip bonds by reducing the electron density in the
bonding orbitals [6]. On the contrary, alkali metal ions suppress
the crack growth rate by blunting the crack tip [7].

Surfactants in aqueous CMP solutions were recently demon-
strated to significantly affect the crack growth rate in
nanoporous OSG thin films [7]. This involves the transport
of surfactant molecules from the test environment into the
nanoscale confined crack and their subsequent interaction with
the crack surfaces. These molecular interactions include hy-
drophilic interactions between the hydrophilic groups on the
surfactant molecule and hydroxide terminal groups on the crack
surfaces, and hydrophobic interactions between the hydrocar-
bon chain of the surfactant and methyl groups on the crack
surfaces, as schematically shown in Fig. 7(a). Even small
changes in the lengths of either the hydrophobic or hydrophilic
groups, together with the molecular structure of the surfactants,
had dramatic effects on the growth rate of cracks. The linear
C,,E,, surfactants significantly suppressed the crack growth
[Fig. 8(a)] while the branched dimeric surfactants accelerated
the crack growth [Fig. 8(b)].

The suppression of crack growth rates was described in
terms of bridging of the crack surfaces by surfactant mole-
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Fig. 8. Crack growth rates of a nanoporous OSG film as a function of G
observed for pH 7 NH4OH aqueous solutions with 0.1 wt.% of (a) Ci1oE,
and (b) dimeric surfactants. Straight red lines in (b) show the predicted crack
growth rates using the chemical reaction model (from [7]).

cules [Fig. 7(b)] or the formation of nanobubbles in the
surfactant-containing solution. The bridging contribution was
measured with the in situ AFM characterizations of the sur-
factant self-assemblies and their bridging force in the aqueous
solutions [7]. As shown in the AFM topography image of
interface between a nanoporous film surface and NH,OH pH 10
water without surfactant [inset, Fig. 9(a)], the interface was fea-
tureless flat. However, in the presence of 0.1 wt.% CigEoq sur-
factant in the solution, the surfactant aggregates self-assembled
on the nanoporous film surface appeared [Fig. 9(a)]. By
pushing and pulling the surfactant aggregates with an AFM
tip, significant bridging force was detected, as shown in the
force—displacement plot [Fig. 9(b)]. Alternatively, the accelera-
tion of crack growth rates observed for dimeric surfactants was
explained in terms of their effect on decreasing the surface en-
ergy of the fracture surfaces. This paper suggested the potential
role of tailoring surfactant additions as crack inhibiting agents
for optimized CMP slurries.

V. CONCLUSION

Selected reliability issues for the integration of nanoporous
low-k dielectrics regarding UV curing, diffusion, and damage
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Fig. 9. In situ AFM characterizations of the surfactant self-assemblies and
their bridging force measured in the aqueous solutions. (a) AFM image of
C18E20 aggregates adsorbed to the interface between a nanoporous film surface
and NH4OH pH 10 water containing 0.1 wt.% C18E2¢ surfactant. An inset
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 NH4OH pH 10 water with
and without 0.1 wt.% C1gEg¢ surfactant, respectively. Arrows indicate the
direction of AFM probe retraction. Significant long range surfactant bridging
was observed for the C18E2¢ solution (from [7]).

evolution were reviewed. The insensitivity of the fracture en-
ergy at the bottom interface of the OSG film to UV curing was
shown related to the depth-dependent UV curing by the UV
standing wave effect. It was demonstrated that the interfacial
fracture energy can be maximized with UV standing waves
together with an optical spacer underlying layer. A UV trans-
parent SiN optical spacer layer can be selected to maximize
curing at both sides of the OSG film with marked increases
in interfacial fracture energy. On the contrary, a UV-absorbing
SiCN underlying layer resulted in significantly reduced UV
intensities and small improvements of the interfacial fracture
energies. The lateral diffusion technique was used to measure
diffusion coefficients of the nonionic surfactants in nanoporous
low-£ thin films. The surfactants were demonstrated to diffuse
readily into the films, and the measured diffusion coefficients
were found sensitive to molecular weight, the chain lengths of
hydrophilic and hydrophobic groups, and molecular structure
of surfactants. The reptation mobility was observed for the
surfactant molecules confined in the interconnected nanopores.
Finally, the crack growth rates in the nanoporous low-k film
were found to be sensitive to nonionic surfactant additions
where molecular structure and weight were demonstrated to be

important variables. Crack growth rates were suppressed with
the monomeric surfactants and accelerated with the dimeric
surfactants, which were explained in terms of the bridging
model and the reaction kinetic model, respectively.
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