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Porous materials have uses in many potential ap-
plications including membranes, sensors, waveguides,
dielectrics, and microfluidic channels.r=> These materi-
als have attracted tremendous interest in the micro-
electronics industry as a means of fabricating low
dielectric constant films.® When the packing density
between multilevel interconnects increases, a low di-
electric constant material is needed to replace the
current wire insulator, silicon dioxide (k ~ 4.0) to
minimize RC delay. However, most solid materials have
k > 3. As a result, voids are introduced into the film by
taking advantage of the low dielectric constant of air (k
= 1) to achieve ultralow k (k < 2.2). Meanwhile, the pore
size, shape, and distribution strongly affect thin film
properties. Although many types of porous materials
have been explored in past years, few meet the stringent
requirements for ultralow k materials, namely, good
thermal stability (above 400 °C), low moisture uptake,
high mechanical strength, and dielectric breakdown
field.

Porous silica with ordered structures as ultralow k
materials have been fabricated through sol—gel pro-
cesses.3* However, the high porosity (>50%) required
in this approach raises concerns about the mechanical
stability of the resultant materials. Moreover, subse-
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guent surface treatment and film aging must be applied
to minimize moisture absorption. Hydrophobic organo-
silicates, such as poly(methyl silsesquioxane) (MSQ), are
also promising matrix materials for ultralow k dielec-
trics. MSQ has a relatively low dielectric constant (k ~
2.6—2.8) and minimal moisture absorption. For ex-
ample, IBM researchers have used hyperbranched poly-
(e-caprolactone) (PCL) as porogens to generate porous
MSQ.57 In contrast to the silica, MSQ-based organo-
silicates change their nature substantially from am-
phiphilic to hydrophobic during curing, altering the
miscibility of a given template material in solution and
during curing.® A good match between the polymer
template and MSQ matrix both before and after curing
is critical for control over the final pore structure and
film properties. However, the phase behavior of the
nanocomposite organosilicates in solution or in a thin
film is not well understood.

Block copolymers are good candidate materials for
templates because they can microphase separate into
nanometer-scale domains.® Recently, they have been
used as templates to fabricate bulk mesoporous inor-
ganic and organic/inorganic hybrids with a variety of
morphologies.10-13

Here, we use triblock copolymers, poly(ethylene oxide-
b-propylene oxide-b-ethylene oxide) (PEO-b-PPO-b-
PEO), as sacrificial templates in a poly(methyl silses-
quioxane) matrix (see Scheme 1). The amphiphilic
triblock copolymers are known as polymeric surfactants,
which associate into micelles with PEO shells in aque-
ous solutions.811.14 More importantly, both blocks have
very low glass transition temperatures (Ty's), ca. —70
°C, which allow the polymer chains to rapidly self-
organize in the matrix during the curing process.

First, Pluronic F88 or P103 (from BASF!®) was
dissolved in n-butanol and mixed with a MSQ precursor
(from Techneglass®® as a solution with a mass fraction
of 30% in n-butanol). F88 and P103 have relative
molecular masses of 11400 and 4950 g/mol and PEO
mass fractions of 80 and 30%, respectively. The MSQ
precursor has a M, of 1668 and polydispersity of 3.2
measured by GPC. 2°Si NMR shows that it has two
characteristic signals of T, and T3, with a ratio of 50:
50. Two-dimensional solution-state nuclear Overhauser
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Scheme 1. Schematic Structures of Phase
Behaviors of PEO-b-PPO-b-PEO Triblock
Copolymers in MSQ Matrixes: (A) In the Solution
before Curing; (B) in the Thin Film after Curing at
120 °C for 12 h
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effect spectroscopy’® data from these solutions show that
the polymer has a random coil structure and that there
is no strong polymer—MSQ interaction.!” The solution
was then spun onto [100CSi wafers, followed by baking
and curing steps to lock the polymer into the MSQ
matrix.

The polymer domain size and the polymer—MSQ
interaction define the final pore size and structure.
Here, we have used solid-state proton NMR with and
without fast magic-angle sample spinning to probe the
self-assembly process of the nanocomposite and to
determine the polymer domain size in the thin film. 2°-
Si NMR data show that, during the polycondensation
of the MSQ precursor at 120 °C, the surface of the MSQ
becomes hydrophobic. Further, high-resolution 'H NMR
spectra from fast magic-angle spinning and 2-D spin-
exchange NMR?8 show that the PPO block is next to
the MSQ interface, while the hydrophilic PEO block is
buried inside, away from contact with the hydrophobic
matrix.1® This suggests that a reverse micelle is formed
in parallel with the change of the MSQ from amphiphilic
to hydrophobic during heating (see Scheme 1). This
structure facilitates miscibility between the triblock
copolymers and the MSQ in the film.

A dipolar filter pulse sequence followed by a spin
diffusion delay time?® has been used to probe the
molecular dynamics of the composites and to measure
the length scale of phase separation.?-:22 This procedure
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Table 1. Comparison of Polymer Domain Size in the
F88/MSQ Composites with Different Polymer Loadings to
the Average Pore Sizes Measured by SANS and PALS; A

Similar Trend Is Observed in the P103/MSQ SystemaP

polymer loadings

mass fractions (%) 15 30 40 50
k 2.34 2.0 1.75 15
d (nm) 3.7 7.2 7.5 10.3
dip (nm) 6.2 125 11.3 13.9
porosity (%) N/A 24+ 9 45+ 6 53+6

average chord length N/A 14+03 35+04 52407

(nm) (SANS)
pore size (nm) (PALS) 2.24+0.2 2.7+02 45+03 48+0.3

21n our solid-state NMR measurements, we use the same
dimensionality derived from PALS to calculate d and djp. At a mass
fraction of 15%, a three-dimensional cubic pore model is used to
fit the data. When the F88 mass fraction is above 30%, a two-
dimensional tubular pore model is used. ® The samples for NMR
measurement are cured at 120 °C, a partially cured condition. The
pore size measured by SANS and PALS are from samples treated
at 500 °C.

can be used to estimate the distance d across the minor
phase and the overall repeat distance, or long period
dip. For a nanocomposite with an F88 mass fraction of
15%, d and dj, are 3.7 and 6.2 nm, respectively.?® In
comparison, the bulk F88 has a PPO domain size of 6.1
nm and a long period of 8.8 nm. Furthermore, it is found
that the PEO block is predominantly crystalline in the
bulk copolymer, while both the PPO and PEO blocks
are mobile in the MSQ nanocomposite, allowing them
to form a dense core—shell structure as the matrix cures
(Scheme 1). This suggests that microphase separation
between PEO and PPO greatly affects how the polymers
organize in the matrix. The polymer loading controls
the polymer domain size in the composite (see Table 1).

After pores were generated by heating the nanocom-
posites above 400 °C under Ny, k (f = 1 kHz) decreased
from 2.6—2.8 to 1.5 with a block copolymer mass fraction
of 50% (see Table 1). Although k depends mainly on the
film porosity, large and open pores could make the film
more susceptible to metal diffusion and adversely affect
the electrical or mechanical properties and adhesion.

Current—voltage curves were measured for different
porous MSQ films (Figure 1). All the porous MSQ films
show a very high breakdown field (>2 MV/cm) and a
Young's modulus of ~3 GPa at polymer mass fractions
of 30%. Fused glass (~58 GPa) was used as a reference.
Films with k ~ 1.5 do not collapse and have a Young'’s
modulus of ~0.6 GPa. Recent XPS data show no copper
diffusion through an industrial standard thin diffusion
barrier, TaN, when annealed at 500 °C for 4 h. This is
the first demonstration of a record-low dielectric con-
stant, ~1.5, with both electrical and mechanical integ-
rity because of small pores in thin films.

The pore size and structure of the film were measured
nondestructively by a combination of X-ray reflectivity
and small-angle neutron scattering (XR/SANS)?* and
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Figure 1. Dielectrical breakdown strength of ultralow k

materials with different polymer mass fractions. The applied
voltage is ramped from O to 100 V at a step of 5 V/s.

positronium annihilation lifetime spectroscopy (PALS).?
These technigques more quantitatively measure the
porosity and average pore size of these films as pro-
cessed on the silicon wafer than cross-sectional TEM.

Single-crystal silicon wafers are essentially transpar-
ent to neutrons and scattering arises primarily from the
pore structure. With fitting of the SANS data with the
random two-phase Debye model, assuming that the film
has the elemental composition of the cured MSQ resin,
and measuring of the average film density from XR, the
pore size, porosity, density of the overall dielectric film,
and pore wall density are determined. For example, the
porous MSQ with an F88 mass fraction of 30% has an
overall density and a wall density of 0.88 + 0.02 and
1.16 + 0.16 g/lcm3, respectively. The pore size (the
average chord length of the two-phase material) is found
to be extremely small, 1.4 + 0.3 nm, and the film
porosity is 24 4 9% (see Table 1).26

These small pore sizes are close to the limit of SANS
probing capability; however, they are well within the
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sensitivity of PALS. When positronium (Ps) is formed
within an insulator, it tends to localize in open-volume
pores. The reduced Ps annihilation lifetime is associated
with the average pore size as measured by its mean free
path (mathematically identical to the average chord
length). The pore interconnectivity (open vs closed) can
be deduced from the intensity and lifetime of Ps that
can diffuse through the film and escape into vacuum.
When interconnected pores are detected, an 80-nm silica
cap is deposited to confine Ps to the pores in the film.
For interconnected pores, a two-dimensional tubular
pore model is used, while for isolated pores a three-
dimensional cubic pore model is used to fit the data. At
an F88 mass fraction of 30%, the pores have an average
pore size of 2.7 + 0.2 nm. This value correlates well with
the pore size obtained from SANS and is consistent with
the domain size of the polymer template measured by
solid-state NMR. At an F88 mass fraction of 50%, the
pore sizes are still small, 5.2 + 0.7 nm from SANS and
4.8 £ 0.3 nm from PALS measurements.

The templating method reported here provides a
simple and straightforward approach to achieve supe-
rior electrical and mechanical properties in porous
materials with a record-low dielectric constant, ~1.5.
The unique characteristics of triblock copolymers allow
one to tailor the miscibility and size of nanostructured
domains to match changes in the matrix material. A
molecular level understanding of the self-assembly
mechanism of hybrid materials is essential to the design
of nanoporous materials for ultralow k and other
potential applications.
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