Communications

i DOI: 10.1002/anie.200601888
Solvent-Directed Self-Assembly /anie

Application of Solvent-Directed Assembly of Block
Copolymers to the Synthesis of Nanostructured
Materials with Low Dielectric Constants™*

Thomas M. Hermans, Jeongsoo Choi, Bas G. G. Lohmeijer, Geraud Dubois,
Russell C. Pratt, Ho-Cheol Kim, Robert M. Waymouth, and James L. Hedrick*

nnnnn

,,,,,,,,,,,

'''''''

.....
I
s

,,,,,,

_________

-------------------
---------

,,,,,,,,,,,,

-

- -
..........
.......

pppppppp

-------
L

Angewandte ., T
Chemie N & % ]

......
)
-
s
-

S IWILEY .
6648 =;-; ) InterScience’ © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 6648 —6652



The pursuit of low-dielectric-constant, on-chip insulating
media to mitigate both signal delays and power consumption
for back-end of the line (BEOL) applications continues to be
a challenge in the microelectronics industry."! A promising
class of low-dielectric-constant materials are methyl silses-
quioxanes (MSSQ) or organosilicates, and dielectric extend-
ibility for future technologies (65- and 45-nm lithographic
nodes) is through the controlled introduction of porosity.
However, interconnectivity between the pores is obtained at
a high level of porosity, which results in the contamination of
the dielectric materials, including metal migration during
processing, and subsequent degradation of the electrical
properties.”! The ability of a porous media to support high
levels of porosity without percolation continues to be a grand
challenge. In this regard, isolated pores with minimal
interconnectivity have been generated through templating
of organosilicates using star-shaped block copolymers® or
dendrimers.>! Nevertheless, the synthesis of these complex
architectures is difficult. Another approach is based on the
formation of a 3D cubic phase by the self-assembly of a
diblock or triblock copolymer with a silica precursor.!*!!
Here we describe a novel approach to highly porous
hydrophobic MSSQ thin films with minimally interconnected
porosity based on the co-assembly of organosilicate precur-
sors with poly(V,N-dimethylacrylamide)-block-poly(rac-lac-
tide) copolymer (PDMA-PLA). We also demonstrate that the
deposition solvent plays a key role in directing the vitrifica-
tion of the organosilicate, thus significantly expanding the
range of accessible morphologies.">"® The use of PLA stems
from its incompatibility with the organosilicate and thermal
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instability, as demonstrated by Hillmyer and Rzayev with the
use of PLA copolymers to generate porous organic materi-
als."?! The nitrogen substitution in PDMA delivers charac-
teristics commensurate with the formation of miscible blends
with organosilicates, that is, polarity, hydrogen-bonding
capability, and basicity, which promote strong interactions
between the polymeric porogen and the thermosetting
organosilicate precursors as described by Chujo and Sae-
gusa.”!! The ability of the thermosetting organosilicate to be
sequestered selectively into the PDMA phase allows preserv
ation of the supramolecular assembly once cross-linked and
results in a contiguous functional film. The utility of
selectively cross-linking of the individual components of
such self-assembled nanostructures has been shown by
Wooley et al.,”>?!l who demonstrated stability, subsequent
functionalization, and application in diverse environments.
The distinguishing feature here is the use of a single block
copolymer/organosilicate mixture that can generate widely
different nanostructures simply by changing the deposition
solvent.">"¥ A solvent selective for either the PDMA/MSSQ
phase or PLA phase generates micellar or inverse micellar
structures, respectively, followed by the preservation of the
structure through organosilicate vitrification and copolymer
burnout to give highly porous films with uniquely defined
morphologies.

A series of poly(N,N-dimethylacrylamide)-block-polylac-
tide block copolymers were prepared using Hawker’s dual-
headed initiator containing an alkoxyamine and a primary
hydroxy group (Scheme 1).®) Four hydroxy-terminated
PDMA macroinitiators of various molecular weight were
synthesized by nitroxide-mediated polymerization. Subse-
quent ring-opening of rac-lactide was accomplished by using a
thiourea tertiary amine catalysts for bifunctional activation of
both monomer and alcohol through hydrogen bonding.*!
Separating the tertiary amine functionality from the thiourea
catalyst enabled us to increase polymerization rates without
loss of control by addition of an auxiliary tertiary amine such
as (—)-sparteine.”” The versatility of this catalytic system is
demonstrated through the synthesis of narrowly dispersed
PLA blocks with predictable molecular weights (see Support-
ing Information). An example of the successful chain
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Scheme 1. Synthesis of PDMA-PLA block copolymers by sequential
nitroxide-mediated and ring-opening polymerization.
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extension of the PLA block from the PDMA macroinitiator
with no trace of homopolymer contamination is also shown in
the Supporting Information. The volume fractions of the four
PDMA-PLA block copolymers used for this study were very
similar (¢ppya == 0.25) and facilitate comparison of structure—
property relationships of the obtained organosilicate struc-
tures after polymer burnout.

When MSSQ resin and block copolymer 3 (PDMA;-
PLA5, M,=47100 gmol!, PDI=1.11) are dissolved in
propylene glycol propyl ether (PGPE), a selective solvent
for PDMA and a poor solvent for PLA, the solutions
immediately manifest a blue glow, suggesting micelle forma-
tion. Using deuterated methanol as a model solvent, 'H NMR
spectroscopy shows that the signals associated with the PLA
block are suppressed up to 60°C, suggesting that PLA
comprises the core of the micelle and is collapsed (see
Supporting Information). Above 60°C, the supramolecular
structure is disrupted and leads to solvation, as shown by
reacquisition of the 'HNMR signals of the PLA block.
Similarly, in the PLA-selective solvent n-butyl acetate
(BuOAc) copolymers 1-4 show a blue glow as an indicator
of micelle formation.

Thin films of hybrids containing approximately 60 %
(w/w) of a block copolymer, about 40% (w/w) MSSQ, and
roughly 2% triethylamine (a catalyst for MSSQ condensa-
tion) were prepared by spin-coating both PGPE and BuOAc
solutions (10% solids (w/w)) onto silicon wafers. The spin-
coated films were annealed at 50°C for 3 days to accelerate
vitrification of the MSSQ while preserving the micellar
structure, and then heated to 450°C to degrade the polymer
template out of the thin films.

Transmission electron microscopy (TEM) and field-emis-
sion scanning electron microscopy (FESEM) images together
with the atomic force microscopy (AFM) image of the top
surface of the mixture of MSSQ and copolymer 3 deposited
from PGPE and BuOAc solutions are shown in Figure 1. In
the case of the PGPE film, discrete, minimally interconnected
pores are observed in the bulk of the film with a pore size of
approximately 30 nm in diameter, and AFM measurements
show analogous porosity on the surface. These structures are
consistent with the imprinting of the micellar structure, with
silica-free PLA comprising the core and the PDMA-MSSQ
phase comprising the corona. The high final cure temperature
allows the outer surfaces of the micelles to condense into a
contiguous film, but the empty micellar cores are preserved to
give a material that is highly porous with minimal intercon-
nectivity. The refractive index and dielectric constant (k) of
the porous material are 1.1825 and 1.71, respectively, values
that are considerably lower than those for the dense organo-
silicate (1.3703 and 2.80, respectively). The density of the film
material as determined from the critical angle of X-ray
reflectivity (XRR) is 0.616 gcm*, which provides an estimate
of the porosity as 52 % when compared to the bulk material
(1.273 gecm™®). As the volume fraction of PLA is 45 %, most of
the porosity is believed to be derived from the space occupied
by the PLA core.

A markedly different morphology is observed for the
MSSQ/3 mixture deposited from BuOAc and subsequently
cured under the same conditions (Figure 1). The AFM
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Figure 1. Micrographs of a) micellar and b) inverse micellar nanostruc-
tured thin films. Top: AFM images; middle: TEM images; bottom:
FESEM images. See text for details.

micrographs show packed silica nanoparticles in both the
bulk and on the surface. The exacerbated interstitial sites
stem from the PLA phase that forms the corona of the
nanoparticle precursors. The porosity was estimated at 64 %
(v/v) by XRR measurement (density: 0.456 gcm™) which
corroborates the decrease in both the dielectric constant and
refractive index to 1.65 and 1.13, respectively. The higher
porosity implicates roles for both phases of the copolymer
when BuOAc is used as the casting solvent. Although PDMA
is miscible with MSSQ, curing causes phase separation of the
PDMA component and subsequent formation of microporos-
ity in the nanoparticles.”*! Pore generation therefore is
reflected in both PLA-derived interstitial spaces and PDMA-
derived inherent porosity of the nanoparticle matrix.

The microstructure of the porous films was investigated
using small-angle X-ray scattering (SAXS). The 2D scattering
image was integrated to 1D data after careful removal of
background scattering. The reduced data were analyzed using
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the Pederson formalism®! with a Schultz size distribution (see
Supporting Information for details). Figure 2a and b show the
SAXS profiles as well as their fitted lines for thin films of
MSSQ/3 cast from PGPE and BuOAc, respectively. The
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Figure 2. SAXS scattering profiles (symbols) and fits (solid lines) of
thin film prepared from a) PGPE and b) BuOAc. Dotted lines show the
scattering profiles calculated for monodisperse hard spheres, with the
radius of gyration (R,) being the average value in the distribution.

characteristic SAXS profiles indicate that the pores in the thin
films cast from PGPE are well-defined spheres, while the
particles in the thin films cast from BuOAc are relatively
deformed spheres. SAXS intensity profiles were further
analyzed to characterize the structural features of thin films.
From the extracted structure factor, S(gr) (see Supporting
Information), it was determined that the pores in thin films
cast from PGPE form with a relatively ordered structure
presumably in the manner of simple cubic (SC) or body-
centered cubic (BCC) crystals, while the particles in thin films
cast from BuOAc are not assembled into long-range-ordered
structures. The deformation of the spheres and destruction of
ordered structure in thin films cast from BuOAc may reflect
the merging and respacing of the MSSQ particles upon
thermolysis of the PLA phase.

In summary, the co-assembly of organosilicate precursors
with PDMA-PLA block copolymers deposited from solvents
selective for either the PDMA or PLA phases was described.
Mixtures deposited from PGPE produced a film with a
dielectric constant of k=1.71 and with discrete, minimally
interconnected pores, while samples deposited from BuOAc
generated contiguous films (k = 1.47) of packed, microporous
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nanoparticles. The simplicity of this strategy makes it
attractive for application to future technology nodes.
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