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Nanoporous glasses, that is, structural glasses with large
quantities of nanoscale porosity, are the cornerstone of sever-
al emerging technologies. The most prominent example is the
semiconductor industry where interlayer dielectric (ILD) in-
sulator films are critically needed to both reduce the resis-
tance–capacitance time delay of the interconnect circuitry and
reduce the cross-talk between adjacent conduction lines. For
next-generation semiconductors these materials need an ul-
tralow dielectric constant (k < 2.2) while being compatible
with patterning processes where the minimum features are
smaller than 40 nm.[1–6] These structures, owing to their size
and dielectric requirements, can only be realized by introduc-
ing large quantities of nanoscale porosity. Other technologies
where nanoporous glasses are of significant interest include
catalyst supports,[7] separations and membranes,[8] laser mate-
rials,[9] optical waveguides,[10] sensors,[11] and applications in
biotechnology.[12,13]

Adding porosity will generally deteriorate the mechanical
properties of a glass, such as the modulus or hardness.[5,6,12]

This is especially a problem for the spin-on materials that,
even in their nonporous forms, typically have an elastic modu-

lus of less than 5 to 10 GPa.[2,5,12,14] Poly(methylsilsesquiox-
ane) (PMSQ) is perhaps the most common example of a spin-
on glass.[2,5,6,12–14] PMSQ organosilicate glasses (OSGs) are
attractive for next generation ILD applications because they
can be easily spin-cast into smooth films, have inherently low
dielectric constants (k = 2.7 to 2.9) in their nonporous form,
can be rendered porous through the addition of a sacrificial
pore generating (porogen) material, and exhibit thermal sta-
bility up to 500 °C. However, these materials also tend to be
mechanically fragile and inducing porosity significantly
worsens the problem. An ILD material must possess the
mechanical strength to withstand the harsh and abrasive
chemical–mechanical planarization (CMP) processes used in
semiconductor fabrication. Higher-modulus materials are su-
perior for withstanding the loads induced by the CMP process.
A high elastic modulus is also a desirable property for coating
applications in general. Higher-modulus inorganic glass films
or coating can be achieved with chemical–vapor deposition
(CVD) techniques. However, it is generally realized that spin-
on deposition techniques using OSG materials lead to higher-
quality films, especially at high porosity. The extendibility of
spin-on OSGs to ultralow k films (very high porosity levels) is
promising if the modulus of nonporous starting material can
be substantially improved. This is the subject of this manu-
script.

Another critical property is a low coefficient of thermal
expansion (CTE) because of the large temperature changes
that are encountered during integration and packaging: a low
CTE minimizes the thermal mismatch stresses between the
ILD and the other metal or silicon-based materials in the
complementary metal oxide semiconductor (CMOS) circuitry
that have inherently low CTEs.[1] Most OSGs exhibit CTEs in
the range of 100 to 300 × 10–6 °C–1, which is about two orders
of magnitude greater than the other “hard” materials found in
a CMOS device. The resulting thermal mismatch stresses
incurred during integration can lead to catastrophic failure.
These liabilities in both the mechanical and thermal proper-
ties have precluded the integration of nanoporous materials
into state of the art semiconductor devices. There is a pressing
need to characterize why these types of nanoporous glasses
are so fragile and identify opportunities to increase their ther-
mal and mechanical properties.[15,16]

Our approach is to incorporate organic bridging units into
the molecular architecture of PMSQ. PMSQ is typically
synthesized through the hydrolytic condensation of methyl-
trichlorisilane or methyltrimethoxysilane (MTMS—shown in
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the inset of Fig. 1a). The three methoxy groups on each Si
atom condense under acidic or basic conditions to form a
crosslinked network, with one terminal (noncrosslinked)
methyl remaining on each Si. The bridging structure was in-
troduced by blending 1,2-bis(triethoxysilyl)ethane (BTSE—
also shown in the inset of Fig. 1a) with the MTMS monomer
to create a series of MTMS–BTSE copolymers (see Support-
ing Information). The BTSE monomer is similar to MTMS in
that each Si contains three crosslinkable moieties. The differ-
ence is that the terminal methyl of the MTMS is replaced with
an ethylene bridge directly connected to a symmetric Si atom,

also containing three reactive ethoxy groups. The effect of
mixing BTSE with MTMS is to increase the average number
of crosslink junctions per monomer. However, the microstruc-
tural impact is far more complicated than a simple increase in
crosslink density, as elucidated below.

Nanoindentation measurements quantified the mechanical
properties of the MTMS–BTSE copolymer films. Figure 1a
shows the apparent Young’s modulus and hardness variations
with the BTSE composition of the copolymer films. The elas-
tic modulus increased dramatically with BTSE content, from
(4.5 ± 0.3) GPa (the error bars presented throughout this man-
uscript indicate the relative standard uncertainty of the mea-
surement) for the PMSQ homopolymer to (28.8 ± 0.6) GPa
for BTSE homopolymer. For spin-on glasses, this increase in
modulus is significant. High-modulus ILD materials are supe-
rior for withstanding the harsh compressive and shear loads
associated with the CMP process. Likewise, Figure 1a shows
an equally impressive increase in hardness from
(0.75 ± 0.04) GPa for pure PMSQ to (3.20 ± 0.08) GPa in pure
BTSE, also quantified by the nanoindentation measurements.
High-modulus material can also be brittle, but hardness is
more directly related to the yield behavior of the material.
The combined observations of a 540 % increase in modulus
and a 327 % improvement in hardness indicate that these
materials will be superior for withstanding the harsh CMP
process.

It is equally critical to minimize the CTE of an ILD materi-
al. The CTEs of the copolymer films were determined from
specular X-ray reflectivity (SXR) measurements as a function
of temperature,[17,18] either by fitting the complete density
profile of the film as a function of thickness, or by simply Fou-
rier transforming the periodicity of the interference fringes in
the reflectivity data. The thermal expansion from 25 to 175 °C
is linear and the CTE was derived from the slope of the fit
normalized by the total film thickness at 25 °C. Figure 1b
shows that for both methods the CTE decreases exponentially
with the BTSE content. A small amount of BTSE is very
effective at reducing the large CTE of PMSQ.

The use of BTSE to improve the critical mechanical and
thermal properties of the PMSQ homopolymer is, however,
accompanied by an increase in the dielectric constant and the
refractive index as shown in Table 1. The Clausius–Mossotti
equation indicates that the increase in k can be related to
either an increase in the index of refraction or an increase of
density. From Table 1 the index of refraction varies slightly
with the organic bridging, but the affect the BTSE had on the
density remained to be seen. Therefore, X-ray porosimetry
(XRP) measurements were used to quantify the density and
intrinsic porosity of the MTMS–BTSE copolymer films. The
intrinsic porosity is the native porosity of the resin before the
porogen is added. XRP combines SXR with the mechanism of
capillary condensation.[19–21] SXR measurements of the co-
polymer film in vacuo determined the average film density
qaverage: an average that includes contributions from the in-
trinsic porosity. In the presence of a saturated organic vapor,
such as methyl ethyl ketone (MEK), capillary condensation
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Figure 1. a) The modulus (Er) and hardness (H) of the films, as charac-
terized by nanoindentation, show a marked increase with the BTSE con-
tent. These data are reported when the indentation probe reached a pen-
etration depth 5 % of the total film thickness of ca. 1 lm to avoid
substrate effects. The arrows indicate the dataset each axis refers
to. b) A concomitant decrease in the coefficient of thermal expansion
(CTE) with increasing BTSE content was observed with specular X-ray
reflectivity.



occurs in the nanoporous cavities of the film, increasing the
density of the film. SXR measurements in the presence of the
vapor revealed the saturated film density qsaturated. The poros-
ity P and wall density of the material between the intrinsic
pores qwall were determined by simultaneously solving the fol-
lowing equations, taking qsolvent to be the bulk density of the
liquid solvent condensed inside the pores:

qaverage = qwall × (1 – P) (1)

qsaturated = qsolvent × P + qwall × (1 – P) (2)

Table 1 shows that both qaverage and qwall increased with the
amount of BTSE. The intrinsic porosity of the PMSQ homo-
polymer is (6.7 ± 1) % by volume and it did not vary signifi-
cantly with the addition of approximately 50 mol % BTSE.
Beyond 50 mol % BTSE, a step-like decrease in the porosity
appeared that is correlated with a step-like discontinuity in
the dependence of qwall on the BTSE content. Notice that the
qaverage did not exhibit a similar discontinuity. BTSE increased
the crosslink density of the PMSQ so it is reasonable to antici-
pate more efficient atomic and/or molecular packing, that is, a
reduction of the unoccupied volume. However, the ability of
XRP to probe this unoccupied volume is predicated on filling
the volume with MEK. Pores that become too small may be
inaccessible for the probe solvent molecules. As will be dis-
cussed later, the addition of BTSE promotes the formation of
small cage and cyclic microstructures that have interior
regions that are inaccessible by MEK or other organic solvent
molecules. The apparent discontinuity in the evolution of qwall

and P at high BTSE content probably reflects the formation
of such inaccessible pores. Nevertheless, the increased appar-
ent modulus and hardness in Figure 1a can be ascribed to the
increases in the average film and wall densities.

It is generally understood that density and the CTE are
anticorrelated. A subtle, but important, distinction is that
BTSE increases both the extent of network formation (degree
of crosslinking) and the density. However, increased crosslink-
ing alone may not be sufficient to rationalize the reduced
CTE of the glassy film. Studies on epoxy networks where the
crosslink density was significantly varied but the density

remained, to a first approximation, con-
stant did not produce noticeable varia-
tions in the glassy-state CTEs.[22] In this
respect, the reduced CTE here most
likely reflects the increased density, not
the increased crosslinking.

The preceding discussion described
how the addition of the BTSE co-mono-
mer greatly enhanced the mechanical
and thermal properties the OSGs. The
molecular origins of these enhance-
ments are now discussed. The hydrolytic
condensation of alkyl trifunctional si-
lanes, such as MTMS, propyltrimethoxy-

silane (PTMS), or isobutyl trimethoxysilane (i-BTMS), can
lead to the formation of both loosely branched networks as
well as intramolecular cyclic silsesquioxanes (SSQs), including
the perfect (i.e., completely closed) T8, T10, T14, and T16 cage
structures.[23] The tendency to form cyclic or cage-type SSQs
increases with the size of organic substituent, owing to steric
hindrances.[23] In the PMSQ homopolymer the tendency to
form open-branched microstructures is slightly favored in the
initial stages of the reaction,[24] but the intramolecular cycliza-
tion and intermolecular chain-extension reactions become
competitive in the later stages of conversion. This leads to a
mixture of both perfect and partial cage structures with a
crosslinked or ladder-like network. It is critical to realize that
the vertices or corners of a perfect cage are terminated with
nonreactive methyl groups; these perfect cage structures, once
formed, cannot be covalently attached to the rest of the net-
work. As we show below, they are in many ways incompatible
with the network structure in films.

To spin-cast a smooth OSG film, the monomers were par-
tially condensed in an acidic solution to produce an oligomer-
ic or polymeric product. This product was collected and redis-
solved into an organic solvent suitable for spin-coating. The
spin-cast film was then condensed into a hard glassy network
structure at 430 °C under an inert atmosphere. For pure
PMSQ, the initial reaction products included both a white
precipitate that dropped out of the acidic solution, as well as
an aqueous gel. Fourier transform infrared (FTIR) spectros-
copy confirmed that the precipitate consisted primarily of the
octamethyl-T8 perfect cage structure (Supporting Infor-
mation, Fig. S1).[25] The remaining soluble reaction products
in the gel were characterized by graphite-plate laser-desorp-
tion/ionization mass spectrometry (GPLDI-TOF MS)
(Fig. 2a). The major reaction product below 1000 Da
(1 Da ∼ 1.66 × 10–27 kg) for the PMSQ homopolymer consisted
of incomplete cage-type microstructures possessing two or
three silanol groups such as the T7(OH)3 (m/z 520.8 (+Na+)
and 537.9 (+K+)), T8(OH)2 (m/z 577.3 (+Na+) and 595.5
(+K+)), T9(OH)3 (m/z 653.1 (+Na+) and 669.9 (+K+)), and
T10(OH)2 (m/z 712.7 (+Na+) and 728.8 (+K+)), consistent with
the propensity to form cyclics in the early stages of conver-
sion. The perfect cage structures, such as octamethyl-T8, are
not seen in the GPLDI-TOF MS because they lack the silanol
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Table 1. Physical properties of the organosilicate films as determined by using X-ray porosimetry
(XRP), ellipsometry, and capacitance measurements. qdry is the average density in vacuum and qwall

is wall density of the material between the intrinsic pores.

Composition

BTSE [mol %]

qdry

[g cm–3]

XRP qwall

[g cm–3]

Porosity

[%]

k (1 MHz) Rrefractive index

(632.8 nm)

0 1.221 ± 0.005 1.303 ± 0.005 6.7 ± 1.0 2.75 ± 0.03 1.38 ± 0.05

10 1.285 ± 0.005 1.355 ± 0.005 5.2 ± 1.0 2.81 ± 0.06 1.39 ± 0.07

30 1.359 ± 0.005 1.456 ± 0.005 6.7 ± 1.0 2.92 ± 0.08 1.40 ± 0.03

50 1.418 ± 0.005 1.518 ± 0.005 6.6 ± 1.0 3.02 ± 0.05 1.41 ± 0.11

70 1.497 ± 0.005 1.517 ± 0.005 1.3 ± 1.0 3.14 ± 0.05 1.42 ± 0.08

90 1.523 ± 0.005 1.552 ± 0.005 1.9 ± 1.0 – 1.47 ± 0.05

100 1.582 ± 0.005 1.604 ± 0.005 1.3 ± 1.0 – 1.48 ± 0.10



functionality and therefore precipi-
tated out of solution. These partial-
cage structures comprised of 7 to
12 Si atoms are quite stable and do
not typically grow by chain-exten-
sion reactions in the latter stages of
conversion while the network struc-
tures are forming.

The isolated perfect- or partial-
cage structures are important for
understanding the poor mechanical
properties of the PMSQ films. The
open and branched SSQ networks
have a large silanol content,
whereas the closed cage-type SSQs,
especially the perfect cages, contain
very few silanols. For this reason
there is a propensity for aggregation
or phase separation of cage-type
SSQs from the silanol-rich net-
work.[26–28] The as-cast films fabri-
cated from PMSQs containing
cage-type species were initially
transparent and defect free. Upon
heating to 100 °C, these films be-
came partially opaque, turning
highly opaque with many defects
after full conversion at 430 °C. De-
fects that scatter light were created
upon heating. It is worth mentioning
that the PMSQ reaction conditions
could be manipulated to yield a
larger fraction of small cage-type
species, which then led to a film with
more defects upon vitrification.
X-ray diffraction measurements on
the transparent as-cast films re-
vealed crystalline peaks, suggesting
phase-separated domains of the
crystallized cage structures (Sup-
porting Information Fig. S2). These
crystalline peaks disappeared when
the film was heated beyond 300 °C,
suggesting that the phase-separated
perfect cages sublimed or evaporat-
ed. Thermal gravimetric analysis
confirmed this mass loss. This is rea-
sonable given that perfect cages are
not covalently attached to the net-
work and that the pure T8 com-
pound sublimes above 200 °C. The
loss of these phase-separated crys-
talline MSQ domains left behind
large porous defects that scattered
light, and more importantly, contrib-
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Figure 2. The GPLDI-TOF MS spectra are shown for a) the PMSQ (MTMS) homopolymer and b) the
MTMS/BTSE (9:1) copolymer sol–gel reaction products. The incorporation of the BTSE monomer pro-
motes the formation of closed-cage microstructures with the silanol functionality that is needed to later
covalently attach the cage to the crosslinked network when the spin-cast film is fully converted into an
organosilicate at elevated temperature.



uted to the low modulus and poor hardness of the PMSQ
homopolymer film.

Adding small amounts of the BTSE co-monomer to the
PMSQ prohibited the formation of the insoluble and isolated
cage structures. The first evidence for this was the absence of
the precipitates in the acidic reaction mixture. The GPLDI-
TOF MS of the MTMS–BTSE (9:1) copolymer in Figure 2b
indicated small cage-type fragments such as the T7(OH)3 (m/z
517.8 (+Na+) and 533.9(+K+)) and T8(OH)2 (m/z 575.9
(+Na+) and 592.0 (+K+)) structures in the molecular mass re-
gion below 1000 Da. This confirmed that the BTSE monomer
could be successfully incorporated into the perfect-cage struc-
tures. It is crucial to realize that the perfect or closed-cage
structures containing the BTSE monomer retained their sila-
nol functionality. This is unlike the PMSQ material where the
closed-cage structures contained only nonreactive methyl
groups. The silanol functionality promoted solubility in the
acidic reaction solution and the perfect cages did not precipi-
tate out of the reaction mixture. Crystalline X-ray diffraction
peaks were no longer observed in the as-cast film containing
BTSE. Moreover, the silanols were able to react during the
final conversion and could be covalently incorporated into the
growing network.

We found that adding BTSE increased the population of
the functionalized small-cage structures in both the sol–gel
reaction products and the final film. The retention of these
small-cage structures was the primary reason for vastly im-
proved modulus, hardness, and CTE values of the copolymers
films. This could be shown through solution-state 29Si NMR
measurements on the sol–gel reaction products that were col-
lected and spin-cast into the initial films. Figure 3 shows three
characteristic peaks in the PMSQ spectrum denoted T3, T2,
and T1. These peaks reflect Si bonded to three O atoms
through Si–O–Si bonds (T3), Si bonded to two O atoms
through Si–O–Si bonds and one terminal OH group (T2), or
Si bonded to one O atom through Si–O–Si bonds and two
terminal OH groups (T1). The T3, T2, and T1 peaks are sensi-
tive to the bond angles associated with Si. A discrete down-
field shift occurred in each of the characteristic peaks when
the Si was strained into a small cyclic structure. Loy et al. used
this downfield shift to characterize the acid-catalyzed SSQ
sol–gel reaction products and found that ethylene-, propyl-
ene-, and butylene-bridged alkoxysilanes have a strong ten-
dency to form such cyclic structures.[29] In Figure 3 the T1, T2,
and T3 peaks were seen near –47 ppm, –57 ppm, and
<M>65 ppm, respectively, with no T1 peak observed in the
PMSQ homopolymer. As the BTSE loading increased, new
peaks emerged near –52 ppm and –60 ppm, identified as
cyclic variations of the T2 and T3 peaks, respectively.[29] In-
creasing the BTSE loading increased the fraction of the small
cyclic structures in the initial reaction products that were spin-
cast into the films. Transmission FTIR spectra of the copoly-
mer films both as-cast and after the final conversion at 430 °C
supported the conclusions from the NMR analysis (Support-
ing Information Fig. S3). Like the NMR spectra, the charac-
teristic peaks in the FTIR spectra of cyclized alkoxysilanes

generally shifted to lower frequencies in comparison to their
noncyclized analogs.[30] The as-cast films of the pure PMSQ
exhibited characteristic Si–O–Si and Si–OH peaks of both the
perfect cages and the branched-type microstructures. After
full conversion the strained cyclic peaks decreased signifi-
cantly in intensity and the branched network structures be-
came dominant. On the contrary, for high BTSE loadings the
strained cyclic structures were dominate both in the as-cast
and the fully converted films.

In addition to the modulus and CTE improvements, the
increased silanol content can have the added benefit of
increasing the miscibility of the porogen with the matrix mate-
rial. A detailed discussion of how adding porosity impacts the
physical properties is beyond the scope of this communica-
tion, which is dedicated, instead, to improving the matrix
materials themselves. However, it is generally realized that
many porogen systems are based on diblock or triblock
copolymers where one of the blocks is hydrophilic to promote
solubility with the silanol-containing as-cast film, whereas the
others are hydrophobic to promote phase separation. The
result is phase separation on very small length scales and thus
small pores. By increasing the silanol content one can increase
the effective solubility of the porogen in the matrix. Prelimi-
nary experiments on these systems, even with just a moderate
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Figure 3. The solution state 29Si NMR data are shown for the sol–gel
reaction products prior to spin-coating the OSG films. There are three
characteristic peaks in the pure PMSQ spectrum denoted T3, T2, and T1.
A discrete downfield shift occurs in the T3 and T2 peaks when BTSE is
added to the reaction mixture, producing peaks T3c and T2c. As described
in the text, this indicates that the addition of BTSE promotes the forma-
tion of small strained cyclic OSG structures.



BTSE content, showed that they could be loaded with as
much as 50 % by mass of the common Textronic porogen
(a PEO–PPO–PEO block copolymer; PEO = poly(ethylene
oxide), PPO = poly(propylene oxide)) and were successfully
vitrified without degrading the film quality. This extendibility
to high porosities is one of the strengths of the spin-on OSG
systems over current CVD technologies. How this porosity
affects the physical properties will be the subject of an ensuing
article.

We now better understand why the PMSQ type organosili-
cates exhibit poor thermal and mechanical properties. This is
primarily because the PMSQ monomers form a breadth of
microstructures in the initial stages of the reaction, including
open networks, partial cages with relatively large cyclic struc-
ture, as well as some of the small strained cyclics such as the
perfect T8 cage. The larger and inherently more flexible Si–
O–Si bond architectures generally contribute to the low mod-
ulus and large CTE of PMSQ. The problem is exacerbated
during the high-temperature vitrification where the small
strained perfect cages are lost by evaporation or sublimation.
This reduces the density and leaves behind porous defects in
the final film. The addition of BTSE to the reaction mixture
biases the microstructure yield towards smaller cages and
strained cyclics with more rigid Si–O–Si bond architectures.
More importantly, these small-cage structures, even the per-
fect cages, retain the critical silanol functionality. The silanols
prevent phase separation and allow the perfect cages to be
covalently incorporated into the crosslinked network. The
result is a moderately denser film with vastly improved modu-
lus, hardness, and CTE values. This means there will be a
trade-off developing ultralow k materials. The improved ther-
mal and mechanical properties must be balanced against the
effective increase in k. It should also be realized that the
extrinsic porosity has not yet been added to these materials.
Inducing porosity through addition of a porogen can easily
offset the small increase in k of the wall material.
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