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The Mechanical Property, Microstructure, and Pore Geometry
of a Methyltrimethoxysilane Modified Silica Zeolite (MSZ) Film
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A methyltrimethoxysilane (MTMS) modified silica zeolite (MSZ) film has been prepared using a high ratio of MTMS/tetraethyl
orthosilicate (TEOS). This study investigated the effect of MTMS addition on the low-k matrix structure, elastic modulus, and pore
geometry. High MTMS loading reduced the k-value of MSZ film down to 2.0, but yielded a lower elastic modulus, 2.7 GPa. Based on
grazing-incidence small-angle X-ray scattering (GISAXS) 2D pattern analysis, the pore geometry of the MSZ film was found to be
small but elliptical (Rin-plane ∼3.75 nm; Rout-of-plane ∼3.04 nm). The elliptical pore shape was formed by a collapse of film structure
at 150–160◦C as a result of∼32% thickness shrinkage due to the decomposition of tetra-n-propylammonium hydroxide (TPAOH), a
structure directing catalyst, and due to a large degree of crosslinking reaction in the silica matrix. Combining GISAXS, 29Si-NMR,
and FT-IR results, we propose that the lower elastic modulus was caused by the incorporation of a large amount of methyl groups
from the MTMS precursor and the elliptic pores.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.074203jes] All rights reserved.
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In order to alleviate the signal delay issue in the backend inter-
connects as the scaling of the IC devices continues, the search for
low-dielectric-constant (low-k) interlayer dielectrics remains to be
the key materials solution, in addition to 3D interconnects and air-gap
approaches.1 According to 2010 ITRS, upcoming 22 nm technol-
ogy node of IC industry requires dielectric materials with k-value
<2.3.2 Extensive efforts have been made in the last decade to at-
tain ultra-low-k dielectrics (k ∼ 2.3-2.0). Researchers have introduced
nanometer-scale pores into spin-on organosilicate dielectric films such
as silsesquioxane based materials, whose k is ∼2.8 to 3.0 and E is in
∼3 to 7 GPa range at no porosity.3 However, the mechanical strength
of their corresponding ultra-low-k materials, which typically have
high porosity, ∼50-60%, degrades significantly.4 Moreover, the pore
generators (porogens) within the spin-on organosilicate matrix tend
to aggregate during the curing step and result in larger pores upon
thermal decomposition, which further degrades mechanical strength
of the dielectric film.5 Overall, the mechanical strength of spin-on
dielectric films has been a challenge for its use in the manufacturing
of advanced integrated circuit.
Recently, researchers have focused on low-k films with high

mechanical modulus, such as pure silica-zeolite (PSZ) low-k film.
PSZ low-k film offers several advantages over amorphous silica in-
cluding crystalline structure as well as intrinsically uniform and
small pore size.6,7 Typical PSZ materials have high modulus and
low dielectric constant, but have challenges such as high surface
roughness,8 which can be resolved by adding a chemical mechan-
ical polishing step. The other major problem is the high moisture
absorption of PSZ film.9,10 This is disadvantageous for the prac-
ticability of PSZ film due to the k-value of water is close to 80.
Therefore, there have been some efforts to overcome this prob-
lem, for example, by performing fluoro-organic functionalization or
silylation using 1H,1H,2H,2H-perfluorooctyltriethoxysilane, 3,3,3-
trifluoropropyltrimethoxysilane,11 trimethylchlorosilane (TMCS),
hexamethyldisilazane (HMDS),12 and/or methyltrimethoxysilane
(MTMS)8,13,14 during the zeolite synthesis and/or during heating
processes to make the surface more hydrophobic. One of potential
approaches is to develop a silica-zeolite type low-k film with low
surface roughness and low moisture absorption by packing zeolite
particles with only several nanometers and incorporating directly
hydrophobic methyl (CH3) groups such as MTMS. This approach
can be represented by nano-clustering silica (NCS), an altered silica-
zeolite (MFI-type zeolite) low-k material developed by Catalysts &
Chemicals Industries Co. Ltd. (currently JGCCatalysts andChemicals
Ltd.).15 NCS is built up by small silica clusters, which are bounded a
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small symmetry organic cation that acts as a structure-directing agent
(SDA). SDA is predominately consisted of hydrophobic cores with
hydrophilic clusters. The hydrophobic core is mainly an alkyl chain,
while the hydrophilic cluster is typically a hydrophilic silica matrix.
A meso-/micro- porous NCS low-k materials can be obtained after
thermal curing at high temperature ≥250◦C to cross-link silica pre-
cursor and remove SDA. NCS film possesses high elastic modulus
(10-8 GPa), high hardness (1.0-0.7 GPa), and low dielectric con-
stant (∼2.3).15,16 It has been reported in the literatures that NCS2.3
(NCS film with k-value = 2.3) was successfully integrated into the
copper/low-k interconnects in CMOS 65 nm and 45 nm technology
nodes.17,18

For future applications in 22 nm node and beyond, it is desirable
to further reduce the dielectric constant down to 2.0 based on NCS2.3
with high mechanical strength. In this paper, methyltrimethoxysilane
(MTMS) was added as a second component along with tetraethyl
orthosilicate (TEOS) to serve as the silica matrix in order to further
reduce the dielectric constant.15 For this, aMTMSmodified silica zeo-
lite (MSZ) low-kfilmwas prepared and examined usingMTMS/TEOS
at a ratio of 4.0. The effect of large MTMS loading on the structural
parameters such as chemical/molecular bonding, porosity, and pore
geometry was investigated. Furthermore, its impact on the MSZ film
properties such as mechanical modulus and dielectric constant was
examined and discussed.

Experimental

The MSZ precursor was obtained from JGC Catalysts and Chemi-
cals Ltd. which consists ofMTMS/TEOS as silica precursor as matrix,
tetra-n-propylammonium hydroxide (TPAOH) as the structure direct-
ing catalyst (SDC), and solvents (ethanol, water). The SDC/matrix
ratio in the MSZ precursor is 1.40, and the MTMS/TEOS ratio is
4.0. For thin-film coating, the solution was initially filtered through
a 0.20 μm PTFE filter (Millipore Inc.), and then spun onto a (100)
silicon wafer at 2000 rpm for 30 seconds at room temperature. Then
a soft-bake at 150◦C using a hot-plate was applied for 1 minute to
remove the solvent after spin-coating. The film was further cured at
250◦C for 10 minutes in a vacuum furnace under a nitrogen purge,
then at 400◦C for one hour. For all tests except nano-indentation mea-
surement, the nominal thickness of low-k films is ∼0.3 μm. But, a
film thickness of 1 μm is used in order to avoid the substrate effect
for the nano-indentation measurement.
The dielectric constant (k) of the film was measured using CV-

dots test based on a MIS configuration (Al electrode/low-k film/Si
(10 ohm-cm)) by using a Helwett-Packard 4280A Impedance An-
alyzer operated at 1 MHz and sweeping from −10V to 10V. The
sample was placed under a dry nitrogen purge condition at room tem-
perature. The dielectric constant (k) of the films was determined by
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the following Eq. 1:3

k = C

A
× d

ε0
[1]

where C is the capacitance of the MIS structure, d is the in film
thickness, A is the area of the aluminum dot, ε0 is the permittivity of
free space (8.854× 10−12 F/m). The elastic modulus (E) of the low-k
films was measured using a nanoindenter (MTS, Nano Indenter XP
system) with a Berkovich tip in continuous mode based on the Oliver-
Pharr method.19 The density of the low-k film was measured by X-ray
reflectivity (XRR). The film was scanned by an X-ray diffracmeter
(PANalytical X’Pert Pro MRD) with Cu Kα source (λ = 0.154 nm)
using ω-2θ method with scan angle from 0◦ to 2◦.
The pore geometries (i.e. shape and size)were obtained by grazing-

incidence small-angle X-ray scattering (GISAXS) measurements us-
ingBL23Abeam-line of theNational SynchrotronRadiationResearch
Center (NSRRC) in Taiwan. The incidence beam extracted from a
super-conducting wavelength-shifter X-ray source, was monochro-
mated to a wavelength (λ) of 1.55 Å by a Ge(111) double crystal
monochromator, with �λ/λ∼10−3 resolution. All of the GISAXS
data were obtained using an area detector that covered the scattering
wave vector (q) ranging from 0.01 to 0.1 Å−1, and the incident angle
of the X-ray beam (0.5 mm diameter) was fixed at 0.2◦ with X-ray
energy of 10 keV. All GISAXS data were corrected for sample trans-
mission, background, and the detector sensitivity. Then the pore size
was analyzed by Guinier’s law.20

The chemical makeup was examined using Fourier-transform in-
frared spectroscopy (FT-IR). Themeasurementswere performed using
a MAGNA-IR 460 (Nicolet Inc.) in transmission mode with normal
incidence angle and 32 scans at a 4 cm−1 spectral resolution. The solid-
state 29Si NMR (Bruker DSX400WB) was employed to determine the
types of silicate structures in the MSZ films. Investigation was fo-
cused on Q [(SiO)4Si] structure at −110 ppm and T [(SiO)3Si(CH3)]
structure at −64.5 ppm.

Results And Discussion

Dielectric constant, mechanical modulus, and porosity.— In or-
der to understand the effect of adding large MTMS on the dielectric
constant of the MSZ low-k film, the dielectric constant was first in-
vestigated. The k-value of MSZ film was measured to be 2.0 by using
CV-dots test, as listed in Table I. The porosity of the MSZ low-k film
was found to be 38 vol% using XRR measurement. Since the me-
chanical strength of low-k dielectric thin films is one of the critical
properties in backend processing steps such as chemical-mechanical
polishing (CMP) and die/packaging interaction,21 the elastic modulus
of MSZ film was also characterized. The elastic modulus of the MSZ
low-k film is 2.7 GPa as measured by nanoindentation and listed in
Table I, which is much lower than that of NCS2.3 (∼10 GPa).22 The
mechanical strength of porous low-k thin films can be affected by
several factors such as porosity, pore aggregation or the presence of
terminal groups (i.e. CH3 from MTMS).23,24 H. Miyoshi et al.25 pro-
claimed that porosity is the major factor that affects the modulus. Pore
size distribution or pore position is not the main damage responsible
for the modulus degradation in porous dielectrics as long as a pore
arrangement with no aggregation is achieved. Another dominant fac-
tor for the degradation of modulus is the presence of terminal groups.

Table I. Comparison in SDC/Si matrix ratio, mechanical and
dielectric properties, and porosity between NCS2.3 and MSZ
films.

Sample SDC/Si matrix ratio E (GPa) P (vol%) k

MSZ 1.40 2.7 38 2.0
NCS2.315,16 – 10-8 29 2.3

E: modulus; P: porosity; k: dielectric constant

S. Eslava et al. reported that their zeolite-inspired low-k (ZLK) film,
which possessed 1.0 of MTMS/TEOS ratio, has 6–7 GPa of modu-
lus with ∼30 vol% porosity compared to 30–40 GPa of PSZ without
MTMS modified.14,18 In this paper, the MTMS/TEOS ratio of MSZ
film is 4.0, which is much higher than 1.0 of ZLK film. Hence, it is
predicable that the modulus of MSZ film will be degraded due to the
presence of large amount terminal groups. Large amount of MTMS
addition may also affect the pore geometry. However, there is still
little understanding for the pore geometry of MTMS modified silica
zeolite materials. Therefore, in the following sections, we examine
the pore geometry (pore size and shape) using GISAXS and other
structural factors affecting the modulus of a MSZ film.

Pore geometry of the MSZ low-k film.— Characterization of the
pore geometry inside amicroporous filmonly fewhundred nanometers
thick remains to a challenging task. Although transmission electron
microscopy (TEM),26 positron annihilation spectroscopy (PALS),27

and ellipsometric porosimetry (EP)28 have been successfully used in
pore size characterization, a non-destructive, grazing-incidence small-
angle X-ray scattering (GISAXS) technique can precisely determine
and offer complete information of the pore shape, pore sizes, and pore
size distribution.29,30 The two dimensional (2D) GISAXS scattering
pattern for MSZ low-k film cured at 400◦C is shown in Figure 1. An
isotropic, well defined ring ofmaxima scattering patternwas observed,
indicating the existence of randomly distributed pores with narrow
pore size distribution. In addition, there was no pore correlation, as
illustrated in the scattering pattern.31

The scattering patterns were further analyzed by the following
GISAXS model to examine their pore geometries. It is known that
the intensity of scattering pattern (I(q)) is proportional to the product
of intra-particle structure factor (P(q), form factor) and inter-particle
structure factor (S(q), structure factor) as expressed by Eq. 2:32

I(q) ∝ P(q) · S(q) [2]

where q is the scattering wave vector defined by scattering angle (θ)
and wavelength of radiation (λ) of X-ray by Eq. 3:

q = 4π

λ
· sin θ [3]

Figure 1. GISAXS 2-D scattering pattern of the MSZ film cured at 400◦C.
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Figure 2. GISAXS 1-D analysis, Guinier plot (ln I(q) vs. q2) for the MSZ film
cured at 400◦C.

The structure factor S(q) is close to one in a low-concentration
system or a system without inter-particle interactions, and thus can be
ignored. Hence, the scattering intensity distribution for a polydisperse
system is proportional to the ensemble average of the form factor (P(q))
which has been evaluated for a variety of particle shapes (spheres, rods,
disks etc.). However, in the range of very low q-value (q � 1), P(q)

can be generalized for a spherical particle system by using the Guinier
approximation with a radius of gyration (Rg), and then Eq. 3 can be
further derived as Eq. 4:

I(q) ∝ exp

(
−q2R2g
3

)
[4]

Hence, a linear relationship exists between lnI(q) and q2, with a slope
of (−Rg

2/3), and the steeper the slope, the larger the radius.
Figure 2 shows the Guinier plot (lnI(q) vs. q2) for MSZ film cured

at 400◦C, which were extracted from MSZ film scattering pattern and
approximated by Guinier theory for quantitative analysis. There are
two slopes can be found for in-plane (qxy direction) and out-of-plane
(qz direction) of the MSZ film cured at 400◦C, respectively. Since
the slope is related to the gyration radius (Rg) of pores in the low-k
matrix, the pore radii of the pores in MSZ film were found to be
quite different in two different directions. In Guinier plot, slope in the
in-plane direction is −282.0 Å2, which is steeper than the slope in
the out-of-plane direction, −185.4 Å2. Thus, Rg,in-plane is 2.91 nm and
Rg,out-of-plane is 2.36 nm.
Based on Guinier theory, the radius of pore size (R) can be deduced

from the following expression, Eq. 5:33

R =
√
5

3
× Rg [5]

Thus, the radius in the in-plane direction (RIP) is calculated to be
3.75 nm, while the radius in the out-of-plane direction (ROP) is
3.04 nm.
GISAXS data shows that the elliptical pores were formed in the

MSZ matrix with the long axis parallel to the substrate. However,
the formation mechanism of such elliptical pores is not yet under-
stood, though it is important for tailoring the mechanical properties
of MSZ film. Therefore, in situ GISAXS measurements of the MSZ
films as a function of cure temperature from 150 to 400◦C were
carried out in order to understand the evolution of SDC/pore shape
and size. Figures 3a–3c show the GISAXS 2-D patterns of the MSZ
film cured at 150◦C, 250◦C, and 400◦C, respectively. The scatter-
ing patterns for MSZ film cured at various cure temperatures main-
tained a similar isotropic ring. This indicates that there is no drastic
pore rearrangement such as porogen aggregation, but it cannot distin-

Figure 3. The successive GISAXS 2-D scattering patterns of the MSZ film
cured at 150◦C, 250◦C, and 400◦C.

guish any delicate changes on pore size and shape. Therefore, similar
1-D Guinier analysis was carried out to determine any change of
pore radius in the in-plane and out-of-plane directions compared to
as the aforementioned MSZ film cured at 400◦C. Figure 4a shows
that the in-plane slope of MSZ film decreased from −270.4 Å2 to
−279.0 Å2, then −282.0 Å2 when the curing temperature was in-
creased from 150◦C, 250◦C, then 400◦C. Figure 4b shows that the
out-of-plane slope increased from −233.6 Å2 to −202.3 Å2, then
−185.4 Å2. According to 1-D Guinier analysis and calculation, the
pore radii in the in-plane (RIP) and out-of-plane (ROP) directions for the
MSZ films cured at various temperatures are summarized in Table II.
At 150◦C, the RIP and ROP values of the MSZ films were 3.68 nm and
3.42 nm, respectively. The ROP/RIP ratio of 0.93 for MSZ film cured at
150◦C indicates that an approximately spherical second phase (silica
clusters or pore structure) was formed inside the MSZmatrix. The na-
ture of the second phase is further examined by FT-IR analysis in the

Figure 4. The Guinier plot (ln I(q) vs. q2) for (a) in-plane and (b) out-of-plane
direction of the MSZ films cured at 150◦C, 250◦C, and 400◦C.
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Table II. The Guinier analysis of GISAXS scattering patterns
for the MSZ films cured at 150, 250, and 400◦C.

Curing Temperature RIP (nm) ROP (nm) ROP/RIP ratio Shape

150◦C 3.68 3.42 0.93 Spherical
250◦C 3.73 3.18 0.85
400◦C 3.75 3.04 0.81 Elliptic

RIP: radius of in-plane direction; ROP: radius of out-of-plane
direction

following section. When the curing temperature was raised to 250 and
400◦C, the RIP increased from 3.68 nm to 3.73 and 3.75 nm (1.4-1.9%
increase), respectively. In contrast, the ROP instead decreased from
3.42 nm to 3.18 nm and 3.04 nm, respectively (i.e. 7-11% reduction).
As a result, the ROP/RIP ratio dropped from 0.93 to 0.85-0.81, indi-
cating an elliptical pore shape was formed at T ≥ 250◦C. So far, the
porogen or pore structure has been demonstrated to evolve from an
approximately spherical shape at 150◦C to the elliptic shape at 250◦C
and above. In specific, the pore radius in the out-of-plane direction
shrank up to 11%, leading to an elliptical pore with the longer radius
directed parallel to the substrate.

Characterization of MSZ thin-film structure.— Next, we investi-
gated the chemical structure of MSZ film upon the addition of MTMS
to TEOS and its structural evolution as a function of cure tempera-
ture from 150◦C to 400◦C. In this study, FT-IR was used to exam-
ine the microstructure of MSZ film at various cure temperatures, as
shown in Figure 5a. For an as-deposited MSZ film, two characteristic
peaks were related to the structure-directing catalyst, TPAOH.34 A
C-H stretching band of CHx group (x= 2∼ 3) from the alkyl chain of
TPAOH located around 2850–3000 cm−1. Another characteristic peak
at 1641 cm−1, which between C=N stretching (1690–1640 cm−1)
and C-N stretching (1250–1020 cm−1), was speculated to be a C-
N+ stretching peak.35 Two bands disappeared after curing at 160◦C,
indicating that the MSZ film became a porous structure upon the
decomposition of TPAOH around 160◦C.
Furthermore, three major peaks related to Si-CH3 in the MSZ ma-

trix involve a methyl group (CH3) deformation peak at 1274 cm−1

and Si-C stretching of Si(CH3)x (x = 1∼ 2) peaks at 778 cm−1 and
849 cm−1. In addition, there are two Si-O-Si stretching absorption
bands between 1135 cm−1 and 1030 cm−1; namely 1126 cm−1, at-
tributed to a cage-like Si-O-Si structure, and 1028 cm−1, assigned to
a network Si-O-Si structure.36 The network/cage structural ratio was
found to increase from 1.32 to 1.88 as cure temperature was raised
from 150 to 400◦C, as shown in Figure 5b. High curing temperature
transformed the cage Si-O-Si structure into higher fraction of net-
work Si-O-Si structure in the MSZ film, thus increasing the degree of
crosslinking of MSZ matrix.37

In addition, the skeleton structure of matrix may be affected by
any film shrinkage during the thermal processes. Figure 6a shows
the film thickness and network/cage structural ratio of the MSZ film
as a function of cure temperature between 25 and 400◦C. In order
to analyze their changes in relative scale, the degree of crosslink-
ing was assumed 0% for as-deposited film and 100% crosslinking
for the MSZ film cured at 400◦C 1 hour. Excellent correlation was
found between the film shrinkage trend and the degree of crosslink-
ing in of the MSZ films. Up to 150◦C, most of the film thickness
reduction (∼32%) came from solvent evaporation because the degree
of crosslinking increased by only 9%. Between 150–160◦C, further
film shrinkage from 440 nm to 324 nm (26% reduction) was presum-
ably caused by the decomposition of TAPOH and the crosslinking
reaction through polycondensation of silanol groups as the degree
of crosslinking jumped from 9% to 70%. Above 160◦C, the change
rate of the degree of crosslinking was much reduced because the
mobility of silica clusters was restricted after the removal of sol-
vents and TPAOH and >70% degree of crosslinking. The same trend

Figure 5. Transmission FT-IR spectra of the MSZ films cured at various
temperatures: (a) 500-4000 cm−1 and (b) 900-1250 cm−1.

was found in the film thickness variation, where most of the shrink-
age occurred at 150-160◦C, and there was little change in the film
thickness between 160 and 400◦C. Overall, MSZ film shrank 32%
from 440 nm to 299 nm in the 150–400◦C temperature range, a
shrinkage that is much larger than that of NCS2.3 (<15%) in 25–
400◦C range.38 To sum up, the porous structure was formed upon
the decomposition of TPOAH at 160◦C. It is postulated that, at this
temperature, the large film shrinkage in MSZ film results in high
compressive stress and then the collapse of the matrix skeleton,

Figure 6. The film thickness, network/cage structural ratio and the degree of
cross-linking of the MSZ film as a function of cure temperature between 25
and 400◦C.
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Figure 7. 29Si NMR spectrum for the MSZ low-k film cured at 400◦C.

thereby transforms the pores from approximately spherical to
elliptical.
Thematrix skeleton ofMSZ film cured at 400◦C, especially the ac-

tual MTMS (or CH3) amount in the MSZ low-k film can be measured
by 29Si NMR spectroscopy. Figure 7 shows a predominant T-structure
[(SiO)3Si(CH3)] and a minor Q-structure [(SiO)4Si] in the MSZ sam-
ples. The Q-group, which is a fully cross-linked Si-O-Si structure,39

originates from TEOS, while T-group comes from MTMS. NMR
spectrum shows the T/Q structural ratio is close to 4.0, which is con-
sistent with the MTMS/TEOS ratio in the MSZ solution. Overall,
dense oxide consisted of a network of tetrahedral Si-O bonding ob-
tained through the hydrolysis of TEOSmonomer. Introducing Si-CH3
bonds in MTMS resulted in matrix formation with only three Si-O
bonds and less cross-linking. Therefore, the minor amount of Q-group
and predominant T-group revealed a relatively loose microstructure
in the MSZ skeleton compared with conventional NCS2.3 film. The
less cross-linked structure may contribute the degradation of the me-
chanical modulus of MSZ films beyond the scaling of modulus by
the incorporation of porosity. For the same reason, the MSZ low-k
film may not sustain the stress developed by the crosslinking reac-
tion at 150–160◦C and the film shrinkage due to the decomposition
of TAPOH. As a result, the MSZ film collapses and yields an ellip-
tical pore structure, which weakens the film’s mechanical strength
compared to an isotropic, spherical pore.
For ultra-low-k MSZ film, the incorporation of methyl groups

such as MTMS terminal may reduce the dielectric constant. How-
ever, the tradeoff is the degradation of elastic modulus beyond the
scaling of volume porosity if there is an excess of terminal Si-CH3
groups and deviation from spherical pore shape. Therefore, it is im-
portant to optimize the thermal curing profile while minimizing film
thickness shrinkage in order to obtain approximately spherical pores

without degrading the mechanical strength at a fixed MTMS/TEOS
ratio.

Formation mechanism on the elliptic pores.— Finally, based on
the above discussions, we propose a formation mechanism of the
elliptical pores in MSZ film. Similar to general NCS low-k film,15

the pores in MSZ low-k film are generated from structure directing
catalyst, TPAOH,which can be decomposed and removed after a high-
temperature curing process. Due to its amphiphilic characteristicswith
a long alkyl chain in the hydrophobic end, TPAOH forms a micelle
structure when it is mixed with another hydrophilic precursor, like
silica precursor (TEOS or MTMS), and solvents. These micelles are
also called clusters for the nano-clustering silica films, as shown in
Figure 8a. As the curing temperature is increased to 150◦C (soft-
baking), the solvent is fully removed, resulting in∼32% (from 650 nm
to 440 nm) film thickness reduction. In this stage, the MSZ film is
still soft due to the presence of TPAOH and a limited degree of
cross-linking (∼9%). Thus, there is no compressive force induced
by structural transformation to affect the TPAOH micelle shape as
schematically illustrated in Figure 8b. The approximately spherical
TPAOH micelle structure (ROP/RIP = 0.93) has been quantified by
GISAXS analysis.
When curing temperature is increased to near the decomposition

temperature of TPAOH, i.e. 150∼160◦C as shown in Figure 8c, the
mesopores are formed through the packing of clusters inside the amor-
phous silica matrix.40 In this stage, there is a higher probability for
silica clusters to come closer and form more Si-O-Si network struc-
ture. At 160◦C, the degree of crosslinking jumps to∼70% along with
the loss of TPOAH, making the MSZ matrix rigid. At the same time,
shrinkage of film thickness places a compressive stress on the MSZ
skeleton. If the matrix has enough mechanical strength to sustain the
compressive stress, the pore shape will not be changed. However, the
silica matrix of the MSZ has a relatively weak skeleton due to a high
percentage of terminal groups when a MTMS/TEOS ratio of 4.0 is in-
troduced in the low-k precursor. As a result, the MSZ skeleton cannot
sustain the compressive stress, so the film pore shape is compressed
from spherical to ellipsoidal after curing at T ≥160◦C, as illustrated
in Figure 8d.

Conclusions

An ultra-low-k film, modified silica zeolite (MSZ), with k = 2.0
has been prepared using a ratio of MTMS/TEOS of 4. The effect of
MTMS addition on the low-k matrix structure, elastic modulus, and
pore geometry has been examined in this study. High MTMS loading
reduced the k-value down to 2.0, but yielded a lower elastic modulus
of MSZ film, 2.7 GPa. Based on GISAXS 2D pattern using Guinier
approximation, the pore geometry of the MSZ film was found to be
small but elliptical (Rin-plane ∼ 3.75 nm; Rout-of-plane ∼ 3.04 nm). The
formation mechanism of elliptical pores was proposed. The elliptical
pore shape was formed by a collapse of film structure at 150–160◦C
as a result of ∼32% thickness shrinkage due to the decomposition of

Figure 8. Schematic diagrams for the formation mechanism of the elliptical pores in the MSZ low-k film.
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TPAOH and a large degree of crosslinking reaction in the silicamatrix.
Combining GISAXS, 29Si-NMR, and FT-IR results, we proposed that
the lower elastic modulus was caused by the incorporation of a large
amount of methyl groups from the MTMS precursor and the elliptical
pores.
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