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a b s t r a c t

An anionic surfactant, sodium dodecylbenzenesulfonate (NaDBS) and a cationic surfactant, domiphen
bromide (DB) were used to modify the surface potential of polystyrene (PS) porogen in a post-integration
porogen removal scheme. The effect of surfactant modification on the porogen and pore size in the low-k
methylsilsesquioxane (MSQ)/PS hybrid films at 10 wt% PS loading, under a slow curing rate, was studied
by grazing incidence small-angle X-ray scattering, viscosity measurement, and Fourier-transform infra-
red analysis. For PS porogen without modification, the porogen aggregated and its size increased from
10.0 to 16.5 nm at different rates, up to 200 �C, depending on the porogen diffusivity and steric hindrance
by the successively cross-linked MSQ matrix at T P Tg. In contrast, the NaDBS- and DB-modified porogens
with higher surface potential impede their aggregation within the cross-linking MSQ matrix, resulting in
a smaller porogen size, by electrostatic repulsion and increased viscosity due to electroviscous effect.
Also, the columbic attraction between Si�OH groups of MSQ matrix and the positively charged, DB-mod-
ified PS, restrains the PS porogen, thus reduces its aggregation during cure step, leading to a small poro-
gen size and tight distribution (8.7 ± 2 nm) at 200 �C and later a similar pore size after porogen removal at
400 �C.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

As device scaling developed beyond the 0.18 lm node, RC delay
in the backend interconnect became an obstacle [1]. In order to
alleviate this problem, low dielectric constant (low-k) materials
(k = 2.5–3.2) such as carbon-doped oxide or SiLK™ were intro-
duced after the copper interconnect was first implemented [2,3].
Moving further toward the 22 nm node and beyond, the incorpora-
tion of porosity, in which air has kair = 1, becomes essential for pro-
ducing viable low-k materials with k < 2.5 [4]. Conventionally,
porous low-k dielectric films are generally formed by depositing
a low-k matrix with a thermally liable pore generator (porogen)
[5], which is burned out by thermal treatment at low tempera-
tures, typically 6200 �C immediately after film deposition. How-
ever, such porous films suffer from reliability issues, such as high
leakage and low dielectric breakdown strength at the barrier/
low-k interface, because of the insufficient coverage for large pores
caused by plasma damage during the etching process [6–8]. To cir-
cumvent such reliability issues, a novel post-integration porogen
removal method is proposed, which uses a high decomposition
temperature (>350 oC) porogen in the material design and an inte-
gration scheme [7–10]. It uses a high-temperature porogen, such as
ll rights reserved.
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poly(styrene-b-butadiene-b-styrene), and poly(styrene-b-4-vinyl-
pyridine) [11] to defer the formation of a porous low-k dielectric,
until the completion of the copper chemical mechanical polishing
(CMP) step, and then thermally removes the sacrificial porogen
from the hybrid dielectric film. In this case, the aggregation of
porogen and the interaction between porogen and the low-k ma-
trix during curing may significantly affect the porogen size and dis-
tribution of low-k/porogen hybrid films, which, in turn, influence
the low-k film’s mechanical properties [12] and barrier reliability
upon the removal of porogens. Several approaches have been
undertaken to improve the porogen size and distribution in hybrid
low-k materials. The curing temperature and ramp rate have been
used to reduce the porogen size in low-k hybrid materials through
the retardation of porogen segregation by the rate of matrix cross-
linking [13,14]. A fast curing rate can achieve smaller porogen size
and tighter distribution by rapidly forming a cross-linked low-k
matrix to freeze up porogen aggregation sterically [13]. Still, there
is a strong need for versatile curing processes such as slow ramp
rate, for tailoring specific properties, for example, a lower film
stress for better film integrity [15,16]. Yet, the dispersion of poro-
gen and its impact on the aggregation behavior of porogens prior to
the formation of a cross-linked low-k matrix has not been fully ex-
plored and understood. A huge amount of research concerning par-
ticle dispersion in colloids shows that the state of the dispersion
can be modified, for example, by a highly charged, sterically
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stabilized polymer and pH value to obtain a high-stability disper-
sion with the electrostatic and steric effect [17–19]. Thus, this
study explores the electrostatic and steric dispersion of polymer
porogens within a low-k matrix to control the porogen size in
low-k hybrid films at a slow cure rate.

This study uses a commercial, spin-on organosilicate, meth-
ylsilsesquioxane (MSQ), as the matrix and polystyrene (PS) as a
porogen in a novel post-integration porogen removal method for
preparing porous low-k MSQ film. An anionic surfactant, sodium
dodecylbenzenesulfonate (NaDBS) and a cationic surfactant, dom-
iphen bromide (DB), were used to modify the PS surface in the
solution and the MSQ/PS hybrid films. The effect of surfactant
modification on the porogen and pore size in the low-k meth-
ylsilsesquioxane (MSQ)/PS hybrid films at 10 wt% PS loading, under
a slow curing rate, was studied by grazing incidence small-angle X-
ray scattering (GISAXS), viscosity measurement, and Fourier-trans-
form infrared (FTIR) analysis. The mechanism for determining the
PS porogen aggregation with and without surfactant modification,
as well as the porogen size and pore size, within a successively
crosslinked MSQ matrix will be described and elucidated.
Table 1
The zeta potential and the corresponding particle size of PS porogen in the solution as
a function of surface modification.

Treatment on PS Zeta potential (mV) PS particle size (nm)

No modification �18 49.3 ± 4.1
pH = 3 +28 12.3 ± 2.5
pH = 11 �40 11.2 ± 2.4
Anionic surfactant NaDBS �58 9.0 ± 2.0
Cationic surfactant DB +66 8.0 ± 1.8
2. Experimental

The low-k matrix, MSQ, was obtained from Gelest Inc. PS
(Mw = 790 g/mole), the high temperature porogen, was obtained
from Sigma–Aldrich Co. NaDBS (Mw = 348.48 g/mole), an anionic
surfactant, was procured from Showa Chemical Industry Co., Ltd.
DB (Mw = 414.48 g/mole), and a cationic surfactant, was obtained
from Sigma–Aldrich Co. PS particles were first dissolved in tetrahy-
drofuran (THF) to form a solution without modification (pH �7.0).
In addition, pH value and surfactants were used to modify the sur-
face property of the PS particles. For pH effect, PS solutions with pH
values of 3 and 11 were prepared by adding acid and base, respec-
tively. Moreover, the well-dispersed PS/THF solutions were modi-
fied by two types of surfactants: (1) anionic surfactant, NaDBS,
below its critical micelle concentration (CMC) of 522.75 mg/L,
and (2) cationic surfactant, DB below its CMC of 730.74 mg/L
[20]. The zeta potentials of the PS/THF solutions with and without
modification were measured using a Zeta Potential Analyzer (Zeta-
sizer HSA3000, Malvern Instruments). The size of the PS particles
in the THF solution was measured using an Ultrafine Particle Ana-
lyzer (Honeywell UPA 150).

Then, MSQ and PS particles (with and without surface modifica-
tion) at 10 wt% loading were dissolved in THF solvent to form a hy-
brid low-k solution. The solution was initially filtered through a
0.20 lm PTFE filter (Millipore Inc.), and then spun onto a (100) sil-
icon wafer at 2000 rpm for 30 s at room temperature to obtain a
film thickness of 500 nm. The size and distribution of the porogen
in the hybrid low-k films during the curing step at 2 �C/min were
then characterized by in situ GISAXS using Beamline 23A of the Na-
tional Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan. In situ 2D GISAXS data were collected from 30 to 200 �C
at intervals of 10 �C. All of the GISAXS data were obtained using
an area detector covering a q range 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 an X-ray energy of 10 keV. Then, the porogen size was
analyzed using sphere-model fitting and Guinier’s law [21,22].

The interaction between MSQ and PS was then examined by an
in situ viscosity measurement using ARES (Rheometric Scientific).
The viscosity data were collected from room temperature to
200 �C for the MSQ/PS hybrid films with and without modification
by surfactants. The interaction between MSQ and surfactant-mod-
ified PS was further investigated using a FTIR spectrometer, MAG-
NA-IR 460 (Nicolet Inc.) in a transmission mode with 64 scans at a
spectral resolution of 2 cm�1.
Finally, the hybrid films (with and without modification) were
cured in a quartz tube furnace under N2 at a heating rate of 2 �C/
min to 400 �C for 1 h to form the porous low-k films after com-
pletely burning out the porogens. Their pore sizes were also char-
acterized using the GISAXS technique. The porosity of the porous
low-k films were obtained from its density, which was measured
by X-ray reflectivity (XRR) (Bruker D8 Discover), with a Cu Ka
source (k = 0.154 nm), using x-2h scan mode. The scanning region
ranged from 0� to 2�. The XRR data was analyzed by LEPTOS simu-
lation software, to fit the density of porous low-k film.
3. Results and discussion

Zeta potential has been recognized as a measure of the magni-
tude of the repulsion or attraction between particles in colloids
[23]. Such measurement provides an insight into the dispersion
of PS porogens in THF solvent. This helps us to understand how
the porogen size in the solution is affected by the electrostatic dis-
persion due to surface modification of the PS. Table 1 summarizes
the zeta potential and the corresponding particle size of PS porogen
in the THF solution as a function of surface modification. The par-
ticle sizes of the PS in the solution were measured to be 12.3 ± 2.5,
49.3 ± 4.1 and 11.2 ± 2.4 nm for PS/THF solutions at a pH value of 3,
7 (as-prepared without modification), and 11, respectively. And the
corresponding zeta potentials of the PS/THF solution were +28,
�18, and �40 mV. This indicates that a higher absolute surface po-
tential led to a smaller PS particle size. The relationship between
zeta potential and PS particle size can be described by Eq. (1) [24].

f ¼ q
4per

ð1Þ

where f is the zeta potential of the particle, q is the electronic
charge, e is the dielectric constant of the particle, and r is the radius
of the particle. Our finding on the effect of pH values is consistent
with an earlier report that the larger absolute value of potential
(>25 mV) results in better colloidal stability and a smaller particle
size, due to electrostatic dispersion [24]. In addition, Table 1 shows
that the particle sizes of PS in the solution modified by anionic and
cationic surfactants, were further reduced to 9.0 ± 2.0 nm and
8.0 ± 1.8 nm because of their relatively higher, absolute surface po-
tential of �58 and +66 mV, respectively.

Based on the particle size data, we will focus on the modifica-
tion of PS by anionic and cationic surfactant for producing low-k
MSQ/PS hybrid film and the corresponding porous low-k film in
this study. More specifically, MSQ matrix precursor was added to
PS/THF solutions with and without surfactant modification. Subse-
quently, the solutions were spin-coated onto silicon wafer to fabri-
cate the as-prepared low-k hybrid films. The sizes of PS porogens in
the hybrid low-k films, cured at a slow rate, i.e. 2 �C/min from 30 to
200 �C, was then in situ characterized by 2D GISAXS. Fig. 1a–c show
the GISAXS patterns of the low-k PS/MSQ hybrid films at represen-
tative temperatures from 30 to 190 �C (40 �C intervals) for PS por-
ogens without and with NaDBS and DB surfactant modification,
respectively. With increasing temperature, scattering patterns
illustrated in Fig. 1a, were confined in the low-q region, indicating



Fig. 1. 2-D GISAXS scattering patterns of the low-k MSQ/PS hybrid films as a function of cure temperature: (a) PS without modification, (b) NaDBS-modified PS, and (c) DB-
modified PS.
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that the PS porogens tended to aggregate and did not disperse well
in the low-k PS/MSQ hybrid film. In contrast, the scattering pat-
terns shown in Fig. 1b (NaDBS) and c (DB) were stronger and more
uniform in the high-q region than the corresponding ones without
surface modification (Fig. 1a). The results of these successive scat-
tering patterns indicates that the porogen size in the modified low-
k hybrid films was smaller than that of the unmodified films at the
same cure temperatures.

In order to compare the effect of surfactant treatment on the
porogen size and its evolution during the curing step, the PS poro-
gen size/distribution was quantitatively determined by the same
method described in detail elsewhere [13]. Accordingly, the calcu-
lated porogen size and distribution of the hybrid low-k films with
and without NaDBS and DB modification, as a function of curing
temperatures are shown in Fig. 2a, b and c, respectively. For low-
k hybrid film without modification shown in Fig. 2a, the porogen
size/distribution increased noticeably from 10.0 ± 2.4 nm to
16.5 ± 5.5 nm from 30 to 190 �C. Moreover, the increased rate of
porogen size became noticeable at T P 110 �C, and more signifi-
cant between 130 and 170 �C (from 11.4 ± 3.9 nm to 15.6 ±
4.9 nm), but less between 170 and 190 �C (from 15.6 ± 4.9 nm to
16.5 ± 5.5 nm). In the NaDBS modification case (Fig. 2b), the poro-
gen size and distribution increased slightly and linearly from
9.0 ± 2.0 nm at 30 �C to 11.1 ± 2.4 nm at 190 �C. In contrast, for PS
modified by DB (Fig. 2c), the porogen size and distribution changed
only slightly from 7.8 ± 1.0 nm at 30 �C to 8.7 ± 2.0 nm at 190 �C.
Overall, modification of PS porogen by cationic surfactant, DB
yielded the smallest porogen size and tightest distribution.

Next, we examine the pore size in the porous low-k MSQ films
after removing the PS porogens in the above-mentioned 3 different
MSQ/PS hybrid films at 400 �C. Fig. 3a–c show the GISAXS patterns
of the porous low-k MSQ films prepared from the unmodified PS,
NaDBS-modified PS, and DB-modified PS system, respectively.
The stronger scattering intensities in Fig. 3b and c indicate smaller
and uniform pores in the porous films prepared from surfactant-
modified PS porogens. Specifically, the pore sizes were calculated
to be 16.8, 11.5, and 8.8 nm for these 3 different systems. In addi-
tion, the porosity of the porous low-k film at 10 wt% PS loading was
found to be 15.6% by using the XRR technique. Compared to the
porogen size in the hybrid films cured at 190 �C, there was little
aggregation of PS porogens once MSQ was fully cross-linked at
200 �C.

Based on particle analysis of the PS/THF solution and in situ GI-
SAXS analysis of the low-k MSQ/PS hybrid films, the PS size in the
solution and the hybrid film, then the pore size after burn-out, can
be summarized below. The PS particles in the THF solvent without
modification could diffuse and aggregate readily into large parti-
cles with a size of 49.3 nm. When MSQ precursor was added to
the solution to form a low-k hybrid film, the PS porogen size was
found to be 10.0 nm at 30 �C. These results indicate that PS parti-
cles without surfactant treatment were shrunk by the presence
of MSQ matrix precursor in the hybrid film due to the steric effect
[25,26]. In contrast, the PS with NaDBS and DB modification in the
solution showed a much smaller particle size of 9.0 and 8.0 nm,
respectively. The difference can be attributed to the electrostatic
dispersion due to their higher absolute zeta potentials as described
in the previous section. When MSQ precursor was added to the PS/
THF solution with NaDBS and DB modification, then spin-coated to
form a low-k hybrid film, the PS porogen size remained at 9.0 and
7.8 nm at 30 �C, respectively. This indicates that the electrostatic



Fig. 2. Porogen sizes and distribution in the low-k MSQ/PS hybrid films as a function of cure temperature: (a) PS without modification, (b) NaDBS-modified PS, and (c) DB-
modified PS.

Fig. 3. 2-D GISAXS scattering patterns of the low-k porous MSQ films after removal of PS porogens at 400 �C: (a) PS without modification, (b) NaDBS-modified PS, and (c) DB-
modified PS.
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dispersion effect by surfactant was dominant over the steric effect
by MSQ matrix.

When the low-k hybrid films were further cured to 190 �C, the
porogen size was increased by 23.3% from 9.0 to 11.1 nm for the
NaDBS-modified PS system; and increased by 11.5% from 7.8 to
8.7 nm for the DB-modified PS system, but increased significantly,
by 65.0% from 10.0 to 16.5 nm for the system without modifica-
tion. After the removal of PS porogens at 400 �C, the pore sizes
were about the same as those at cured at 200 �C, showing that
there was little aggregation of PS porogens once MSQ was fully
cross-linked at 200 �C. Thus, surfactant modification of PS, espe-
cially by DB, can achieve and maintain a small pore size with tight
distribution, even at a slow cure rate, i.e. 2 �C/min. Thus, the poro-
gen aggregation behavior within the cross-linkable MSQ matrix as
a function of cure temperature up to 200 �C is critical for control-
ling the porogen and pore size after burn-out. This will be ad-
dressed in the following sections.

In situ viscosity measurement was carried out from room tem-
perature to 200 �C to examine any aggregation of porogens and
the interaction between porogens and progressively cross-linked
MSQ. In addition, the cross-linking behavior of MSQ in the low-k
MSQ/PS hybrid films was investigated by FTIR analysis. The viscos-
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ity, porogen size, and network/cage structure ratio of the MSQ/PS
hybrid films with and without modification, as a function of tem-
perature at a heating rate of 2 �C/min from 30 to 200 �C, are shown
in Fig. 4a, b, and c, respectively. In the unmodified case, porogen
size did not change much at T < 100 �C. Then, the viscosity reached
a plateau and remained at �2.3 � 105 poises between 105 and
160 �C (Fig. 4a). The porogen size noticeably increased by 15% (rel-
ative to the size at 30 �C) at 130 �C and 33% at 150 �C (Fig. 4b). As
the cure temperature was further increased, the viscosity would
drop at the on-set temperature of about 160 �C and reached its
lowest value, �1.8 � 105 poises at 175 �C (Fig. 4a), while the poro-
gen size was enlarged by 50% at 170 �C (Fig. 4b). In the last stage up
to 190 �C, the porogen size increased by 65%. But, the rate of size
change was reduced because MSQ was almost entirely cross-linked
as illustrated by the network/cage ratio (Fig. 4c).
Fig. 4. (a) The viscosity, (b) porogen size, and (c) the ratio of network-/cage- Si–O in
the low-k MSQ/PS hybrid films as a function of cure temperature for NaDBS-
modified PS (d), DB-modified PS (j), and PS without modification (N).
The results indicate that the PS porogen without treatment can
diffuse and aggregate readily in the relaxed MSQ structure at
Tg 6 T 6 160 �C. The aggregation was enhanced at T > 160 �C due
to viscosity reduction by H2O released from the on-set of conden-
sation, i.e. cross-linking of the MSQ matrix, resulting in an increase
in porogen size at a faster rate. At T > 175 �C, viscosity increased
again as the cross-linking of the MSQ matrix was near completion,
leading to a continued increase in porogen size to 16.5 nm at
200 �C, but a lower rate.

In the NaDBS-modified PS case, Fig. 4b shows that the PS poro-
gen size increases very little from 9.0 nm at 30 �C to �10 nm at
150 �C, then to 11.0 nm at T > 170 �C. Interestingly, it exhibits high-
er viscosity (�2.3 � 105 poises) than the hybrid film without mod-
ification (�2.2 � 105 poises) in the 105–160 �C range as shown in
Fig. 4a. While the on-set temperatures for the viscosity drop
(160 �C) and viscosity pickup (175 �C) for both systems are the
same, the viscosity of the NaDBS-modified hybrid film remained
higher, �2.3 � 105 poises at 160 �C and �2.0 � 105 poises (vs.
�1.8 � 105 poises for the unmodified system) at 175 �C. The degree
of cross-linking of the MSQ matrix in the NaDBS-modified MSQ/PS
hybrid system (Fig. 4c) was slightly lower than the unmodified sys-
tem, presumably due to its higher viscosity. Nevertheless, this indi-
cates that the addition of anionic surfactant does not noticeably
affect the cross-linking behavior of MSQ. This is confirmed by the
same on-set temperatures of viscosity drop at 160 �C and the rapid
rise in viscosity at �175 �C as shown in Fig. 4a.

In the cationic DB-modified PS system, Fig. 4b shows that the PS
porogen size increases very little from 7.8 nm at 30 �C to �8.7 nm
at T > 170 �C. This system exhibited higher viscosity (max.
�2.4 � 105 poises) than the hybrid film without modification
(max. �2.2 � 105 poises) and even the NaDBS-modified hybrid film
(max. �2.3 � 105 poises) throughout the whole temperature range.
Moreover, its viscosity did not show an obvious plateau prior to the
on-set condensation temperature, i.e. at Tg 6 T 6 160 �C. However,
the viscosity curve shows that the on-set temperature of viscosity
drop in the DB-modified PS system was delayed by about 5 �C,
compared to the other two conditions. Also, the degree of cross-
linking of the MSQ matrix in the DB-modified PS system (Fig. 4c)
was the lowest. This shows that the addition of cationic surfactant
does noticeably affect the cross-linking behavior of MSQ in the hy-
brid film during the curing step.

The interaction between MSQ and surfactant-modified PS was
then further investigated by monitoring changes in the of Si�OH
infrared absorption band in the 905–930 cm�1 region of the
MSQ/PS hybrid films at room temperature by FTIR spectroscopy.
Fig. 5 shows a cage Si�O structure at �1130 cm�1 and a network
Si�O structure at �1030 cm�1 [27], and a Si�OH stretching band
in the 905–930 cm�1 region [28,29]. In particular, the peak posi-
tions of Si�OH of MSQ for the unmodified, NaDBS-, and DB-modi-
fied PS systems were 922, 924, and 908 cm�1, respectively.
Compared to the unmodified and anionic surfactant-modified PS
systems with a negative surface potential, the strong red shift,
14 cm�1 in the Si�OH band for the cationic DB-modified PS system
can be attributed to columbic attraction [30] between the electron
lone pair of oxygen atoms of the Si�OH group and the positively
charged PS particles (with a surface potential of +66 mV).

The next task is to clarify whether the attractive force between
the Si�OH and DB-modified PS porogen affects the MSQ matrix
cross-linking and porogen aggregation during the curing step.
Therefore, the peak positions and peak intensities of the Si�OH
absorption band of MSQ with and without modification, as a func-
tion of cure temperature are further examined and illustrated in
Fig. 6a and b, respectively. Fig. 6a shows that the peak positions
of Si�OH in the negatively charged PS system remained at
�922 cm�1 without any obvious change at T 6 140 �C. This implies
that the electrostatic force between charged PS and MSQ is not af-



Fig. 5. FTIR spectra (880 to 1170 cm�1) of low-k MSQ/PS hybrid films at 25 �C for PS
without modification, NaDBS-modified, and DB-modified PS.

Fig. 6. (a) Peak position and (b) peak intensity of Si�OH infrared absorption band as
a function of cure temperature for NaDBS-modified PS (d), DB-modified PS (j), and
PS without modification (N).
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fected by cure temperature below 140 �C. The peak position then
shifted noticeably to 908 cm�1 at temperatures between 140 �C
and 160 �C. This can be attributed to the hydrogen bonding inter-
action [31] as Si�OH groups come in a closer range due to a drop
of viscosity, and start a condensation reaction at this stage. Simi-
larly, the peak position of the positively charged, DB-modified PS
system remained at 905 cm�1 until 150 �C, then shifted gradually
to 898 cm�1 due to the cross-linking of MSQ. The Si�OH band
was still present at 170 �C, which is about 10 �C offset compared
to the negatively charged and unmodified PS systems.

Fig. 6b shows that the intensity of the Si�OH peak decreases
with increasing cure temperatures of >100 �C, except that the rate
of change is much slower for the DB-modified PS system. The de-
crease in the Si�OH band intensity was due to the condensation
of Si–OH groups in the MSQ precursor, leading to a cross-linked,
cage to network Si–O structure [32]. Thus, the cross-linking rate
in the positively charged, DB-modified system was slower than
those in the negatively charged PS systems (without modification
or NaDBS-modified) presumably due to the columbic attractive
force between Si–OH and positively charged PS porogens, as evi-
denced by the red-shift in the Si–OH band (Fig. 5).

Based on the FTIR results, the interaction mechanism between
the MSQ matrix and surfactant-modified PS porogen, especially
the positively charged, DB-modified PS can be elucidated. Its corre-
lation with the degree of cross-linking, the viscosity, and the poro-
gen size in the hybrid films prepared at a slow cure rate, using
GISAXS, FTIR and viscosity measurements, is also clarified. The
aggregation of the PS porogen in the low-k hybrid PS/MSQ films
is greatly influenced by electrostatic stabilization [33], steric stabil-
ization of cross-linkable MSQ matrix, and interaction between the
MSQ matrix and surface-modified PS, depending on the zeta poten-
tial and charge state of surfactants.

As our previous work on MSQ/polystyrene-b-polybutadiene-b-
polystyrene (SBS) porogen [13], the steric barrier effect on the PS
porogens is affected by the microstructure of the cross-linkable
MSQ matrix at three significant temperatures in the cure step;
namely, (1) the glass transition temperature, Tg (�100 �C), (2) the
onset temperature, 160 �C for transformation from cage to network
structure, and (3) the immobilization temperature, 175 �C, which
have been described in Fig. 4a–c. Noticeable porogen aggregation
occurred at T > Tg, but the aggregation occurred at a different rate
during these 3 stages, depending on the diffusivity of PS particles,
which is a function of viscosity and temperature as described by
the Einstein-Stokes equation [34] (Eq. (2)):

D ¼ kBT
6pgr

ð2Þ

where kB is the Boltzmann constant, T is the absolute temperature,
g is the viscosity of the system and r is the particle radius. In this
study, g, is a measure of the steric and electrostatic barrier to move-
ment of the PS particles within the cross-linkable MSQ matrix. Thus,
at T > Tg, the relaxation of the PS and MSQ molecular chains leads to
reduced viscosity and higher diffusivity of the PS particles. Such
high diffusivity increases PS collisions and leads to the aggregation
of PS porogens from 10.0 to 13.4 nm. At T > 160 �C, the viscosity
drops drastically to �1.8 � 105 poises, because of the plasticization
by the large amount of H2O by-products when extensive transfor-
mation of cage to network Si–O occurs in the MSQ. This results in
greater aggregation of the PS porogens, leading to a faster change
in the porogen size, from 13.4 to 15.6 nm, between 150 and
175 �C. In the final stage, �175 to 200 �C, most H2O is believed to
have dried off at less than 175 �C. In addition, the cross-linking of
the MSQ matrix with a 3D and highly cross-linked Si–O network
structure at T > 175 �C makes the MSQ/PS hybrid behave like a solid,
with a very high viscosity of �2.2 � 105 poises. As a result, the PS
porogens are trapped or ‘‘frozen’’ within the highly cross-linked
MSQ matrix, leading to an approximately constant porogen size of
15.6–16.5 nm, beyond T > 175 �C.
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When the surfactant, either anionic or cationic, is added to PS in
THF solution, negative or positive charges build up on the PS par-
ticle surface. As a result, the charged PS porogens repel each other
and do not aggregate. This electrostatic repulsion also plays the
dominant role in hindering the aggregation of PS porogens in the
NaDBS- and DB-modified PS/MSQ hybrid films during the slow
cure process from 30 to 200 �C. Since the surfactant is physically
adsorbed only on the PS particle surface, the surface charge on
the PS particles may change over time and temperature, if the sur-
factant desorbs from the surface, during the cure process. However,
NaDBS and DB have been reported or tested to possess excellent
thermal stability up to at least 200 �C [35]. Therefore, the surface
density of NaDBS- or DB-modified PS particles would not be ex-
pected to degrade as the cure temperature rises to 200 �C
[36,37]. Compared to a weakly electrostatic dispersed PS/MSQ sys-
tem without modification (zeta potential: �18 mV), the NaDBS-
modified PS/MSQ system (zeta potential: �58 mV) and DB-modi-
fied PS/MSQ system (zeta potential:+66 mV) exhibits strong elec-
trostatic repulsion, resulting in little or limited aggregation of PS
porogens during a slow cure process, which produces a small poro-
gen size with a tight distribution.

The charge on the particles has an effect on the increased vis-
cosity, depending on the surface charge density, because the elec-
trical double layer around each particle is distorted under shearing,
i.e. the electroviscous effect [38,39]. This increased viscosity can be
quantified and taken into account by introducing a correction fac-
tor, i.e. the primary electroviscous coeffiicent, p, to the modified
Einstein-Stokes equation [40] (Eq. (3)):

gr ¼ 1þ kð1þ pÞu ð3Þ

where gr is the relative viscosity, u is the volume fraction of the so-
lid and k = 2.5 for spherical and rigid particles. The ‘‘p’’ coefficient
[38] can be represented by Eq. (4)

p ¼ ð2eoerfÞ2

kogoa2 ð4Þ

where eo is the permittivity of free space, er is the relative permit-
tivity, f is the zeta potential, ko is the specific conductivity of the
continuous phase, go is its viscosity and a is the diameter.

A higher zeta potential leads to a higher viscosity, which ac-
counts for the difference in viscosity among the three different
MSQ/PS hybrid films as illustrated in Fig. 4a at T > Tg. As a result,
the diffusivity of the highly-charged PS porogens is hindered by
the increased viscosity. Therefore, the high zeta potential of
charged PS porogens further impedes the segregation and aggrega-
tion of PS within a successively cross-linked MSQ matrix through
electrostatic repulsive forces and the electroviscous effect. In addi-
tion, the columbic attraction [30] between the electron lone pair of
the oxygen atoms of the Si�OH group and the positively charged
PS particles, restrains the PS porogen and its mobility during the
cure step, resulting in a further reduction in porogen aggregation.
Overall, the NaDBS modified-PS/MSQ hybrid film yielded a small
porogen size and tight distribution (8.7 ± 2 nm) when cured at a
slow rate up to 200 �C with MSQ fully cross-linked, and a similarly
small pore size (8.8 nm) after burning out of porogen at 400 �C. In
comparison, our previous work on low-k MSQ/SBS hybrid film used
a rapid curing method to trap the porogen within a rapidly formed,
well-cross-linked MSQ matrix, leaving its size unchanged (from as-
prepared, 25 �C) with tight distribution. Thus, surface modification
of PS porogens by cationic surfactant offers an alternative and sim-
ple method to control the porogen and pore size and distribution
even at a slow cure rate (2 �C/min), which offers great process lat-
itude. This simple method based on polystyrene porogen with sur-
face potential modification, can be further improved by reducing
the pore size and extended to other relevant materials as the poro-
gen. In principle, the porogen particle size in the solvent can be re-
duced by using a porogen of a lower molecular weight [41] and
with treatment leading to a higher surface potential [42,43]. As a
result, a smaller pore size can be expected after the removal of
porogen from the corresponding low-k/porogen hybrid film. In
addition to polystyrene, the porogen materials can be selected
from linear polymers such as polyethylene, polypropylene, poly(-
methyl methacrylate) [44], poly(alkylene ether)s (e.g., poly(ethyl-
ene oxide) (PEO) and poly(propylene oxide) (PPO)) [45] of lower
molecular weight and good miscibility with low-k matrix precur-
sors, such as MSQ.

4. Conclusion

A commercial, spin-on MSQ was selected as the low-k matrix
and a high-temperature porogen, such as PS, was employed as
the sacrificial component in a novel post-integration porogen re-
moval method for preparing porous low-k MSQ film in this paper.
The effect of surfactant modification of PS on the porogen size in
low-k MSQ/PS hybrid films at 10 wt% PS loading under a slow cur-
ing profile was studied by GISAXS, viscosity measurement, and
Fourier transform infrared analysis. Specifically, an anionic surfac-
tant, NaDBS, and a cationic surfactant, DB, were used to modify the
surface potential of PS porogen in THF solution from an initial va-
lue of �18 mV (unmodified) to �58 mV and +66 mV, respectively.
Upon curing at a slow rate (2 �C/min), the porogen without modi-
fication aggregates and its size increases from 10.0 to 16.5 nm at
different rates due to the steric hindrance of the structural state
of the MSQ matrix at three particular temperatures; namely, (1)
the glass transition temperature, Tg (�100 �C), (2) the onset tem-
perature (160 �C) for MSQ condensation and (3) the immobiliza-
tion temperature, 175 �C. The porogen size starts to increase as
PS porogen aggregates, at T > Tg of MSQ, then increases at a higher
rate, at T between 150 and 175 �C, where the viscosity drops dras-
tically at T > 160 �C, and finally increases to 16.5 nm after 190 �C. In
contrast, for the NaDBS-modified and DB-modified PS systems, the
high zeta potential of charged PS porogens impede the aggregation
of PS within a successively cross-linked MSQ matrix through elec-
trostatic repulsion forces and the electroviscous effect. This results
in little or limited PS porogen aggregation and yields a small poro-
gen size with tight distribution, 11.1 ± 2.4 and 8.7 ± 2.0 nm, respec-
tively. More importantly, the columbic attraction between the
Si�OH groups of MSQ matrix and the DB-modified, positively
charged PS particles, restrains the PS porogen and its mobility dur-
ing the cure step, resulting in a further reduction in porogen aggre-
gation. Overall, the NaDBS modified-PS/MSQ hybrid film yields a
small porogen size and tight distribution (8.7 ± 2 nm) when cured
at a slow rate up to 200 �C with MSQ fully cross-linked, and a sim-
ilarly small pore size (8.8 nm) after burning out of porogen at
400 �C. In summary, we provide an alternative and simple method
to control the porogen, pore size and distribution even at a slow
cure rate (2 �C/min), offering great process latitude.
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