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Low dielectric constant (low-%) dielectric materials not
only lower line-to-line noise in interconnect conductor
lines but also minimize power dissipation by reducing
the capacitance between the interconnect conductor
lines.! Thus, low-£ dielectrics (& < 2.5) are highly sought
after by the microelectronics industry, which is rapidly
developing advanced integrated circuits (ICs) that have
improved functionality and speed in smaller packages
and that consume less power.! Because most organic
and inorganic materials have dielectric constants of %
> 2.8, considerable effort has been devoted to reducing
the % value of dielectric materials by incorporating air,
the medium with the lowest possible dielectric constant
(k =1.01), into these materials as pores.!™* One promis-
ing approach is imprinting pores in organosilicates such
as poly(methylsilsesquioxane) (PMSSQ) (¢ = 2.7) by
sacrificial degradation of organic porogens at 350—450
°C.275 However, the tendency of porogens to aggregate
in organosilicates has limited the pore size reduction
and porosity of the resulting dielectrics,?2® making them
unsuitable for use in advanced ICs with small feature
sizes. In particular, star-shaped porogens with a high
number of arms show a severe aggregation, even at
porogen loadings as low as 10—20 wt %, generating
large and interconnected pores in the dielectric thin
films.4® Thus, if such advanced ICs are to be developed,
a method is needed for generating dielectric materials
containing a uniform distribution of closed pores with
a pore size much smaller than the feature size of the
ICs. Moreover, the ability to characterize the pore
structure in porous dielectrics is as important as
developing the dielectrics and porogens themselves.

In this study, we aimed to minimize aggregation of a
star-shaped poly(e-caprolactone) porogen with four arms
in a PMSSQ dielectric matrix by chemical modification
of the porogen end groups. To test the efficacy of the
proposed modification, the nanostructures and proper-
ties of porous dielectrics prepared using different
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amounts of the modified porogen were quantitatively
characterized.

A soluble PMSSQ precursor containing reactive ethoxy-
silyl and hydroxysilyl groups was used as the dielectric
material, while a four-armed poly(e-caprolactone) with
and without triethoxysilyl termination (mPCL4 and
PCL4) were used as thermally labile porogens (Figure

1). PCL4 (6800 M, (weight-average molecular weight)
with a polydispersity index (PDI) of 1.10 and an average
degree of polymerization per arm of 8.9) was synthesized
by the di(trimethylol propane)-initiated polymerization
of e-caprolactone, catalyzed by stannous 2-ethylhex-
anoate, according to a previously reported method.*¢
The hydroxyl end groups of PCL4 were further chemi-
cally modified by reaction with 3-isocyanatopropyltri-
ethoxysilane, producing triethoxysilyl-terminated po-
rogen (mPCL4).” On heating, thermogravimetric analysis
found that the mPCL4 porogen’s triethoxysilyl terminal
groups undergo curing reaction over the temperature
region 110—285 °C, with loss of sample weight due to
the evaporation of ethanol byproduct, and the porogen
decomposes over the temperature region 290—375 °C.

The PMSSQ precursor (10 000 M, supplied by Tech-
neglas Co.)8 used in our study was found to undergo
curing reaction over the temperature region 75—340 °C,
which is accompanied by weight losses due to the
evaporation of the water and ethanol byproducts, and
the cured PMSSQ dielectric is stable up to 500 °C.
Because of the overlapping of the temperature regions
in which the curing reactions of the PMSSQ precursor
and the mPCL4 porogen occur, favorable chemical
hybridization is likely to occur in their blends, which
minimizes the aggregation of porogen molecules that
can occur prior to their sacrificial thermal decomposi-
tion. In comparison, the unmodified PCL4 porogen was
found to decompose over 205—352 °C.

Taking these results into account, we prepared porous
PMSSQ dielectric films on precleaned Si(100) wafers
from the PMSSQ precursor and the porogens (Figure
1). PMSSQ/porogen blend films were additionally pre-
pared by partial curing at 200 °C for 100 min in a
vacuum. The thicknesses of films were ca. 700 nm. 2D
GISAXS measurements were performed in a vacuum
using an X-ray beam (0.8 x 0.6 mm?) of 7.25 keV at the
4C1 SAXS Beamline!? of the Pohang Accelerator Labo-
ratory, and 2D TSAXS experiments were conducted in
a vacuum using an X-ray beam (0.5 x 0.3 mm?2) of 15.00
keV at the DND-CAT Synchrotron Research Center!!
of the Argonne National Laboratory. 2D charge-coupled
device detectors were used, and the sample-to-detector
distance was 1.00 and 2.50 m for GISAXS and 4.30 m
for TSAXS. In addition, PMSSQ dielectric films of ca.
700 nm thick were prepared by curing at 400 °C and
by partial curing at 200 °C in a vacuum, and their
TSAXS and GISAXS patterns were measured and used
as a background run data for correcting the scattering
data of the porous PMSSQ films and the partially cured
blend films. The dielectric films were further character-
ized by using a Woollam ellipsometer and an Agilent
impedance analyzer. Transmission electron microscopy
(TEM) measurements were carried out using a JEM
microscope on samples prepared on carbon grids.

Figure 2 shows a representative TEM image of a
porous PMSSQ film. The TEM image clearly shows that
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Figure 1. Procedure for preparing nanoporous organosilicate thin films from a curable PMSSQ precursor (10 000 ATW: weight-
average molecular weight) and a thermally labile star-shaped molecule, mPCL4 [M,, = 8000, PDI (polydispersity index) = 1.11,
and DP (degree of polymerization)/arm = 8.9], or PCL4 (M, = 6800, PDI = 1.10, and DP/arm = 8.9).
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Figure 2. TEM image of a nanoporous PMSSQ dielectric
imprinted with 10.0 wt % mPCL4 porogen.

the nanopores generated in the dielectric film by the
sacrificial thermal degradation of the mPCL4 porogen
are spherical in shape and that their sizes are around
6 nm. Similar TEM images were obtained for porous
PMSSQ films imprinted with the PCL4 porogen, but the
pore sizes are larger in comparison to those prepared
with the mPCL4 porogen (data not shown).

Figure 3a shows a representative 2D TSAXS pattern,
which was measured for a 700 nm thick PMSSQ film

imprinted with 30 wt % mPCL4, and for comparison,
Figure 3b shows the 2D GISAXS pattern measured with
an X-ray beam incident at a grazing angle o; (=0.20°)
for the same sample. The 2D TSAXS pattern appears
isotropic, indicating that the pores are randomly dis-
tributed in the in-plane of the porous film. The 2D
GISAXS pattern reveals bright scattering features along
the 26; axis direction at an osregion between the critical
angles of the film and silicon substrate (o.f and o),
which are intense scattering due to a type of standing
wave phenomenon and total reflection at the interface
between the film and the substrate. Except for such
bright scattering features between the o.fand o, the
2D GISAXS pattern shows no preferential orientations,
confirming that the pores are randomly distributed in
the in-plane and out-of-plane of the porous film. Similar
TSAXS and GISAXS patterns were obtained for the
films imprinted with other loadings of mPCL4 and those
prepared with PCL4. Considering these results, we
extracted in-plane GISAXS profiles along the 20r axis
direction at an exit angle or (0.20°) between the o rand
O values from the measured 2D GISAXS patterns,
which can give structural information in the film plane,
and compared them with the 1D TSAXS profiles ob-
tained from the measured 2D TSAXS patterns, which
can also provide structural information in the film plane
(Figure 4).

The extracted in-plane GISAXS profiles can be ana-
lyzed using the GISAXS formula® derived for particles
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Figure 3. Representative scattering patterns measured for
a 700 nm thick porous PMSSQ film imprinted with 30 wt %
mPCL4 porogen: (a) TSXAS pattern; (b) GISAXS pattern.
Double-side polished, 70 um thick Si wafers (25 mm diameter)
were used a substrate. oy is the angle between the scattered
beam and the film surface (i.e., the out-of-plane exit angle),
and 26ris the angle between the scattered beam and the plane
of incidence (i.e., the in-plane exit angle).

buried in a film on a substrate. To analyze the extracted
in-plane GISAXS profiles by using the GISAXS formula,
we considered all possible scattering models for the
scattered intensity from pores in the dielectric film (i.e.,
I, term in the GISAXS formula®) and then found that
the hard-sphere model'? with a log—normal size distri-
bution is the most suitable for analyzing the measured
GISAXS profiles. As seen in Figure 4, the in-plane
GISAXS profiles of the porous films imprinted with the
mPCL4 porogen are well fitted with the GISAXS
formula of the hard-sphere model. In contrast, although
the scattering profiles of the films imprinted with 10—
20 wt % PCLA4 loadings can be reasonably well fitted
with the GISAXS formula of the hard-sphere model,
those of the films prepared with higher PCL4 loadings
(>20 wt %) could not be fitted with the GISAXS formula.
On the other hand, we found that the 1D TSAXS profiles
are well fitted with the hard-sphere model with the log—
normal pore size distribution, rather than any other
scattering models (Figure 4). These GISAXS and TSAXS
results collectively indicate that the pores in the porous
films are spherical and have a sharp interface with the
PMSSQ matrix.

From our analyses of the GISAXS and TSAXS pro-
files, we determined the size and size distribution of
pores in the porous films (Table 1 and Figure 5). Overall,
the pore size and size distribution determined from the
GISAXS data were in reasonably good agreement with
those obtained from the TSAXS data. For films im-

printed with PCL4, the average radius of gyration R,
of the pores increased substantially, from 4.4 to 5.3 to
>40 nm, as the porogen loading was increased from 10
to 30 wt %. These results indicate that, consistent with
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Figure 4. 1D SAXS profiles obtained from 2D SAXS patterns
of porous PMSSQ films. (a) 1D SAXS profiles of porous films
imprinted with PCL4; inset: TSAXS profiles measured before
and after the sacrificial thermal degradation of PCL4 loaded
in a film. (b) 1D SAXS profiles of porous films imprinted with
mPCL4; inset: TSAXS profiles measured before and after the
sacrificial thermal degradation of mPCL4 loaded in a film. The
percentages indicate the initial porogen loadings. Symbols are
the TSAXS profiles while solid lines (black color) are the in-
plane GISAXS profiles; the solid lines (red color) were obtained
by fitting the data with the scattering formulas. The GISAXS
profiles were extracted along the g direction at oy = 0.20° from
the 2D GISAXS patterns.

previous reports,>® PCL4 tends to undergo severe
aggregation in the PMSSQ matrix at loadings greater
than 20 wt %, creating large pores in the film. Compared
to PCL4, mPCL4 was found to give pores of smaller size

and narrower size distribution, with R_ values in the
range 4.0—17.1 nm for mPCL4 loadings of up to 30 wt
%. These results indicate that severe aggregation of
mPCL4 is suppressed in the PMSSQ matrix. This
suppression of mPCL4 aggregation can be attributed to
the triethoxysilyl terminal groups of the porogen, which
are analogues of the reactive functional groups of the
PMSSQ precursor that take part in the curing reaction
during the film formation process (Figure 1). Because
of the similarity of the two types of groups, mPCL4 is
more miscible with the PMSSQ precursor than is PCL4,
and furthermore, the triethoxysilyl terminal groups
cause the porogen to participate in the curing reaction
of the PMSSQ precursor, leading to a significant inhibi-
tion of aggregation in the mPCL4/PMSSQ system.

In addition, the TSAXS scattering profiles of a given
sample were almost the same before and after sacrificial
thermal degradation of the porogen, except for some
differences in intensity (insets in Figure 4). This simi-
larity in the profiles indicates that the distribution of
porogen molecules in the PMSSQ matrix after drying
and partial curing is retained without further aggrega-
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Table 1. Pore Structures and Properties of Nanoporous PMSSQ Films Imprinted with mPCL4 and PCL4 Porogens

R,* (nm)
porogen loading (wt %) cure temp (°C) TSAXS GISAXS 0.2 (nm~3) P (%) nd ke
0 400 399 1.3960 2.70
mPCL4
10 400 4.0 (0.04) 5.2 (0.01) 376 5.8 1.3620 2.45
20 400 10.1 (0.05) 10.0 (0.02) 340 14.8 1.3214 2.16
30 400 14.8 (0.09) 17.1(0.03) 297 25.6 1.2921 1.95
30 200 14.8 (0.09) 396
PCL4
10 400 4.4 (0.06) 5.3 (0.01) 373 6.5 1.3587 2.44
20 400 11.3 (0.10) 10.0 (0.02) 338 15.3 1.3207 2.16
30 400 >408 >408 302 24.3 1.2795 1.85
30 200 >408 398

@ Average radius of gyration estimated from the radius r and number distribution of pores obtained by the analysis of SAXS profile.
b Electron density determined from the out-of-plane GISAXS profile. ¢ Porosity estimated from the electron density of the film. ¢ Refractive
index measured at 633 nm using spectroscopic ellipsometry. ¢ Dielectric constant measured at 1 MHz using an impedance analyzer.

' Standard deviation in the determined R, value. € Not detected due to the out of the detection limit (ca. 40 nm).
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Figure 5. Pore radius and distribution determined from the
scattering profiles in Figure 4: (a) porous films imprinted with
PCL4; (b) porous films imprinted with mPCL4.

tion through the curing/calcination process, and hence
the pores imprinted in the cured film are of the same
dimensions as those of the dispersed or partially ag-
gregated porogen molecules that form during the drying
and partial curing process.

Here it is further noted that, as seen in Figure 4, the
in-plane GISAXS and TSAXS profiles are similar for the
films imprinted with 10 wt % loadings of PCL4 or
mPCL4 but show deviations for the films prepared with
higher porogen loadings. These deviations are mainly
due to the following two factors. First, the cross-section
area of a film irradiated by an X-ray beam incident at
a grazing angle (for example, o; = 0.20°), as in GISAXS
measurements, is much larger than that in TSAXS
measurements. The sampling volume of TSAXS corre-
sponds to the X-ray beam size (0.5 x 0.3 mm?) times
the film thickness (700 nm), whereas that of GISAXS
is the product of the X-ray beam width (0.8 mm), the
film thickness (700 nm), and the X-ray beam path length
in the film (i.e., X-ray beam footprint length) (25 mm)
because in our GISAXS measurement the footprint of
the X-ray beam is larger than the length of the film
sample. Second, the in-plane GISAXS profiles consist
of three scattering components—one ¢, component (i.e.,
qy) and two g, components, g1, and go., which cor-
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Figure 6. Out-of-plane GISAXS profiles obtained at 26; =
0.156° from 2D GISAXS patterns of porous PMSSQ films
imprinted with mPCL4; the percentages indicate the initial
porogen loadings, the symbols are the measured data, and the
solid lines were obtained by fitting the data with the GISAXS
formula.

respond to the g. components of scattering vectors by
the transmitted and reflected beam, respectively?—
whereas the 1D TSAXS profiles consist of a single
scattering component (i.e., gy). In the case of a; = 0.20°
and of = 0.18°, g1, can be calculated to be very small
(0.01 A1) when refraction of the incident beam in the
film is taken into account; g2, is zero. In contrast to g1,
qi is not changed by refraction of the incident beam in
the film. Furthermore, the pores in the porous dielectric
films of our study are small but have relatively broad
size distributions. For a given dielectric film, the in-
plane scattering profiles at various oy values between
o s and o.s were found to be identical except for some
differences in intensity. The factors and findings out-
lined above indicate that the contributions of the q.
components to the overall q are negligible compared to
that of the ¢, component. We therefore conclude that
the deviations in the in-plane GISAXS and TSAXS
profiles are caused by differences in the X-ray irradiated
areas of the porous films in the GISAXS and TSAXS
measurements. Consequently, such deviations indicate
a macroscopic inhomogeneity in the pore distribution
in the films. Given that greater deviations were ob-
served for the films imprinted with PCL4, compared to
those prepared with mPCL4 (Figure 4), we conclude that
the distribution of pores is much more inhomogeneous
in the porous films imprinted with PCL4 than in those
imprinted with mPCL4.

Figure 6 shows the out-of-plane GISAXS profiles for
PMSSQ films imprinted with 10 and 30 wt % mPCL4.
Similar GISAXS profiles were obtained for the other
porous films (data not shown). The scattering profiles
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were well fitted by the GISAXS formula along with the
pore parameters obtained from the analysis of the in-
plane GISAXS profiles, confirming that the pore size
and pore size distribution are isotropic in the dielectric
films. These results indicate that the procedure used—
spin-coating, drying, and thermal processing—does not
induce any anisotropy in the pore shape and size in the
nanoporous films.

The scattering profiles (Figure 6) further show intense
scattering features in the ofregion of 0.15°—0.28°, which
are due to the standing wave phenomenon and total
reflection at the interface between the film and the
substrate as discussed above. In general, such intense
scattering features appear in an oscillation mode whose
frequency period relates to the film thickness. However,
the thicknesses of the films used in the measurements
are 700 nm, which is too thick and thus causes a high
frequency of oscillations in the scattering. Because of
the high frequency, oscillations apparently are not easily
discernible in the scattering profiles. Such intense
scattering features of a high-frequency oscillation result
from the |R|2and |T? terms in the GISAXS formula (see
the calculated |R|? and |T'|? profiles in the inset of Figure
6); here, R and T are the reflected and transmitted
amplitudes of the X-ray beam (i.e., incoming or outgoing
X-ray beam), respectively. These terms’ profiles provide
the o¢s of the film and silicon substrate. The a.r of the
film clearly decreases with increasing initial porogen
loading (Figure 6). From the a.rvalues, the film electron
density of each film was determined and then used to
estimate the film porosity. The porosities of the films
ranged from 5.8% to 25.6% (Table 1). As the porosity of
the PMSSQ film increases, the values of 2 and n
(refractive index) decrease (Table 1).

In summary, the results of this study highlight the
potential of reactive triethoxysilyl modification of the
end groups of four-armed porogen as a means of
preventing severe aggregation of star-shaped porogen
with multiple arms in the preparation of ultralow-%
nanoporous poly(alkylsilsesquioxane) dielectric films
from the soluble poly(alkylsilsesquioxane) precursors
having ethoxylsilyl and hydroxy groups which can
underogo curing reaction. In addition, we first reported
that GISAXS combined with conventional TSAXS can
quantitatively characterize the structures and proper-
ties of ultralow-£ nanoporous dielectric thin films on
substrates, providing the pore shape, size, size distribu-
tion, and the inhomogeneity and anisotropy of the pore
distribution as well the electron density and porosity.
In particular, it was demonstrated that GSAXS is a very
powerful tool to characterize the nanostructure and
properties of nanoscale thin films.
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