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Pore size distributions in nanoporous methyl silsesquioxane films
as determined by small angle x-ray scattering
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Small angle x-ray scattering~SAXS! measurements were performed on nanoporous methyl
silsesquioxane films that were generated by the incorporation of a sacrificial polymeric component
into the matrix and subsequently removed by thermolysis. The average pore radii ranged from 1 to
5 nm over a porosity range of;5–50%. The distribution in pore size was relatively broad and
increases in breadth with porosity. The values and observations obtained by SAXS are in good
agreement with field emission scanning electron microscopy. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1507841#
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As device dimensions in microprocessors shrink, sig
delays and noise increase due to capacitive coupling
cross talk between metal interconnects. To minimize th
effects, extensive effort has been directed toward replac
standard SiO2 with new interlayer dielectrics having signifi
cantly lower dielectric constants,k. Nanoporous films pro-
vide a route to lowering the dielectric constant by subst
tion of a portion of the matrix material with air. Unlike earl
nanoporous organic dielectrics generated from diblock
polymers that microphase separated into discrete dom
having a well defined size,1 many of the nanoporous dielec
trics of interest today are based on kinetically arrested ph
separating systems where one component forms a r
cross-linked network while the other is expelled from t
film by thermolysis at elevated temperatures.2 Methyl silses-
quioxane ~MSSQ!3 and cross-linked poly~arylenes!,4 e.g.,
SiLK™, are two materials currently being examined for t
generation of nanoporous dielectrics. Due to the mechan
of phase separation however, these systems may exhi
broader distribution in pore sizes.

One of the most important criterions for nanoporo
films is that the pore size must be substantially smaller t
device structures. For example, nanoporous films hav
pores comparable or larger than the pattern linewidth m
lead to localized deformation or collapse due to insuffici
structural support, formation of metal shorts, or degrad
performance associated with fringing fields resulting fro
the inhomogeneous structure between lines. To success
utilize nanoporous films as interlayer dielectrics, an und
standing of the pore size and size distribution is necess
Furthermore, such information will be invaluable in unde
standing the pore formation process and develop
structure-property relationships.

Despite its importance, pore size distribution has be
difficult to accurately measure. Adsorption porosimetry,5 in-
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volving the measurement of adsorption isotherms of a va
onto the pore surface, requires judicious selection of the
por probe, can be complicated by matrix swelling effec
and may not be applicable to closed-cell structures if
vapor does not penetrate into the pores. Positron annihila
lifetime spectroscopy6,7 requires a calibration curve to con
vert the deconvoluted lifetime data into pore size and it h
been observed that this technique can be material depen
Furthermore, the inverse Laplace transform procedure
lized to convert decay data to lifetimes is nontrivial and p
ticular care must be taken in the treatment of the data
minimize the possibility of generating spurious pore size d
tributions. Quantitative analysis of the pore structure fro
transmission electron microscopy is complicated by super
posed pores in cross-sectional specimens. Finally, sm
angle neutron scattering which has been utilized for por
silica,8 is not well suited to some important hydroge
containing nanoporous systems, e.g., porous MSSQ, du
the lack of scattering length density contrast9 between the
matrix material and the pores.

In this letter, we describe quantitative determination
the pore size distribution in nanoporous low-k films using
small angle x-ray scattering~SAXS!, where sufficient con-
trast arises from the electron density difference betw
MSSQ and air. To produce these films, the MSSQ (Mw

515k, Dow Corning! and the sacrificial organic componen
denoted as the porogen, are dissolved in a mutual sol
~e.g., propylene glycol methyl ether!, spin coated onto S
substrates, and annealed under a N2 atmosphere to 450 °C a
a ramp rate of 5 °C/min. For these studies, the porogen w
copolymer poly~methyl methacrylate-co-dimethylaminoethyl
methacrylate!, or P~MMA- co-DMAEMA !, which was
synthesized by atom transfer radical polymerizati
@Mw512k,PDI51.1#. Previous publications have discuss
the pore generation process in MSSQ in much grea
detail.2,10

Field emission scanning electron microscopy~FESEM!
was performed on each of the films using a Hitachi S-47
scanning electron microscope. Representative cross-sect
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images for cleaved films generated from samples with ini
porogen loadings ranging from 20 to 50 wt% are shown
Figs. 1~a!–1~d!. These high resolution images suggest t
the visible pores have diameters of;10–20 nm and are uni
formly dispersed throughout the thickness of the film. F
thermore, a progressive increase in pore size is observed
increasing porosity~porogen loading!. Although FESEM
provides useful information regarding the film structure a
is relatively easy to perform, the extraction of accurate qu
titative values for the pore size and size distribution fro
these images is difficult. This is due to several primary f
tors: e.g., fracture induced artifacts and the limitations of
FESEM in resolving smaller pores.

We have utilized SAXS,11 a well-established techniqu
that probes structural correlations for length scales of 1–
nm. SAXS experiments were performed at the IMM-CAT
the Advanced Photon Source at Argonne National Labo
tory. X rays from an undulator were monochromatized wit
Ge ~111! crystal to an energy of 7.66 keV. Slits confined t
beam size to either 1003100mm ~high resolution! or 200
3200mm ~low resolution!. An area detector was used with
sample to detector distance of either 2750 mm~high resolu-
tion! or 235 mm~low resolution!. The samples were pos
tioned with the substrate normal coinciding with the incide
beam. To reduce attenuation from the substrate,;80 mm
substrates were used with film thicknesses of;0.5–0.8mm
~which transmitted;25% of the incident beam!. In contrast
to real space methods, such as electron microscopy, th
formation obtained from SAXS measurements is genera
over a much larger sampling volume. As a result, the num
of pores probed in these experiments is orders of magnitu
larger than for real space techniques and a better statis
representation is attained.

Due to the high flux afforded by the undulator sour
and sufficient electron density contrast between the two c
ponents, measurements were performed on single films
data were typically acquired over;5–10 min. Since scatter
ing from such thin films can be inherently weak for some
these systems, great care was used to reduce backgr
scattering. First, double-sided polished wafers were use
eliminate scattering emanating from the substrate roughn

FIG. 1. Field emission scanning electron microscopy~FESEM! images ob-
tained from a cross section of the porous MSSQ films as a function
porosity. Scale bar5200 nm.
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Parasitic slit scattering from the beam defining slits w
minimized through the use of slits with hemispherical p
ished blades and the careful placement of guard slits. Fin
the sample was placed under vacuum and the placeme
windows was limited to a position between the beamstop
the detector and before the beam defining slits. The lack
windows near the sample and the placement of the final w
dow after the beamstop significantly reduces the backgro
scattering.

The SAXS data were background subtracted, circula
averaged, and normalized with respect to the transmi
beam intensity. Data for a series of films where the init
porogen loading ranged from 5–50 wt% are shown by
symbols in Fig. 2~a! and are plotted on a log–log plot as
function the scattering vector,q5(4p/l)sin(u), where 2u is
the angle between the scattered photon and transm
beam. The data sets shows similar characteristics: the s
tering is relatively flat at lowq and drops off asymptotically
at higherq with roughly aq24 dependence. With increasin
porosity, the position where the scattered intensity drops
which is inversely related to the pore size, shifts to lowerq,
and the overall scattering intensity, which is proportional
the number of pores and the pore volume, increases. Bot
these observations are consistent with an increase in
size with increasing porosity.

To determine the pore size distribution, we have mo
eled the data using several approximations. First we ass
that the pores are spherical, i.e., pore shape is ignored.
ond, the hard sphere exclusion radius is assumed to
equivalent to the pore size, i.e., there is no depletion la
Third, we approximate the interference due to inter-po
scattering with an approach described by Pedersen, usi
hard sphere model and an approximation that the pores
locally monodisperse in size.12 Because there is a broad di
tribution of cluster sizes~vide infra!, both of these approxi-
mations are valid as long as the pores are largely not in
connected. The high porosity films are discussed below.
scattered intensity,I (q), is written as

I 5cE
0

`

n~r ! f ~qr !S~qr !dr,

where c is a constant,n(r ) is the pore size distribution
f (qr) is the spherical form factor, andS(qr) is the structure
factor for the monodisperse hard sphere model.13

We have considered several types of pore size distr
tions and found that the SAXS data are best modeled usi
log-normal pore size distribution

n~r !5
1

~2p!0.5r 0s exp~0.5s2!
expH 2@ ln~r /r 0!#2

2s2 J ,

wherer is the pore radius,r 0 is the pore radius correspond
ing to the maxima of the distribution,s is related to the
width of the distribution, andn(r ) is the number fraction
with pore radiusr. The good fit for the log-normal distribu
tion is not surprising as this has been observed in a variet
other growth processes.14,15

Fits to the data are shown for each of the data sets in
2~a! ~solid lines! and the distributions generated from the
fits are displayed in Fig. 2~b!. Generally, the fits were per
formed to closely match a large region inq near the drop off

f
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in intensity. The scattering vector corresponding to this
sition, denoted asq* , is approximately equal top/2r , where
r is the radius of the pores. Thus, the data in theq range near
q* is of most relevance. At lowerq, some deviations be
tween the data and fits are observed; this is attributed
difficulties in modeling pore–pore correlations in the syste
Of particular note is the lack of fringes in the scattering d
that are inherent in the spherical form factor@ f (qr)# and are

FIG. 2. ~a! Circularly averaged scattering intensity~symbols! and fits~solid
lines! vs q and~b! size distribution generated from the model fits. The bum
at low Q for the 15% film is due to imperfect subtraction of slit scatterin
Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
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normally observed in well-defined systems. The absence
these fringes immediately shows that there is a relativ
broad pore size distribution as any interference in the s
tering data, normally associated with monodisperse syste
is smeared out. The size distributions in Fig. 2~b! show that
the average pore size increases and the size distribu
broadens with increasing porosity. This is in good qualitat
agreement with the images obtained by FESEM. Furth
more, estimates of the pore size obtained from the FES
images are consistent with the pore size distributions ge
ated by SAXS. These results show that for this particu
material set, the pore sizes are sufficiently small relative
device feature sizes. Although this treatment is based o
morphology comprised of nearly spherical pores, treatm
of the higher porosity samples, which have an interconnec
structure, produced values that still correlate well w
FESEM images. At higher porosities, the bicontinuous p
structure becomes difficult to define; consequently, the str
ture factor for such a morphology is difficult to model. For
rigorous treatment of interconnected systems, the struc
factor must be modified to account for the deviation in m
phology. The applicability of other models16–18 for open-
celled nanoporous films is currently under investigation.
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