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ABSTRACT: Nanometer scale porosity is introduced into low-dielectric constant (“low-k”) materials to achieve
permittivities less than 2.0. X-ray reflectivity (XRR) and small-angle neutron scattering (SANS) are complementary
methods for characterizing pore size distributions (PSD). In this paper, the PSD in a polyphenylene low-k material
is characterized via solvent vapor porosimetry experiments using both SANS and XRR to probe solvent permeation,
and the significant differences in these techniques are described and discussed. Previous work assumed a single-
mode PSD, but the solvent porosimetry measurements indicate the presence of a bimodal PSD. A PSD maximum
is observed at about 5 Å via XRR porosimetry while SANS seems less sensitive to structure at highq (relatively
small size scales). A sorption/desorption hysteresis suggests the presence of “ink-bottle” pores in which solvent-
filled small pores block the desorption from large pores. A combination of these techniques is also able to describe
the structure in a film with partially developed porosity that contains matrix, pores, and porogen.

Introduction

Nanometer scale porosity is introduced into low-k dielectrics
to achieve permittivities of less than 2.0 that theInternational
Technology Roadmap for Semiconductorsindicates will be
required for interlevel insulators in the near future.1 It has proven
extremely difficult to characterize the average pore size and pore
size distribution in porous low-k dielectrics owing to the
nanometer size scale of the pores. Materials under consideration
for low-k dielectrics and characterization techniques used to
determine their structures and properties have been reviewed
recently.2,3 The tandem of X-ray reflectivity (XRR) and small-
angle neutron scattering (SANS) represents a powerful meth-
odology for characterizing pore volume fraction (porosity) and
pore size distribution in thin films.4-9

Nondestructive techniques used to investigate the pore size
distribution in nanoporous low-k materials include ellipsometric
porosimetry,10-15 XRR porosimetry,16-18 SANS porosimetry,19-22

positronium annihilation lifetime spectroscopy (PALS),23-25

small-angle X-ray scattering (SAXS),26,27 and neutron reflec-
tivity.28 Ellipsometry, XRR, and PALS have been used to
characterize a set of samples, yielding similar pore sizes, and
the advantages and disadvantages of the techniques have been
discussed in recent reviews.13,29 The ellipsometric, XRR, and
SANS porosimetry techniques are based on the phenomenon
of adsorption and condensation in small pores. In solvent
porosimetry, a porous film is exposed to a probe solvent vapor,
and the solvent partial pressure is varied. Thermodynamically,
the saturation vapor pressure of the vapor within a pore
decreases with decreasing pore radius. Thus, the vapor within
smaller pores will reach saturation at lower partial pressures
than the vapor within larger pores. At these lower partial

pressures, the vapor will condense in the smaller pores, which
become filled with liquid solvent, while the larger pores are
filled with vapor.30 The Kelvin equation (eq 1) relates the size
of the pores that are filled with liquid to the partial pressure:

wherer is the pore radius,γ is the surface tension,Vm is the
molar volume,p is the solvent vapor partial pressure, andp0 is
the saturated solvent vapor pressure.30 Equation 1 assumes that
pores are cylinders of infinite length. In a porosimetry experi-
ment, solvent partial pressure is increased gradually from zero
to p0. The pores with the smallest radii (with the lowest sat-
urated vapor pressure) fill with liquid solvent first, followed
by pores of progressively larger radii, until all pores are filled
at p ) p0.

Several experimental methods have been used to quantify
solvent permeation in porosimetry experiments, and each
technique relies on a different physical principle for solvent
detection. Ellipsometric porosimetry uses a solvent whose
refractive indices are known. XRR porosimetry uses a solvent
whose electron density is known. SANS porosimetry uses a
contrast match point solvent (MPS), a solvent whose neutron
scattering length density (SLD) is the same as that of the matrix.
The change in the refractive indices (ellipsometric porosimetry),
the increase in the electron density (XRR porosimetry), or the
decrease in the intensity of the coherent neutron scattering
intensity (SANS porosimetry) is ascribed to solvent condensation
in the pores. This paper characterizes the pore size distribution
of a polyphenylene low-k dielectric with either fully developed
or partially developed porosity using a combination of SANS
porosimetry and XRR porosimetry. The significant differences
between the two techniques are described and discussed.
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Experimental Section

Materials. The solvents used were methanol (CH3OH), methanol-
d3 (CD3OH), toluene (C7H8), and toluene-d8 (C7D8) (Sigma-
Aldrich). The porous organic low-k material especially prepared
for this research was based on a developmental version (V7) of
Dow Chemical’s SiLK47 polyphenylene precursor. Such materials
have been described in detail elsewhere.31-35 The samples in
question contained a deuterated porogen that degrades completely
at 430 °C. All the samples discussed here (150A, 400A and
43040A) underwent a bake at 150°C for 24 h. Sample 150A did
not undergo further processing. The sample whose porosity was
developed completely, 43040A, was exposed to 430°C for 40 min.
The sample whose porosity was only partially developed, 400A,
was heated to 400°C and then cooled immediately. Heating to
400 °C was found to remove about 50% of the porogen.31 The
structures of 150A, 400A, and 43040A are illustrated schematically
in parts a, b, and c of Figure 1, respectively. The polyphenylene
matrix cures during heating, undergoing cross-linking and releasing
CO.35 The film thicknesses, measured using ellipsometry, were
1.215, 1.095, and 0.935µm for 150A, 400A, and 43040A,
respectively.31

The Kelvin equation (eq 1) will be applied to toluene using a
surface tension of 28 mN/m, a molar volume of 107 cm3/mol, and
a temperature of 25°C. It is important to note that the Kelvin
equation does not apply for pore radii smaller than about 5 Å.27

The molecular radius of toluene is∼3 Å.6

Small-Angle Neutron Scattering.The SLD of componenti is
Fiσi, whereFi is its mass density andσi is the total scattering length
per unit mass defined by

wherecj is the local molar concentration of a nucleusj, bj is its
scattering length,mj is its molar mass, andNA is Avogadro’s
number.

The scattering contrast between two materials is defined as the
absolute value of the difference between their SLDs. For a two-
phase blend in which each phase has a homogeneous atomic compo-
sition, the scattered intensity,I(q), is proportional to the contrast
between the two phases squared, regardless of sample morphology:

whereq is the scattering vector, related to the scattering angle, 2θs,
and the neutron wavelength,λN, by q ) (4π sin θs)/λN.

The bulk densities and atomic compositions of the probe solvents
were used to calculate their neutron scattering length densities in
the condensed liquid phase. The SLDs calculated for CH3OH and
CD3OH are-0.373× 10-6 and 4.28× 10-6 Å-2, respectively.
The SLDs calculated for C7H8 and C7D8 are 0.94× 10-6 and 5.67
× 10-6 Å-2, respectively. A SLD of 2.37× 10-6 Å-2 was
calculated for the polymer based on its density (1.18 g/cm3) and
composition (C86H56O).31 A SLD of 5.67× 10-6 Å-2 was calculated
for the porogen based on its density (1.07 g/cm3) and composition
(C98H10D88).31 The polymer-porogen scattering contrast is 3.30×
10-6 Å-2, significantly greater than the polymer-pore scattering
contrast of 2.37× 10-6 Å-2.

The small-angle neutron scattering was performed at the National
Institute of Standards and Technology (NIST) Center for Neutron
Research. A stack of seven films on silicon wafer substrates was
placed inside a custom-built flow-through stainless steel scattering
cell with quartz windows and a gas inlet and outlet. The SANS
was performed on the 8 m NG1 instrument, with a wavelength
spread of 12%, and on the 30 m NG7 instrument, with a wavelength
spread of 11%. The highq range (0.013-0.091 Å-1) SANS data
were taken on the 8 m SANS using a wavelength of 6 Å, the mid
q range (0.005-0.051 Å-1) data were taken on the 8 m SANS using
a wavelength of 12 Å, and the lowq range (0.002-0.027 Å-1)
data were taken on the 30 m SANS using a wavelength of 6 Å.
Fits of the scattering data were made using a least-squares method,
yielding standard deviations to the fit parameters.

X-ray Reflectivity. Specular X-ray reflectivity measurements
(XRR) were performed using a modified Philips high-resolution
X-ray diffractometer equipped with an environmental control
chamber with Be windows. Data were collected at the specular
condition, with the grazing incident angle,θi, equal to the detector
angle,θd. The reflected intensity was recorded as a function of
angle. XRR measurements were performed both under vacuum and
in the presence of saturated solvent vapors, which condense in the
pores. Both methanol and toluene were used as adsorbents, since
they were expected to have quite different solubilities in the film.
The magnitude of the momentum transfer in the film thickness
direction, qz, is related toθi and the wavelength of the Cu KR1

radiation (1.54 Å),λX, by qz ) (4π sinθi)/λX. The data were plotted
as the log of the relative intensity (reflected beam intensity,I,
divided by the incident beam intensity,I0) vs qz. The average
electron densities of the films were deduced using a computer
modeling routine (mlayer) capable of simulating reflectivity from
multilayer structures.36

SANS and XRR Porosimetry.The solvent porosimetry tech-
nique used for SANS and XRR measurements uses dry nitrogen
as a carrier gas. A stream of dry nitrogen is mixed with a stream
of nitrogen saturated with solvent vapor to achieve the desired sol-
vent partial pressure; the mixed stream is then passed over the sam-
ple. The ratio of the solvent-saturated nitrogen feed to the total
nitrogen feed is the relative pressure of the solvent,p/p0. Mass flow
controllers were used to control the flow rates of dry nitrogen and
of solvent-saturated nitrogen. Detailed descriptions of the experi-
mental setups for SANS and XRR porosimetry have been published
elsewhere.17,19For sorption (filling the pores), the relative pressure
of the solvent was varied from 0 to 1. For desorption (emptying
the pores), the relative pressure of the solvent was varied from 1
to 0.

The relative uncertainties of the data presented are estimated as
one standard deviation of the mean. The total combined uncertain-
ties from all external sources are not reported, as comparisons are

Figure 1. Schematic illustrations showing (a) 150A, (b) 400A, (c)
43040A, (d) 400A exposed to MPS, and (e) 43040A exposed to MPS.
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made with data obtained under the same conditions. In cases where
the limits are smaller than the plotted symbols, the limits are left
out for clarity. All temperatures reported are within(1 °C, thick-
nesses are within(1 nm,qc

2 within (1 × 10-5 Å-2, and densities
and porosities within(3%, as determined by previous experience
of repeated measurements. The standard deviations from fits of the
SANS data using a polydisperse hard-sphere model were less than
(2% for radius,(3% for polydispersity, and(0.5% for scattering
contrast. The mass fractions are presented as weight percent (wt
%).

Results and Discussion

Completely Developed Porosity: Determining the Metha-
nol Match Point Solvent Composition.The SLDs of solvent
1 and solvent 2 are used to calculate the matrix match point
solvent composition by solving eq 4 for the mole fraction of
solvent 1,x1.

whereFpσp, F1σ1, andF2σ2 are the SLDs of the polymer matrix,
solvent 1, and solvent 2, respectively. Solving eq 4 for a mixture
of CH3OH and CD3OH yields a mole fraction of 0.411 CH3-
OH (a mass fraction of 0.390 CH3OH).

The SANS scattering curves for 43040A exposed to the
saturated vapors of various mixtures of CH3OH and CD3OH
are seen in Figure 2 (the compositions are presented in terms
of the weight percent CH3OH). The highest scattering intensity
is seen for vacuum conditions, and the scattering intensity is
slightly lower for exposure to 100% CH3OH vapor (although it

was expected to be slightly higher, a small discrepancy which
may reflect experimental error). The scattering intensity in a
vacuum scales asq-4 for q above 0.02 Å-1 and exhibits the
very beginning of a plateau at aq of about 0.01 Å-1. The
scattering intensity decreases as the mass fraction of CD3OH is
increased. The scattering intensity reaches a minimum at about
40 wt % CH3OH and then increases with further increases in
the CD3OH concentration. The scattering intensity for exposure
to pure CD3OH lies between the curves for exposure to 80 and
60 wt % CH3OH. The scattering intensity is relatively small on
exposure to 40 wt % CH3OH. This minimum in scattering
intensity with solvent composition occurs close to the calculated
match point composition of 39 wt % CH3OH.

The scattering intensity at a givenq varies as the difference
in SLDs squared (eq 3). The SLD of a mixture of CH3OH and
CD3OH can be calculated from the component SLDs and the
mole fractions in the mixture. PlottingI(q) vs solvent SLD (as
well as solvent composition) for 43040A at specific (arbitrarily
selected) values ofq, q0, of 0.0161, 0.0237, and 0.0314 Å-1

yields the set of parabolas in Figure 3. The data in Figure 3
include the results from SANS in a vacuum since vacuum
corresponds to a “solvent” SLD of zero.

The SLD of the match point solvent can be determined by
fitting the data for eachq0 to eq 5.

whereFmσm is the SLD of the solvent mixture,FMPSσMPS is the
SLD of the match point solvent from which the composition of
the match point solvent can be calculated, anda is a fitting
parameter. The fits to eq 5 yield match point SLDs of 2.60×
10-6, 2.62 × 10-6, and 2.60× 10-6 Å-2 or 34.1, 33.8, and
34.1 wt % CH3OH for q0 of 0.0161, 0.0237, and 0.0314 Å-1,
respectively. The average of 34.0 wt % CH3OH is close to the
match point composition of 39.0 wt % CH3OH calculated using
eq 4 for M-MPS (methanol match point solvent).

Scattering curves for 43040A in a vacuum and 43040A ex-
posed to 35 wt % CH3OH are compared in Figure 4. The data
for 43040A in a vacuum are taken from the high, middle, and

Figure 2. SANS data (8 m, 6 Å) from 43040A in the presence of
various mixtures of CH3OH and CD3OH: (a) semilog; (b) log-log.

Figure 3. SANS intensities from 43040A in Figure 2 forq0 of 0.0161,
0.0237, and 0.0314 Å-1 as a function of the solvent mixture (CH3OH
and CD3OH) SLD and composition. Data from SANS in a vacuum, an
SLD of zero, are also included. Quadratic fits to the data are used to
find the SLD of the match point solvent mixture.

I(q0) ) a(Fmσm - FMPSσMPS)
2 (5)

x1 )
Fpσp - F2σ2

F1σ1 - F2σ2
(4)
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low q ranges. The data for 43040A exposed to 35 wt % CH3-
OH are taken from the high and middleq ranges. The scattering
in pure nitrogen (not shown) is the same as the scattering in a
vacuum. The scattering in a vacuum clearly exhibits a plateau
for q less than 0.01 Å-1. At very low q, the scattering intensity
begins to increase with decreasingq. A polydisperse hard-
spheres (PHS) structural model was used to describe the
scattering in a vacuum.31,37,38 The PHS model provided a
reasonable description of the SANS scattering. The variables
in the PHS model include the volume fraction of the scattering
phase, the scattering contrast, the average radius, the polydis-
persity, and the incoherent background. The volume fraction
and scattering contrast are correlated, and therefore, one of them
must be held constant on the basis of what is known about the
material. The background is taken from the plateau in the
scattering curves at the highest range ofq measured. The
resulting average pore radius of 80 Å was based on assuming
a pore volume fraction of 0.12 from the XRR results.31 The
PHS model was not able to describe the scattering upturn at
very low q, corresponding to a relatively large size scale.

In contrast, the scattering intensity for 43040A exposed to
35 wt % CH3OH varies withq-2 throughout most of theq range
measured, reaching a plateau (the background) at the highest
rangeq measured (not shown). Systems that typically exhibit
scattering that varies withq-2 include miscible polymer blends,
blends without a two-phase structure. This scattering behavior
indicates that when the pores are filled with 35 wt % CH3OH,
there is no discernible two-phase structure and no phase
boundaries, as illustrated schematically in Figure 1e. Theq-2

behavior arises from density fluctuations in the wall material.
A linear fit to an Ornstein-Zernike plot (1/I vs q2) of the data
from the midq range for 43040A exposed to 35 wt % CH3OH
yields a fit correlation coefficient of 0.995. This confirms the
q-2 relationship seen in Figure 4 and indicates that the
correlation length describing the density fluctuations39 is on the
order of thousands of angstroms, larger than what can be
measured quantitatively with theq range available.

It was not possible to find a reasonable fit to the SANS data
for 43040A exposed to 35 wt % CH3OH using the PHS model.
The nature of the large-scale concentration fluctuations respon-
sible for the scattering in 43040A exposed to 35 wt % CH3OH

is unclear because theq range available was not adequate to
characterize these features. One likely possibility is that there
are long-range inhomogeneities in the wall SLD without any
sharp interfaces or phase boundaries. In this case, the volume
fraction of the scattering phase and its scattering contrast are
not physically meaningful concepts, and therefore, little ad-
ditional information could be offered by a PHS fit.

Partially Developed Porosity: Determining the Methanol
Match Point Solvent Composition.Previous work has shown
that there are significant differences between the film heated to
400°C (400A) and the fully cured film that was held at 430°C
for 40 min (43040A). These differences are (a) 400A contains
a significant amount of unpyrolyzed deuterated porogen and a
relatively small pore volume fraction, (b) the volume fraction
of pores in 400A (from solvent adsorption XRR) is about 0.05
(compared to 0.12 for 43040A), and (c) the SANS scattering
intensity in a vacuum for 400A lies between that of the uncured
porogen-filled film (150A) and that of 43040A. These differ-
ences indicate that 400A is partially developed, containing less
porogen than the uncured film and more porogen than the fully
cured film.31 The scattering from the film prior to exposure to
elevated temperatures (150A) was described by the PHS model
using a porogen volume fraction of 0.26 (from the original
composition) and a background scattering of 0.3 cm-1 (from
the scattering data). The PHS fit yielded an average porogen
domain radius of 60 Å, a polydispersity of 0.58, and a scattering
contrast of 2.5× 10-6 Å-2.31 The scattering from 43040A, fitted
by assuming a pore volume fraction of 0.12 (solvent-sorption
XRR) and a background scattering of 0.2 cm-1 (from the
scattering data), was described by an average pore radius of 80
Å, a polydispersity of 0.38, and a scattering contrast of 1.7×
10-6 Å-2.31 The difference between the porogen domain size
distribution from 150A (a significant fraction of very small
domains) and the pore size distribution from 43040A (no
significant fraction of very small pores) was quite distinct.31

The SANS scattering curves for 400A exposed to the satu-
rated vapors of various mixtures of CH3OH and CD3OH are
seen in Figure 5 (the compositions are presented in terms of
the mass percent of CH3OH). Compared to the scattering from
43040A, the scattering from 400A is less sensitive to the
composition of the vapor. The scattering intensities are the same
for 400A exposed to vacuum and for 400A exposed to both
100 and 60 wt % CH3OH vapor. The scattering intensity is
slightly higher for 400A exposed to 80 wt % CH3OH vapor.
The lowest scattering intensity is seen for exposure to pure CD3-
OH vapor. The scattering from a polymer containing both pores
and porogen is quite complex, but several conclusions can be
drawn. The scattering is reduced on exposure to solvent vapor,
and the extent of the reduction depends on the solvent’s SLD.
The fact that exposing 400A to a solvent does affect the scat-
tering confirms that 400A contains pores that are being filled
with solvent (the effects of swelling have been shown to be
minimal).31 The limited extent of the reduction in scattering in
Figure 5 compared to the almost complete reduction in scattering
in Figure 2 confirms that the polymer contains a significant
amount of deuterated porogen and a relatively small amount of
pores.

The presence of both deuterated porogen and pores makes it
impossible to eliminate the scattering by filling the pores with
a solvent. The extent to which 400A and 43040A are affected
differently by exposure to various mixtures of CH3OH and CD3-
OH can be seen by plottingI(q) vs solvent SLD (as well as
solvent composition) for 400A at specific (arbitrarily selected)
q0 of 0.0161, 0.0237, and 0.0314 Å-1 (Figure 6). Such plots

Figure 4. Comparison between SANS data from 43040A in a vacuum,
SANS data from 43040A exposed to M-MPS (methanol match point
solvent), and SANS data from 43040A exposed to T-MPS (toluene
match point solvent). The solid line is a fit to the data from 43040A
exposed to M-MPS, and the dotted line is the PHS fit to the data from
43040A in a vacuum.
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for 43040A yield the set of parabolas seen in Figure 3. The
same types of plots for 400A are described by a set of lines in
Figure 6. For this three-phase system, the scattering decreases
somewhat as the deuterium content of the solvent and, therefore,
the solvent SLD increases.

It is reasonable to assume that the polymer matrix for 400A
has approximately the same molecular structure and density as
the polymer matrix for 43040A. Therefore, the match point
composition for the matrix in 400A can be assumed to be similar
to that for the matrix in 43040A. Therefore, when 400A is
exposed to 35 wt % CH3OH vapor, the pores are filled with a

liquid whose SLD matches that of the matrix. Under these
circumstances, the three-phase system becomes a “two”-phase
system as far as SANS is concerned, deuterated porogen
surrounded by both polymer and by pores filled with 35 wt %
CH3OH, as illustrated schematically in Figure 1d. The PHS
model can then be used to describe the porogen size distribution
in 400A exposed to 35 wt % CH3OH vapor.

The best fit to the PHS model, assuming a background
scattering of 0.4 cm-1 (from the scattering data), yields an
average radius of 59 Å, a polydispersity of 0.50, a volume
fraction of 0.16, and a scattering contrast of 2.3× 10-6 Å-2.
The polydispersity and scattering contrast are quite similar to
the values found from the PHS fit to the scattering data for the
porogen-filled film, 0.58 and 2.5× 10-6 Å-2, respectively. As
opposed to the distinct difference between the porogen domain
size distributions for 150A and the pore size distribution for
43040A, the porogen domain size distributions for 150A and
400A are almost identical. The porogen volume fraction is
reduced from 0.26 in the original film to 0.16 in 400A. This
reduction of 0.1 in the volume fraction of porogen corresponds
in part to the pore volume fraction of 0.05 in 400A (solvent-
sorption XRR).31 Similarly, the entire porogen volume fraction
of 0.26 becomes a pore volume fraction of 0.12 in 43040A.

It is shown here for the first time how completely independent
measurements can be combined to follow the generation of pores
by the pyrolysis of a porogen. The composition of the film prior
to exposure to elevated temperatures was 74% oligomer matrix
and 26% porogen. Solvent adsorption XRR has demonstrated
that exposure to 400°C yields about 5% porosity in the film
while SANS in a vacuum indicates the presence of porogen as
well.31 As contrast match SANS indicates that there is 16%
porogen in the film in addition to the 5% pores, this yields 79%
matrix in the film. SANS in a vacuum has demonstrated that
exposure to 430°C for 40 min completely pyrolyzes the
porogen, yielding a film with 88% matrix and 12% pores. This
combination of techniques describes a consistent increase in the
matrix fraction, from 74 to 88%, and is integral to the description
of the pore formation mechanism in these materials.

Completely Developed Porosity: Methanol and Toluene
Match Point Solvents. The SLDs of the toluene and deuterated
toluene were used to calculate the toluene match point solvent
(T-MPS) composition by solving eq 4 forx1, yielding a mole
fraction of 0.698 C7H8 (a mass fraction of 0.681 C7H8). The
toluene composition used for SANS porosimetry was 68 wt %
C7H8. On exposure to T-MPS, 43040A exhibited the scattering
in Figure 4. The scattering for 43040A in the presence of T-MPS
is quite similar to the scattering in the presence of 35 wt %
CH3OH (Figure 4). The similarity of the scattering on exposure
of 4304A to 35 wt % CH3OH or to T-MPS confirms that both
solvent mixtures are indeed at the match point. In addition, this
observation supports the idea that the SANS data reported here
were not substantially affected by the choice of solvent, given
that both the solvents used could penetrate the pores.

SANS Porosimetry. The effect of the T-MPS relative
pressure on the scattering from 43040A was studied. Figure 7
exhibits scattering for relative pressures of 0, 0.5, 0.6, and 1.
The changes in scattering were relatively small from vacuum
to a relative pressure of 0.5, and the changes in scattering were
almost negligible from a relative pressure of 0.6 to a relative
pressure of 1.0. The exposure to T-MPS at a relative pressure
of 0.5 yields a decrease in scattering which is especially
significant at lowq. The reduction in scattering intensity on
increasing the relative pressure from 0.5 to 0.6 is more
significant than the reduction in scattering intensity on increasing

Figure 5. SANS data (8 m, 6 Å) for 400A in the presence of various
mixtures of CH3OH and CD3OH: (a) semilog; (b) log-log.

Figure 6. SANS intensities from Figure 5 forq0 of 0.0161, 0.0237,
and 0.0314 Å-1 as a function of the solvent mixture (CH3OH and CD3-
OH) SLD and composition. Data from SANS in a vacuum, an SLD of
zero, are also included. Linear fits are used as a visual aid.
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the relative pressure from 0 to 0.5. The scattering reaches a
minimum at a relative pressure of 0.6 and remains at that
minimum with further increases in relative pressure.

The invariant,Q, is the quantity obtained when the scattering
intensity is integrated over all directions. In the case of an
isotropic material the invariant is

In the case of an ideal two-phase system of pores in a matrix
the invariant is

whereV is the sample volume andφ2 is the volume fraction of
empty pores.39 For low volume fractions of empty pores the
variation of Q with φ2 is close to linear. The 43040A pore
volume fraction is relatively low. The pore volume fraction is
0.12 in a vacuum and is reduced with increasing relative pressure
as the pores are filled with T-MPS. The invariant could,
therefore, reflect pore volume fraction, assuming that the wall
does not absorb solvent and produce an increase in wall density.
Previous results have shown that the solvent appears to have a
minimal effect on the wall density.31

To calculate the invariant exactly as in eq 6 requires
extrapolation toq regions outside of the range of the collected
data. Rather than attempting this, an invariant-like integral can
be defined to describe the effects that the relative pressure has
on the total measured scattering. This empirical measure differs
from the invariant by not accounting for extremely large or small
pores but is reported here to provide an additional measure of
porosimetry. While it is limited to being an empirical measure-
ment, it still provides qualitative information on pore filling that
can be directly compared to XRR data.C(p/p0) for a given

relative pressure is defined as the integral ofq2I for the data in
Figure 7 (between 0.005 and 0.04 Å-1, excluding very lowq
and very highq). C(0) is the integral ofq2I when all the pores
are empty.C(1) is the integral ofq2I when all the pores are
full. To more easily compare the results from SANS and XRR,
it will be convenient to presentC(p/p0) in normalized terms
ranging from 0 (forp/p0 ) 0) to 1 (forp/p0 ) 1). F1 in eq 8 is
a simple normalization function that varies from 0 when all the
pores are empty to 1 when all the pores are filled.

The variation ofF1 with the relative pressure is seen in Figure
8 (the corresponding radii are marked on the upperx-axis). There
is a gradual increase inF1 as the relative pressure increases
from 0 to 0.5. F1 increases rapidly from 0.35 at a relative
pressure of 0.5 (r ) 35 Å, eq 1) to 0.98 at a relative pressure
of 0.6 (r ) 47 Å). This relatively large increase inF1 for a
relatively small increase in relative pressure reflects the differ-
ences in the scattering curves in Figure 7 for relative pressures
of 0.5 and 0.6. This suggests that the PSD contains a large
fraction of pores of about the same size. The line through the
data is a smooth fit function,F1f, that uses the sum of a
sigmoidal function and a log-normal function.16

The PHS Model.The PHS model used to describe the PSD
from scattering in a vacuum assumes a single distribution peak
described by the Schultz distribution in eqs 9 and 10.40 The
results from the PHS model fit to the SANS data for 43040A
in a vacuum can be compared to the results from SANS poro-
simetry by formulating a cumulative volume fraction of pores
filled based onP(r) that is expressed in terms of the relative
pressure. The cumulative volume fraction,F2, which is ex-
pressed as a function of radius in eq 11, can be expressed in
terms of relative pressure by applying the Kelvin equation (eq
1).

Figure 7. SANS data for 43040A at T-MPS relative pressures of 0,
0.5, 0.6, and 1: (a) semilog; (b) log-log.

Q ) 1

2π2∫0

∞
q2I(q) dq (6)

Q ) V(F1σ1 - F2σ2)
2(φ2 - φ2

2) (7)

Figure 8. F1 from SANS sorption porosimetry with T-MPS,F2 from
the Schulz distribution used to describe the results from SANS in
vacuum, F3 from XRR sorption/desorption porosimetry with tol-
uene. The curvesF1f andF3f describing theF1 andF3 data, respectively,
are smooth fits using the sum of a sigmoidal function and a log-normal
function. The corresponding radii are marked on the upperx-axis.

F1 )
C(0) - C(p/p0)

C(0) - C(1)
(8)

Macromolecules, Vol. 39, No. 8, 2006 Polyphenylene Low-k Dielectric 3003



whereP(r) is the probability distribution forr, R is the average
radius,Γ is the gamma function,z is the width of the distribution,
PD is the polydispersity, ands2 is the variance of the
distribution.

F2 is also plotted in Figure 8. The differences in the shapes
of the curves are obvious. One point of similarity between the
F1 andF2 curves in Figure 8 is the relatively rapid increase in
slope, seen forF1 between relative pressures of 0.50-0.60 and
for F2 between relative pressures of 0.72-0.89. The increase
in slope forF2 occurs at anr of ∼110 Å and reflects the long
tail that the radius distribution exhibits at large radii.31 The pores
with large radii have a more pronounced effect on the average
pore volume than on the average pore radius.

XRR Porosimetry. The variations in the XRR curves for
43040A exposed to different relative pressures of toluene can
be seen in Figure 9. The critical edge,qc, is theqz value at the
sharp drop in log(I/I0) from the initially flat reflectivity curve.
The electron density, and thus the mass density, is proportional
to qc

2. Theqc are 0.0216, 0.0218, and 0.0222 Å-1 for p/p0 of 0,
0.02, and 1, respectively. As expected,qc increases with
increasing relative pressure since the number of pores that are
filled with solvent increases and, therefore, so does the electron
density.

It is useful to normalize the data in terms of the volume
fraction of filled pores. The normalization function for XRR
porosimetry,F3 in eq 12, varies from 0 (p/p0 ) 0, all the pores
are empty) to 1 (p/p0 ) 1, all the pores are filled). TheF3 from
XRR sorption and desorption porosimetry are plotted in Figure
8. The lines through the data are from a smooth fit function,
F3f, that uses the sum of a sigmoidal function and a log-normal
function.16

The XRR porosimetry sorption-desorption cycle exhibits a
hysteresis that is commonly found in ellipsometric, XRR, and
SANS porosimetry of such nanoporous materials.15,17,19,30The
hysteresis has been related to the presence of “ink-bottle” pores.
An “ink-bottle” pore occurs in an open-pore arrangement in
which pores with large radii are connected via constrictions,
pores with small radii. When all the pores are filled with solvent,
the desorption path for the large pores passes through the
constrictions, the small pores. On decreasing the partial pressure,
the desorption from the large pores should occur first, at higher
partial pressures, while the smaller pores remain filled with
liquid. However, the liquid in the small pore constrictions
prevents desorption from taking place in the large pores.
Desorption from the large pores occurs only when the small
pores have undergone desorption, at significantly lower partial
pressures.15,41

The F3 sorption curve in Figure 8 exhibits a rapid increase
between relative pressures of 0.0 and 0.20 (r ) 15 Å). The
rapid increase at low relative pressures is followed by a relatively

constant rate of increase until a plateau value of about 1.0 is
reached at a relative pressure of 0.72 (r ) 74 Å). The F3

desorption curve remains at about 1.0 from a relative pressure
of 1.0 until a relative pressure of 0.24 (r ) 17 Å). Below a
relative pressure of 0.24 there is a rapid decrease inF3 that
occurs in two stages. The first stage, between relative pressures
of 0.24 and 0.14 (r ) 12 Å), is the more rapid stage. The second
stage, between relative pressures of 0.14 and 0.0, is more gradual
and is very similar to XRR porosimetry sorption between
relative pressures of 0.0 and 0.20.

Both the sorption and desorption data indicate the presence
of two stages, with the initial sorption stage and the final
desorption stage being almost identical. The presence of two
stages in XRR porosimetry seems to confirm the existence of
a bimodal pore size distribution. The existence of a bimodal
distribution may be related to the “ink-bottle” pores that cause
the sorption/desorption hysteresis. The smaller pores (from the
peak at smaller radii) block desorption from the larger pores
(from the peak at larger radii) until lower relative pressures are
reached.

The bimodal pore size distribution curve from XRR poro-
simetry in Figure 10 is calculated by taking the derivative of
F3f (expressed in terms ofr using eq 1) with respect tor, dF3f/
dr. The curves in Figure 10 are extrapolated to below 5 Å for

P(r) ) 1
Γ(z + 1)(

z + 1
R )z+1

rz exp(-(z + 1
R )r) (9)

PD ) 1

xz + 1
) s

R
(10)

F2 )
∫0

r
P(r)r3 dr

∫0

∞
P(r)r3 dr

(11)

F3 )
qc

2(0) - qc
2(p/p0)

qc
2(0) - qc

2(1)
(12)

Figure 9. Variations in the XRR curves for 43040A exposed to toluene
at relative pressures of 0, 0.02, and 1, exhibitingqc of 0.0216, 0.0218,
and 0.0222 Å-1, respectively.

Figure 10. Pore size distributions based on Figure 8; dF3f/dr and∆F3/
∆r from XRR porosimetry sorption/desorption.
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illustrative purposes only. The significant features below a radius
of 5.25 Å in Figure 10 reflect the general behavior of the system.
The data points from XRR porosimetry in Figure 10 are
generated from the original data by dividing the increase inF3

on increasing the relative pressure by the corresponding increase
in radius,∆F3/∆r.

The sorption and desorption curves in Figure 10 each indicate
the presence of a bimodal distribution of pore sizes. There is a
broad sorption peak at about 5 Å and broad desorption peak at
about 3 Å. These peaks are similar in shape and position,
reflecting the similarities in the sorption/desorption data between
relative pressures of 0.0 and 0.2 in Figure 8. The relatively slow
increase inF3 for sorption at relative pressures above 0.2 is
reflected in a very broad, small peak with a maximum at about
25 Å. The relatively rapid decrease inF3 for desorption at
relative pressures below 0.2 is reflected in a high, narrow peak
with a maximum at about 14 Å. In general, the points derived
from the experimental data seem to follow the curves generated
from the derivatives of the curve fits.

The XRR sorption curve in Figure 8 is quite distinct from
the SANS sorption curve. The differences between SANS
sorption and XRR sorption may originate in the different
sensitivities of the techniques to solvent sorption in the free
volume of the matrix (including the pores generated by CO
evolution during the curing reaction of the matrix).35 The free
volume radius for polyphenylene is about 3 Å.42-44 The radii
of the pores generated by porogen degradation are expected to
be significantly larger. The polyphenylene matrix is cross-linked
and has a highTg, and therefore, it has a limited tendency to
swell on toluene sorption.31 The SANS curve based on the
integral ofq2I from 0.005 to 0.04 Å-1 may neglect structures
at highq, the relatively small size scale needed to characterize
the pores with small radii seen in Figure 10. It is impossible to
extrapolate to highq in order to supply the missing information
owing to the variation of the integral withq2I.39 The PHS fit
ignores any structure at relatively small scales and only describes
the pore size distribution for large pores.

At very low relative pressures, toluene is sorbed into the
matrix free volume, but not into the larger pores that are
generated by porogen degradation. If there is no extensive
swelling, the sorption of toluene by the matrix would produce
an increase the electron density and thus an increase in the XRR
qc. The XRR porosimetry peak maxima of 3 and 5 Å in Figure
10 (corresponding to relative pressures between 0.0 and 0.20)
are quite similar in size to the free volume radius of polyphe-
nylene. SANS, however, is relatively insensitive to the extensive
sorption/desorption at such low relative pressures. The sorption
of T-MPS in the matrix free volume, on the other hand, may
not yield a significant change in the neutron scattering since
the scattering originates in the contrast between the matrix and
the relatively large pores generated by porogen degradation.
Similar results have been reported for nanoporous low-k
materials based on a methylsilsesquioxane (MSQ) matrix.45,46

For the nanoporous MSQ, XRR porosimetry yielded a bimodal
distribution, distinguishing pores inherent in the matrix from
pores generated by a porogen, the XRR sorption/desorption
hysteresis yielded low, broad PSD peaks for sorption and high,
narrow PSD peaks for desorption, and SANS was found to be
less sensitive to the very small pores.

Conclusions

The pore size distribution in a nanoporous polyphenylene
low-k material has been investigated using SANS contrast match
solvent porosimetry and XRR porosimetry.

• The fully pyrolyzed film can be represented as a two-phase
material, a uniform matrix, and pores accessible to a contrast
match solvent. The match point solvent compositions were
determined experimentally using a quadratic equation to describe
the dependence of scattered intensity at arbitrarily chosenq0

on composition. The experimentally determined match point
solvent compositions for CH3OH/CD3OH (34 wt % CH3OH)
and C7H8/C7D8 (68 wt % C7H8) were close to those calculated
from the elemental composition and density of the matrix.

• The partially pyrolyzed film containing matrix, pore, and
porogen could not be matched with any solvent composition.
Therefore, a three-phase system in which the matrix and residual
porogen have sufficiently different SLDs can be easily distin-
guished from a two-phase system. The three-phase system was
reduced to the equivalent of “two” phases (porogen surrounded
by matrix and by solvent filled pores with the same contrast
factor) through exposure to a contrast match solvent for the
matrix. The porogen domain size distribution in 400A was
similar to that in the original film. The film with partially
developed porosity consisted of 5% pores (solvent absorption
XRR), 16% porogen (contrast match SANS), and 79% matrix.
This composition places it between the undeveloped film (74%
matrix) and the film with fully developed porosity (88% matrix).

• The combination of SANS and XRR porosimetry produces
more detailed information on the pore size distribution than
either measurement alone. The relative insensitivity of SANS
to structure in the highq region that corresponds to relatively
small length scales makes pores in the smallest size ranges
impractical to measure. XRR porosimetry accurately measures
the amount of solvent uptake corresponding to small pore sizes
and shows the existence of a bimodal pore size distribution that
is quite different from the single peak PSD described by the
PHS model.

• The sorption/desorption hysteresis suggests the presence of
“ink-bottle” pores in which solvent-filled small pores block the
desorption from large pores. This can complicate the determi-
nation of the true pore size distribution through porosimetry.

• The SANS scattering intensity from a fully pyrolyzed film
exposed to a match point solvent varied asq-2, indicating the
existence of a single phase with large-scale concentration
fluctuations in the matrix composition.
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