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A novel methodology is developed that uses a combination of high energy ion
scattering, x-ray reflectivity, and small angle neutron scattering to characterize
the structure and properties of porous thin films. Ion scattering is used to
determine the elemental composition of the film for absolute intensity calibra-
tion of the x-ray and neutron scattering techniques. X-ray reflectivity is used to
measure the average electron density and film thickness. Small angle neutron
scattering is used to determine the pore size, structure, and connectivity.
Combining information from all three techniques, the film porosity and matrix
material density can be uniquely determined.
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INTRODUCTION

Low-k dielectric materials have been identified by
the microelectronics industry as a critical factor to
enable deep submicron technology for improved per-
formance of integrated circuits. Nanoporous materi-
als have become an important class of low dielectric
constant (low-k) materials because the incorporation
of voids reduces the dielectric constant of the film by
lowering the overall material density.! Many strate-
gies have been developed to incorporate pores into
thin films including the thermal decomposition of a
porogen within a bulk material, sol-gel processing
methods, and surfactant-templated pore development.
Unlike traditional homogeneous dielectric materials,
the two phase structure of the porous network affects
properties needed for their integration into current
fabrication lines. Itis critical to be able to measure the
on-wafer structural properties of these porous thin
films to understand and to predict correlations be-
tween processing conditions and the resulting physi-
cal properties. Currently, there are few experimental
techniques able to measure the porosity of thin films
as prepared on a silicon substrate.?*

In this work, we provide unique on-wafer measure-
ments of physical and structural properties of porous
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thin films important in the field of low-k materials.
More specifically, we have developed a novel method-
ology to measure the average pore size, pore connec-
tivity, film thickness, matrix material density, coeffi-
cient of thermal expansion, moisture uptake, and film
elemental composition.*® The methodology we devel-
oped is a combination of small angle neutron scatter-
ing, specular x-ray reflectivity, and ion scattering
techniques to determine important structural infor-
mation about the film. These measurements are per-
formed directly on films prepared and supported on
silicon substrates.

EXPERIMENTAL
High Energy Ion Scattering

The elemental composition of the films are deter-
mined by Rutherford backscattering spectroscopy
(RBS) for silicon, carbon, and oxygen and forward
recoil elastic spectroscopy (FRES) for hydrogen. In
both techniques, a beam of high energy ions is di-
rected toward the sample surface. The number of
scattered particles is counted as a function of their
energy.” The elemental composition of the film can be
determined because the scattered energy is depen-
dent upon the mass of each elemental species. Fits are
performed on the scattered peaks to compute the
relative fraction of each element. The measurements
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were performed at the Surface and Thin Film Analy-
sis Facility at the University of Pennsylvania.?

Specular X-ray Reflectivity

The x-ray reflectivity experiments were performed
at grazing incident angles on a modified 6-20 x-ray
diffractometer at the specular condition with the
incident angle equal to the detector angle. The x-ray
source is a fine focus copper x-ray tube. The wave-
length, A, of the x-rays is 1.54 A. The incident beam is
conditioned with a four-bounce germanium mono-
chrometer. Before the detector, the reflected beam is
further conditioned with a three-bounce germanium
channel cut crystal. With this configuration, reflectiv-
ity fringes (constructive and destructive interference
from the film surface and the substrate surface) can
be observed from films up to 1.2 pm thick.

The x-ray reflectivity data are fit using a nonlinear
least squares algorithm using the recursive multi-
layer method.? Model profiles are generated and sepa-
rated in several layers with varying thickness and
electron density, then the resulting reflectivity pro-
files are calculated. The best fit electron density depth
profile to the data provides the overall film thickness,
the film roughness, and the average electron density
of the film.

Small-angle Neutron Scattering

The small-angle neutron scattering measurements
(SANS) are performed on the 8 m NG1 line at the
National Institute of Standards and Technology (NIST)
Center for Neutron Research. The neutron wave-
length, A, was 6 A with a wavelength spread AMA of
0.14. The sample to detector distance was 3.6 m and
the detector was offset by 3.5° from the incident beam
to increase the range of observable angles. The films
were placed so that the film surface is perpendicular
to the incident beam. The samples are held in rectan-
gular quartz cells with a 5 mm path length. To
increase the scattered intensity from these thin films,
up to 6 sample pieces are stacked within the cell. Two-
dimensional scattering patterns were collected from
the sample for up to five hours for sufficient count
statistics. The two-dimensional data were then cor-
rected for empty beam and background scattering
using standard reduction methods. The scattered
intensity was placed on an absolute intensity scale
with reference to a secondary water standard.

Scattering measurements were performed under
ambient conditions to determine the structural char-
acteristics of the pore structure. Measurements were
also made on samples immersed in deuterated tolu-
ene, a solvent that readily wets the sample. Changes in
the scattered intensity after immersion provides a
measure of the percentage of pores that are intercon-
nected and accessible to the film surface. The scattering
data are analyzed using a simple random two-phase
description of the film, the Debye model.'* In this
framework, the density of the wall material is assumed
to be uniform and the density correlation function
describing the film is assumed to be exponential.
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Fig. 1. Typical SXR data showing characteristic critical edge and
mid-qg range oscillations.

Data Analysis

As an example, we present data and results from a
porous silica thin film prepared from a methyl
silsesquioxane (MSSQ) spin-on glass resin processed
with a porogen material. The porogen material forms
domains in the film that are subsequently burned off
to form a porous structure. Four samples will be
discussed and designated S1, S2, S3, and S4 with
increasing amounts of porosity. These samples are
not unique in structure, but are simply typical ex-
amples of films that have been characterized at NIST.
Samples that are best for characterization by this
technique have pores that are >10 A in size and make
up a fraction >5% of the volume of the sample.

The ion scattering experiments provide informa-
tion on the relative content of the atoms commonly
found in thin films, hydrogen, carbon, oxygen, and
silicon. This information is necessary to calculate the
relative contrast factors for x-ray or neutrons. For
example, the reflectivity results give an average elec-
tron density of the film. With knowledge of the rela-
tive atomic content, the mass density of the film can
be calculated. Similarly, the small-angle neutron scat-
tering (SANS) scattering results can give mass den-
sity values using a contrast factor thatis based on the
interaction of neutrons with the individual atoms.
Ton scattering also gives values of the total number of
atoms on the surface that can be compared to values
calculated from reflectivity data.

High-resolution specular x-ray reflectivity (SXR) is
apowerful experimental technique to accurately mea-
sure the structure of thin films in the direction normal
to the film surface. In particular, the film thickness,
film quality (roughness and uniformity) and average
film density can be determined with a high degree of
precision. The coefficient of thermal expansion (CTE)
is determined from measurements of the film thick-
ness at different temperatures.

Figure 1 shows (SXR) results from a typical film.
The q value at which the film goes from total reflec-
tance to penetration is known as the critical edge. It
can be used to calculate the electron density of the



306 Bauer, Lin, Lee, Wang, and Wu
Table I. Atomic Composition and Atomic Film Density from RBS and FRES,
Uncertainties are Described in the Data Analysis Section
Atomic Density /
Sample Hydrogen Carbon Oxygen Silicon (10%atoms/cm?)
S1 0.28 £ 0.05 0.14 £ 0.05 0.36 £ 0.05 0.22 = 0.05 1.98 £ 0.05
S2 0.31 0.14 0.35 0.20 1.75+0.04
S3 0.32 0.14 0.34 0.20 1.59+0.04
S4 0.30 0.16 0.34 0.20 0.87 £ 0.02

film. Given the elemental composition, the average
electron density of the porous thin film can be con-
verted into an average mass density of the film. The
average mass density of the film is also related to the
porosity and wall density of the film through the
equation

P =P, (1=P) @))

where p,, is the density of the wall material and P is
the porosity of the film (by volume). At this point, an
assumption of the matrix mass density can provide a
numerical estimate of the film porosity. However, no
information about the pore size can be obtained using
(SXR). The scattered intensity is presented as a func-
tion of q [where q = (41W/A sin(6/ 2)] and q is the
scattering angle).

In addition to the average mass density of the film,
the film thickness can be determined from a more
detailed analysis of the reflectivity data or the period-
icity of the oscillations in the reflectivity profile. The
oscillations at larger angles result from the destruc-
tive and constructive interference of the x-rays re-
flected from both the air/film interface and the film/
silicon interface. The thickness of the film can be deter-
mined from the periodicity of the reflectivity data in
this q range. The oscillations in the reflectivity curve
are generally free of multiple scattering contributions.
A Fourier transform of the higher angle data enables
a model free determination of the film thickness.

With the SANS data, the two-phase model is used
to describe a high porosity material. In this model,
there are only two phases, the pores and the matrix
material. Additionally, the matrix material is as-
sumed to be homogenous. Debye developed the for-
malism describing the scattering that arises from a
random two-phase structure.'® The density correla-
tion function describing the structure is assumed to
be Y(r) = exp(-r/¢), where & is the correlation length.
The function y(r) describes the probability that the
atomic density at points spaced a distance r apart are
the same. The average chord length of the pores is
then given by the equation 1, = {/(1-P). The SANS
intensity is given by the equation

8TP(1- P)Ap2E?

I =
(@) L+ ey

(2)

where Ap, is the neutron scattering contrast and is
determined by the elemental composition of the solid
matrix material and is linearly dependent upon p,,.
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Fig. 2. SXR results of samples S1, S2, S3, and S4 shifted for clarity.

The correlation length, &, and the scattered intensity
at q = 0, can be determined by linearly fitting SANS
data plotted as 1/IY? vs. 2. At this point in the
analysis, only the correlation length is quantitatively
determined.

To determine the film porosity, P, and the matrix
mass density, we must use additional information
from SXR. Given I(0) and €, Eq. 2 becomes a function
only of p, and P. From the SXR formalism, Eq. 1isalso
a function of p, and P. With two equations and two
unknowns, p,, and P, we solve for these two quantities
for the porous thin film. The 2-phase model often
provides reasonable values for the density of the wall
material, but these values do not necessarily imply
that the connecting material is indeed homogeneous.

The pore connectivity and moisture uptake of the
film can also be determined using the Debye formal-
ism. The samples are placed into quartz cells and
immersed in either deuterated toluene (d-toluene) or
deuterated water (D,0). The d-toluene solvent is
chosen because it readily wets most samples. If either
of the deuterated solvents penetrates open and inter-
connected pores, the absolute value of the scattered
intensity changes because of the large contrast change
in Ap?, from air or vacuum in the pores to a deuterated
material. If all the pores within a sample were filled
with d-toluene, the entire scattered intensity would
increase by a factor of ~20 depending on the composi-
tion and wall density. If the increase in scattered
intensity is less than the predicted value, then only a
fraction of the pores are filled with the solvent. In a
similar manner, the moisture uptake of D,O may also
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Table II. Thickness, Electron Density, and Mass Density from SXR and Mass Density
from RBS and FRES, Uncertainties are Described in the Data Analysis Section
. Electron Mass Density Mass Density
Sample Thickness/A Density / e"A-3 SXR/gcm™ RBS-FRES/g cm
S1 4490 = 10 0.332 £ 0.007 1.082 + 0.023 1.016 £ 0.026
S2 4510 0.289 0.939 0.850 + 0.022
S3 4040 0.257 0.833 0.852 + 0.022
S4 2780 0.224 0.727 0.689 £ 0.018

I(q) / om™ shifted

q/A’
Fig. 3. SANS results of samples S1, S2, S3, and S4 shifted for clarity.

be determined. In this methodology, pore connectivity
represents the fraction of pores that are intercon-
nected and accessible to a solvent at the outside
surface. Equation 3 gives the calculation of volume
fraction of connected pores, P, as a function of SANS
intensities in toluene and air, I,(q) and I,(q), with
contrast factors of toluene and the wall, o, and g,

O = I() /T (q)-1
(0,/0,-12-1

3

The primary sources of uncertainties are the statis-
tical scatter in the SANS and reflectivity results, the
elemental composition of the film, and the scattering
model in the SANS data fit. The Debye fit of the SANS
data gives slope, intercept, and their associated stan-
dard deviations. These uncertainties are propagated
to the zero angle scattering and correlation length.
The fit of the reflectivity data gives the thickness and
critical angle. The fractional uncertainty of 0.025 for
the angle and a relative uncertainty of 10 A in the

thickness are used for all calculations. The values of
the neutron and x-ray contrast factors are calculated
from the atomic composition from ion scattering and
an uncertainty of 5 atoms per 100 total is assumed,
which is based on typical results from this technique.
The only other uncertainties accounted for are the
value of the secondary standard for SANS and the
sample transmission. The fractional uncertainties
are taken to be 0.05 and 0.10, respectively. All of the
uncertainties represent one standard deviation.

RESULTS AND DISCUSSION

Four films will be described as an example of this
technique as described in the experimental section.
The elemental analysis from FRES and RBSis given in
Table I. All films have very similar atomic fractions and
therefore very similar x-ray and neutron contrast fac-
tors. The atomic density varies from sample to sample
with the values decreasing with increased sample
numbers. This decrease is a combination of factors of
changing film thickness, porosity, and wall density.

Figure 2 is a plot of the SXR results for the four
samples with the scattered intensity shifted for clar-
ity. There are three features to be noted. First, the
critical edge shifts to lower q as the sample number
increases. This means that the electron density, and
hence average mass density, is decreasing. Second, in
the mid-q region, the periodicity can easily be seen.
The spacingis similar for samples S1-S3, butis wider
for S4. This means that the film thicknesses are
similar with S4 being somewhat thinner. And third,
the peak intensity of the oscillations in the mid-q
region is lower for S4 and diminished more rapidly
with increased q, suggesting that the uniformity of
the surface is decreasing.

Table II gives the calculated thickness of the films
along with the average electron and mass densities.
Mass densities from the RBS-FRES results are also
included. The films are all less than 1/2 pm in thick-

Table III. Porosity, Wall Density, Pore Connectivity, and Pore Size from a Combination of RBS,
FRES, SXR, and SANS, Uncertainties are Described in the Data Analysis Section

Wall Density .
Sample Porosity Connectivity SXR-SANS Pore ¢/A
S1 0.20 £ 0.07 1.07 £ 0.53 1.351+0.116 27+ 3
S2 0.26 = 0.05 0.57 £0.25 1.266 + 0.096 4914
S3 0.33 £ 0.06 0.55 +0.25 1.234 +£0.114 61+6
S4 0.37 £ 0.07 0.23+£0.12 1.155+0.138 62+8
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ness with S4 being approximately 2/3 the thickness of
the others. The density of the films drops with the
sample number and the results of the two measure-
ment techniques correlate well. The values of the
average mass density are lower than that typical of
bulk materials, suggesting that voids are present
which lower the overall density average.

Figure 3 is a plot of the SANS results from the four
samples, shifted for clarity. The lines are fits to Eq. 2.
All of the samples fit the Debye model well showing
that an exponential correlation function of pore sizes
exists. The drop in intensity with qis more gradual for
sample S4 which indicates that there is a smaller
correlation length and hence, smaller pores.

Table III shows the calculated values of the poros-
ity, wall density, and average pore size of the four
samples. The porosity of the samples increases with
the sample number and the wall densities decreases.
These parameters depend strongly on both SXR and
SANS. The correlation length of the pores increases
with the sample number. The pore connectivity is also
given in Table III. The standard deviations are size-
able in this parameter because the results of two
SANS experiments are combined. The results indi-
cate that S1is fully connected with the other samples
having less than fully connected pores.

SUMMARY

The combination of three experimental measure-
ments, ion scattering/specular x-ray reflectivity/small
angleneutron scattering, allows for the detailed analy-
sis of thin film samples. The samples are measured in-
situ on a silicon substrate and are nondestructive,
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with multiple measurements possible on the same
sample. Film thickness, average film density, atomic
composition, pore volume, pore connectivity, and pore
size can be calculated for thin films (between 0.28 ym
and 0.45 pm) with moderate porosities (volume frac-
tion between 20% and 37%) and mesoscopic sizes
(between 27 A and 62 A). It should be noted, however,
that the limits of size characterization are greater
than the examples given in this report.
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