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Properties of nanoporous silica thin films determined by high-resolution
x-ray reflectivity and small-angle neutron scattering
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A new methodology based on a novel combination of a high-resolution specular x-ray reflectivity
and small-angle neutron scattering has been developed to evaluate the structural properties of
low-dielectric-constant porous silica thin films about one micrometer thick supported on silicon
wafer substrates. To complement these results, film composition was determined by high-energy ion
scattering techniques. For the example thin film presented here, the overall film density was found
to be (0.5560.01) g/cm3 with a pore wall density of (1.1660.05) g/cm3 and a porosity of (53
61)%. Thecharacteristic average dimension for the pores was found to be (6561) Å. It was
determined that (22.160.5)% of the pores had connective paths to the free surface. The mass
fraction of water absorption was (3.060.5)% and the coefficient of thermal expansion was (60
620)31026/°C from room temperature to 175 °C. Lastly, model fitting of the specular x-ray
reflectivity data indicated the presence of a thin surface layer with an increased electron density
compared to the bulk of the film as well as an interfacial layer with a reduced electron density.
© 2000 American Institute of Physics.@S0021-8979~00!00703-9#
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I. INTRODUCTION

In modern integrated circuitry multilevel interconnectio
is typically used to create logic devices from individual tra
sistors. By employing the third dimension, interconnect d
tances can be greatly reduced; furthermore, silicon wa
area is preserved for active devices and not for pas
conductors.1 For the materials used to create these interle
dielectric layers, stringent material requirements demand
exacting combination of electrical, thermal, chemical, a
structural properties which must be met at submicron dim
sions and be uniform over the full area on wafers up to 3
mm in diameter. Porous silica films are leading candida
for next-generation low-dielectric-constant thin films to
used as interlayer dielectric materials.2 The introduction of
voids in the material can effectively lower the dielectric co
stant of the base material. For example, when the film po
ity approaches three-quarters by volume, the dielectric c
stant of silica, nominally about 4, can be reduced to about3

This lowered dielectric constant has the effect of increas
signal propagation speed, decreasing the energy need
propagate a signal, and decreasing the crosstalk betwee
jacent conductors. Many techniques have been establish
characterize the performance properties for interlevel die
tric thin films.4 However, there are few means to measu
structural properties, such as porosity and pore size, of

a!Electronic mail: william.wallace@nist.gov
b!Also at Department of Chemistry, University of Tennessee, Knoxville.
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rous films less than 1mm thick, positron annihilation lifetime
spectroscopy being one of the few examples.5–7 Since these
structural properties are intimately related to the performa
properties, the lack of suitable measurement techniques
prevented the more rapid development of porous interle
dielectrics.

The purpose of this work is to develop a methodology
characterize porous thin films about 1mm thick supported on
silicon wafers. The characterization must be done while
films remain adhered to the silicon substrate because the
rous films are generally too fragile for removal from th
substrate. Furthermore, the porous structure prepared on
substrate may be altered by processing off wafer, that is
bulk state. The structural properties to be measured incl
overall film density, pore-wall density, porosity, avera
pore size, and pore connectivity. The first four paramet
are important for correlating observed thermomechanical
havior with structure so that improvements in material sel
tion and/or material processing can be accelerated. The
parameter is important in cases where the films are expo
to wet environments such as in chemical-mechanical pol
ing processes. A connected pore structure may result in
uncontrolled increase in the dielectric constant or leak
current due to the penetration of any contaminant materi
but there is little published data to confirm this. In addition
these structural properties, the out-of-plane coefficient
thermal expansion~CTE! and the electron density profil
depth normal to the sample surface were also measured
3 © 2000 American Institute of Physics
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The key measurement techniques used in this work
specular x-ray reflectivity~SXR!8–10and small-angle neutron
scattering~SANS!.11 The fundamentals of these two tec
niques are widely discussed in the literature and will only
briefly described here. The novelty of the present work
twofold: the use of a new high-resolution x-ray reflectome
to accurately measure the thickness of films about 1mm
thick, and the treatment of complementary data obtai
from both SXR and SANS as a set of simultaneous equat
to quantitatively determine the structural parameters of
porous thin films. A 900-nm-thick porous silica~xerogel!
thin film test sample, AlliedSignal Nanoglass™ K2.2-A10
is characterized using these techniques to demonstrate
utility of this methodology.12 The films used were prepare
by spin coating using sol-gel methods.13,14

In this work, we used the simplest description of a p
rous material; a two-phase model where one phase comp
the voids and the other comprises the connecting mate
The material between the voids~the pore wall material! is
assumed to be uniform in density. This assumption result
two unknowns, the porosity,P, and the wall density,rw .
These two variables cannot be separated from either SX
SANS data alone. Therefore, we performed both meas
ments on the same sample. By solving simultaneous e
tions, specific to each technique, involving the two variab
the values of the unknowns can be determined. In orde
perform this separation, we must also know the chem
composition of the thin film. These compositions were det
mined using a combination of Rutherford backscatter
~RBS! ~for silicon, oxygen, and carbon! and forward recoil
elastic scattering~FRES! ~for hydrogen!. The film composi-
tion is used to convert the electron density to mass densit
SXR data analysis, and to determine the scattering con
between the connecting material and pores in the SA
work.

The questions of pore connectivity and moisture upta
were addressed by conducting SANS measurements
sample immersed respectively in either a deuterated org
solvent or in deuterated water. Solvents with low interfac
tension can readily fill interconnected pores having a pass
to the exterior surface. Deuterated toluene is such a sol
and spreads readily on the surfaces of all samples teste
date with a contact angle of generally less than 5°. On
other hand water was found to have a much higher con
angle, typically near 90°, and consequently was found no
fill the pores of the sample. Once the pores are filled,
scattering contrast changed dramatically depending on
neutron scattering length of the solvent used. The percen
of the pores filled by solvent or water is estimated from
difference in SANS intensity between thin films before a
after immersion.

The coefficient of thermal expansion normal to t
sample surface is performed using film thickness informat
from the spacing of the interference fringes in the SXR d
as a function of temperature. The electron density pro
normal to the sample surface is found by modeling the S
data and provides important insights into the film structu
The films were not uniform in electron density with devi
re
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tions at the free surface and at the interface with the silic
substrate.

II. EXPERIMENTAL PROCEDURES

A. X-ray reflectivity

At an x-ray wavelength of a few tenths of a nanomet
the refractive index of most materials is less than on8

Hence, there exists a critical angle below which total exter
reflection of the radiation takes place. This critical angle,uc ,
can be approximated by (rr el

2/p)0.5 wherer is the electron
density or the number of electrons per unit volume of t
material,l is the x-ray wavelength, andr e52.818 fm is the
classical electron radius. All the angles used within the c
text of x-ray reflectivity are defined as grazing angles m
sured from the surface parallel. At any incident angle bel
uc total reflection occurs. In a typical SXR measurement,
reflected intensity is collected as a function of the incide
angle as it is continuously varied through the critical ang
By modeling the SXR result with a one-dimensional Sch¨-
dinger equation, the details of the electron density depth p
file can be deduced.15 Free-surface roughness, interfaci
roughness, and density variations in the thickness direc
can also be determined using computer modeling to cre
electron-density depth profiles that best fit the experime
data. The information reported here from SXR is an aver
over a lateral dimension of a few micrometers as dictated
the coherence length of the x-ray beam.

The SXR results are specular data collected with
grazing incident angle equal to the detector angle. The an
ranged from 0.05° to 0.6°. The SXR measurements w
conducted in au–2u configuration with a fine focus coppe
x-ray tube. The incident beam was conditioned with a fo
bounce germanium@220# monochromator. Before the detec
tor, the beam was further conditioned with a three-boun
germanium@220# channel cut crystal. This configuration re
sults in a copperKa1 beam with a fractional wavelengt
spread,Dl/l, of 1.331024 and an angular divergence of 1
arcsec. The motion of the goniometer is controlled by
closed-loop active servo system with an angular reprod
ibility of 0.0001°. These high precision settings in both t
x-ray optics and the goniometer control are necessary to
tect the very narrowly spaced interference fringes from fil
on the order of 1mm thick.

B. Small angle neutron scattering

The small angle neutron scattering measurements w
conducted on the NG1 instrument at the Center for Neut
Research at the National Institute of Standards and Tech
ogy. Small angle neutron scattering was performed on t
film samples in a straightforward fashion with the beam
cident along the surface normal. The wavelength,l, was 6 Å
with a wavelength spread,Dl/l, of 0.25. The sample to
detector distance was 3.6 m. The detector was offset by
from the incident beam to increase the observed ang
range. The resultant scattering vector,q @where q
5(4p/l)sin(u/2) andu is the scattering angle from the in
cident beam path# ranged from 0.01 to 0.18 Å21. The SANS
results and the structural parameters deduced from them
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quantities averaged over the scattering volume of appr
mately 1 cm235mm. To enhance the scattering signal, t
SANS samples were composed of a stack of six or m
pieces of the wafer with the thin film attached. This is
well-documented technique for the study of thin films
silicon substrates by SANS.16 Rectangular quartz cells wer
used to hold the samples. Since the silicon wafer subst
supporting the porous film is transparent to neutrons and
wafer does not cause any scattering in the angular rang
interest, the scattered intensities in the small angle reg
~less than 5°! are exclusively from the porous film. This a
sumption was tested by measuring the scattering from a s
of six bare silicon wafers. The silicon wafers themselv
produced almost no small angle scattering. Two-dimensio
scattering intensity data were collected from each thin fi
sample stack and were corrected for the empty quartz
scattering, background counts, detector uniformity, a
sample thickness. The scattering intensity data were redu
to an absolute scale by using a 1.0-mm-thick water sampl
a standard. The two-dimensional data were circularly av
aged to produce one-dimensional intensity profiles. The s
tering contrast arises from the difference in the neutron s
tering length of the connecting pore wall material and
pores themselves~taken to be zero!.

For the thin film sample studied, three different SAN
samples were prepared; one in air, one with the sample
mersed in deuterated toluene~d-toluene!, and one with the
sample in deuterated water. The samples were immerse
both solvents for at least 24 h before measurement.
SANS results from the air samples are used in conjunc
with the SXR results to determine wall material density,rw ,
porosity, P, and the size of the pores, as previously d
cussed. The SANS results fromd-toluene-immersed sample
were analyzed to determine the pore connectivity. The d
terated water sample results were used to determine moi
uptake.

C. High-energy ion scattering measurements

The chemical composition of the porous silica films w
determined by high-energy ion scattering techniques.17 The
ion scattering reported here was performed at the Sur
and Thin Film Analysis Facility at the University of Penn
sylvania, Philadelphia. A well collimated, monoenerge
beam ofa particles is directed toward the thin film samp
held in vacuum. The scattered energy of thea particles is
proportional to the mass of each target species, in this c
silicon, oxygen, and carbon atoms in the thin film. By dete
ing the relative number of scattereda particles as a function
of energy, and applying the known scattering cross-sec
for each element, direct integration or computer modeling
the scattering peaks gives the relative abundance of e
element. This technique is generally termed Rutherf
backscattering spectrometry~RBS!. Hydrogen, being lighter
than thea particles used, does not show a backscatter
signal. Instead it is forward recoiled upon impact with
incominga particle. By directing the particle beam at gra
ing incidence to the sample surface~here 15° was used!,
hydrogen atoms in the sample can be forward recoiled
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detector. Composition analysis is performed in the sa
manner as with RBS. This technique is termed forward rec
elastic scattering~FRES! or elastic recoil detection~ERD!.

III. RESULTS AND DISCUSSION

A. Film composition

The data in Fig. 1 shows a typical RBS spectrum fo
Nanoglass™ thin film. The top panel is taken with the be
at a grazing incidence of 15° from the sample surface an
an a-particle beam energy of 1.8 MeV. The plateau fro
channels 140 to 180 arises from the silicon atoms in
porous silica thin film. The large, high plateau from chann
50 to 140 is from the silicon in the water substrate. Oxyg
is represented by the peak at channels 70 to 110. The bo
panel is taken with the beam at normal incidence to

FIG. 1. ~a! Rutherford backscattering spectrum for a Nanoglass™ thin fi
using 1.8 MeVa particles as a probe and the beam incident on the sam
at a grazing angle of 15°.~b! Rutherford backscattering spectrum of th
same sample using 3.4 MeVa particles as a probe and the beam incide
normal to the sample surface. The abscissa gives the energy of the bac
tered particle and the ordinate the number of particles of a given energy.
solid line is a simulation of the scattering process for a film of a giv
composition and thickness. From this simulation the relative amounts
silicon, oxygen, and carbon in the film are determined. See text for fea
identification.
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sample surface and at a beam energy of 3.4 MeV. The sil
background from the substrate substrated out using a sp
fit. The peak from channels 190 to 220 represents oxy
and the peak from channels 120 to 150 represents car
The solid line in each panel is a simulation to the data fr
which the film composition was derived. Often it is easier
simulate the data for a complex multielement film than it
to attempt to integrate peaks exclusive of the backgro
upon which they rest. Figure 2 shows a typical FRES sp
trum from a silica thin film. Since only a single eleme
~hydrogen! is measured, only a single scattering peak is se
In the FRES case direct peak integration was easily p
formed. By combining both the RBS and FRES results,
composition of this sample was determined to be 19 silic
atoms, 34 oxygen atoms, 14 carbon atoms, and 33 hydro
atoms per 100 atoms total with an estimated standard un
tainty of 65 atoms for each element.~Uncertainties represen
standard deviations of the data!. The detection limit is on the
order of 5% for each element as well.

B. Overall film density

SXR results are typically presented as the logarithm
the ratio of the reflected beam intensity~I! to the incident
beam intensity (I 0) versusQz , as shown in Fig. 3.Qz is the
magnitude of x-ray momentum transfer in the film thickne
direction and is defined as (4p/l)sinu, wherel is the cop-
per Ka1 wavelength of 0.154 06 nm andu is the grazing
incident angle. The SXR data show two critical angles, o
at Qz5(0.015560.0003) Å21 and the other at Qz

5(0.032060.0006) Å21. The critical angle at Qz

50.0155 Å21 is attributed to the thin film and its positio
can be related to the thin film electron density. The criti
angle atQz50.0320 Å21 corresponds to that of the silico
wafer. The electron density of the thin film calculated fro
the critical Qz is 1.69331023e2/cm3. Given the chemical

FIG. 2. Forward recoil elastic scattering spectrum for the same Nanogla
thin film as shown in Fig. 1. In this case, the 3.0 MeVa particles, incident
at grazing angle, expel a small number of the hydrogen atoms from the
at high energy. Their amount in the sample can be found by direct inte
tion of the peak. This data combined with an RBS spectrum like the on
Fig. 1 gives the complete film composition.
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composition of the films from the ion scattering measu
ments, the mass density of the film is calculated to
(0.5560.01) g/cm3.

Without independent information about the wall dens
and porosity, the porosity of the film must be determin
from the SXR data with estimates of the wall material de
sity. If one assumes that the density of the material betw
the pores is that of a typical thermal oxide, 2.25 g/cm3, then
the corresponding porosity will be 75.6% by volume. If o
assumes that the density of the material between the por
that of a typical hydrogen silsesquioxane~HSQ! spin-on
glass material, 2.00 g/cm3, then the corresponding porosit
will be 72.6% by volume. Since the composition of this th
film is not just silica but contains a significant fraction
hydrocarbons, the density of the material between the po
is expected to be different from that of either thermal oxi
or a typical HSQ. In addition, the density of HSQ-type m
terials depends strongly on processing conditions.18

The validity of the above wall density assumptions c
be tested by using a complementary experimental techni
The mass density of the thin film as a whole is simply
product of the connecting material density between
pores,rw , and the volume fraction occupied by the materi
12P. From the SXR and composition data, we have thus
determined only the average film mass density. The rem
ing objective is to apply a second independent technique
obtain another measurable quantity also related to bothrw

andP. With two measurements containingrw andP in dif-
ferent forms, one can solve the simultaneous equations
deduce the value ofrw and P experimentally. SANS is the
technique we chose to fulfill this need. In addition, SAN
results provide information related to the size of the pore

™

m
a-
in

FIG. 3. Specular x-ray reflectivity curve showing the log of the reflectiv
vs the momentum transfer normal to the sample surface,Qz , for an approxi-
mately one micrometer thick Nanoglass™ thin film deposited on a sili
wafer. The steep drop in the curve atQz50.155 Å21 is the critical edge for
reflection for the porous silica thin film. This value reflects the avera
electron density of the film. The steep drop atQz50.032 Å21 is the critical
edge of the silicon substrate and is determined by the electron densi
silicon. The oscillations between the two critical edges are the wave g
modes for x rays confined in the film~analogous to an optical fiber!. The
oscillations at values ofQz greater than the silicon critical edge are due
constructive and destructive interference between x rays reflected from
air/film surface and x rays reflected from the film/substrate interface. Th
oscillations provide a very sensitive measure of film thickness.
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C. Pore wall density and pore structure

Since the thin films are composed of nanopores wit
high volume content, a suitable model to describe suc
structure uses a density correlation function developed f
random two-phase structure by Debyeet al.;19 g(r )5exp
(2r/j) wherej is the correlation length. The average dime
sion, or the chord length, of the pores isj/(12P), and the
average dimension of the wall between the pores isj/P. The
SANS intensity based on this model takes the form of

I ~q!5
8pP~12P!Drn

2j3

~11q2j2!2 , ~1!

whereDrn is the neutron scattering length contrast betwe
two phases. For the present case, this value is the neu
scattering length of the connecting material between
pores since the scattering length of the pores themselve
zero. The neutron scattering length, and henceDrn , is lin-
early proportional to the atom or mass density, an import
material parameter to be determined. Explicitly,Drn equals
rwn , the neutron scattering length of the material betwe
pores. In turn,rwn equals (Snibi /Snimi)rw whereni is the
atomic fraction of elementi ,bi is the neutron scattering
length of elementi ,mi is the atomic weight of that elemen
andrw the mass density of the connecting material betw
pores. Given this relationship and the chemical composi
from ion scattering measurements, onlyrw , a parameter of
interest, is unknown. To extract data from the SANS exp
ment, we first rearrange Eq.~1! as

1

I ~q!1/25
1

~cj3!1/21
j2q2

~cj3!1/2, ~2!

wherec is defined as 8pP(12P)Drn
2. Two quantities,c and

j, from Eq. ~2! can be determined from the slope and t
zeroq intercept of the SANS data plotted asI (q)21/2 vs q2.
The quantityc is related to the porosity,P, and the mass
density of the wall material,rw as P(12P)rw

2 . In the pre-
vious section on SXR, the thin film density is given b
rw(12P) and has already been measured. Using Eq.~1!
from SANS and the relation,rw(12P), from SXR, one can
solve forP andrw .

SANS data are given in Fig. 4 asI (q)21/2 vs q2. Equa-
tion ~2! seems to be a valid expression for the scatter
intensities except in the lowq region. This observation hold
true for all samples tested so far and suggests that the D
model @given by Eq.~1!# is valid for describing the porou
materials in this study. A strong scattering intensity in t
low q region, often referred to as ‘‘strong forward scatte
ing,’’ is typically observed in gels including silica gels
crosslinked polymers, and porous materials such as sh
The origin of this observed strong forward scattering is
lieved to be associated with the nonuniform distribution
the pores, or with larger length scale heterogeneities, e
clustering of pores. Details of this aspect of the data in
pretation are not resolved and will not be addressed in
report. The slope and theq50 intercept of Fig. 4 are deter
mined to be (163.260.9) cm1/2Å 2 and (0.175
60.002) cm1/2, respectively. Given that the mass density
this sample is (0.5560.01) g/cm3, as determined from SXR
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and ion scattering, the SANS results leads to a porosity
(5361)%, a density of the wall material,rw , of (1.16
60.05) g/cm3, and a pore chord length of (6561) Å.

D. Pore interconnectivity

To determine the fraction of the pores that are interc
nected and have a passage to the exterior surface, S
measurements were also carried out with the same sam
immersed ind-toluene, a solvent that completely wets th
thin film. If all pores are filled withd-toluene, the SANS
intensity is easily related to that of the sample in air. T
SANS contrast factorDrn of Eq. ~1! would be replaced by
the difference between the pore wall material and
d-toluene. The relatively high neutron cross section
d-toluene significantly enhances the contrast over that
tween the pore wall material and air. Given thern for
d-toluene, the contrast factor,Drn

2, is enhanced by a facto
of 18.3. Consequently, the SANS intensity over the entirq
region is expected to uniformly increase by the same fac
However, the SANS data from the samples immersed
d-toluene have a qualitatively different shape, as seen in
4, as well as an increase in intensity less than a facto
18.3. This provides evidence that the pores are not fu
filled with solvent during immersion. In addition, the corr
lation length deduced from the SANS data obtained fr
d-toluene immersed samples was different from that of
dry ones. This suggests that only a selected population of
pores is filled byd-toluene. In order to estimate the fractio
of pores filled withd-toluene, the following two-layer mode
is introduced: the film immersed ind-toluene is made of a
wetted layer within which all the pores are filled, and a d
layer. An alternative model for a partially filled system is
random model in which all the filled and unfilled pores a

FIG. 4. Debye plot derived from a small angle neutron scattering exp
ment on a stack of Nanoglass™ thin films~with the silicon substrate at-
tached!. The open circles are for the films as-received and the crosses ar
the films immersed in deuterated toluene. The uncertainty at each poi
proportional to the square root of the number of counts. The slope of
fitted line provides the correlation length of the porous structure. The in
cept of the fitted line atq250 gives a measure of the porosity and the ma
density of the pore wall material.
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intermixed and distributed randomly. This random mode
less realistic because an empty pore adjacent to a filled
has a greater probability of also be filled; therefore, t
model was not used. Based on the two-layer model for
vent distribution in the film, the SANS intensity atq50 is
simply

I t~q50!5F~rwn2r t!
2P~12P!1~12F!rwn

2 P~12P!,
~3!

whereF is the volume fraction of the thin film occupied b
the toluene-wetted layer, andr t is the neutron scattering den
sity of d-toluene. Among the quantities appearing in t
above equation,I t(q50), the measured SANS intensity o
thed-toluene immersed sample at zeroq, the porosityP, and
the neutron scattering length of the connecting materialrwn

are calculated as described earlier, while thed-toluene neu-
tron scattering length,r t , is available from literature. The
value ofF, the volume fraction of pores filled byd-toluene,
was determined to be (22.160.05)% and represents thos
pores that are interconnected with access to the exterior
face.

E. Moisture uptake

To estimate the moisture uptake of the thin film, a n
sample was immersed in deuterated water for 24 h at ro
temperature. The SANS result was collected and analy
using the same two-layer model used for thed-toluene case.
Compared to thed-toluene sample, the samples immersed
deuterated water did not result in significant increases
SANS intensities. This result was not surprising because
thin films were macroscopically hydrophobic, that is, a dr
of distilled water placed on the sample surface displaye
large contact angle. Quantitative analysis of the SANS d
reveals that (3.1060.05)% of the pore volume inside th
film were filled by water. The quantity can be transferr
into water uptake in percent mass of the sample through
relationFPrH2O/reff , where the density of water is taken a
1 g/cm3. The calculated water uptake at room temperat
for 24 h was (3.0060.05)% by mass.

F. Coefficient of thermal expansion

SXR data is an excellent technique to measure the
of-plane coefficient of thermal expansion of thin films b
cause the thickness of a film is easily determined from
spacing of the interference fringes. The porous film in t
study was placed in a specially designed vacuum cham
and the film thickness was measured at different temp
tures. The SXR measurements were conducted in vacuu
order to minimize thermal degradation or oxidation of t
films. Before each measurement, the sample was held at
temperature for at least 1 h. The dependence of the
thickness with temperature determines the film CTE in
straightforward way. In the SXR data in Fig. 3, many osc
lations appear between the two critical angles. These o
lations are a manifestation of optical coupling, i.e., at cert
incident angles the thin porous film acts as a x-ray wa
guide. The incident beam travels within the film with litt
intensity escaping from the film, resulting in minima in th
s
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reflected intensity. At angles greater than theuc of silicon,
the oscillations in the SXR data are due to the interferenc
radiation reflected from the air/film and film/silicon inte
faces. However, in the lowQz region or region close to the
uc of silicon, the simple relation between film thickness a
the periodicity of the interference fringes is not strictly tru
due to multiple scattering. The film thickness is best det
mined from the spacing or the periodicity of the fringes
the high Qz region. In this work, the highQz regime was
defined as theQz range where the reflectivity fell below
1022. In this Qz regime, multiple scattering constitutes le
than 1% of the reflected intensity. The Fourier transform
the highQz data is given in Fig. 5 and the film thickness
obtained from the peak position multiplied by 2p. The film
thickness results at various temperatures ranging from 2
175 °C is given in Fig. 6. The coefficient of thermal expa

FIG. 5. Fourier transform of an x-ray reflectivity curve for data in Fig.
greater thanQz50.035 Å21, that is, in the periodic constructive/destructiv
interference fringe region. The abscissa gives the frequency in the trans
while the ordinate gives the magnitude of the coefficient, or strength of
period. By multiplying the period value at the peak by 2p the film thickness
is recovered.

FIG. 6. Film thickness, taken from the position of the Fourier transfo
peak, vs temperature measured under vacuum. Two runs of the same s
are shown. The solid line is a linear regression fit to both runs. The slop
the line gives the coefficient of thermal expansion.
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sion~CTE!, as calculated from the slope of the best fit line
the data, is (60620)31026/°C. This uncertainty is due
largely to the 10 nm uncertainty in the measurement of fi
thickness. The measurement of thicker films or of samp
with a higher CTE would decrease the uncertainty of
CTE value itself.

G. Electron-density depth profile

In addition to film thickness and average film densi
the SXR results can be analyzed in more detail to obtain
electron density depth profile of thin films. Information su
as the location of the hydrocarbons as a function of de
within a film can be elucidated. The theoretical basis of
deconvolution of the SXR data is well established15 and will
not be repeated here. In brief, it involves the modeling of
electron density of the film normal to the surface as a se
of variable-length slabs of uniform electron density. The
flectivity is calculated at each interface between all adjac
slabs. This hypothetical electron-density profile is then
justed until the calculated reflectivity agrees well with t
data. The best fit of the SXR result is given in Fig. 7 and
resultant electron-density depth profile is given in Fig.
This fit involves three layers~surface layer, middle layer, an
interface layer! and each layer has three variables~thickness,
electron density, and roughness!. The silicon substrate is as
signed infinite thickness, given the known electron density
silicon and a surface roughness of 2.5 nm. The surface o
porous silica thin film was found to have a roughness of
nm.

Like other scattering methods, the detailed depth profi
deduced from this analysis of SXR are not necessa
unique due to the loss of phase information. Despite
limitation, detailed analysis of SXR is valuable in man
cases. For example, if the starting material profile is know
then SXR can be used to follow the time evolution of t
original profile. An example pertinent to the present case
the depth distribution of hydrocarbons. If one assumes
the hydrocarbons are added after the porous film is form
and are located primarily near the free surface, the elec

FIG. 7. Model fit to a x-ray reflectivity curve like the one shown in Fig.
Instead of taking the Fourier transform to determine the film thickness, a
fit of the curve gives an electron-density depth profile for the film, shown
Fig. 8.
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density of the free surface region will be higher than th
near the film/substrate interface. Once a model depth pro
is selected, it can be transformed into one and only one S
profile. The validity of the model can be determined by co
paring the calculated SXR and the observed one. In this w
SXR is a powerful tool to invalidate certain model dep
profiles. For the current sample, the SXR result was found
be inconsistent with a model having a nonuniform dens
profile. The electron density profile of this sample, as sho
in Fig. 8, is uniform throughout the film thickness except
the first few hundred Angstroms at both the free surface
the film/substrate interface. In light of the high content
both carbon and hydrogen, the minor density enhancem
near the interfaces are not likely due to large scale segr
tion of hydrocarbons near the interfaces. This nonunifo
density profile can be directly inferred from the data. Care
examination of Fig. 3 will show a long wavelength oscill
tion in the reflectivity atQz50.05 Å21 manifest by a slight
increase in the reflectivity in this region. This feature is i
dicative of a layer several tens of nanometers thick in
film. Modeling the data allowed as to determine the spec
nature of this layer as shown in Fig. 8.

IV. CONCLUSION

A methodology has been presented to measure the s
tural properties of porous silica thin film on the order of o
micrometer thick and supported on silicon substrates. T
method was demonstrated using AlliedSignal Nanoglas
K2.2-A10B. High-resolution specular x-ray reflectivity pro
vides precise measurement of film thickness and the out
plane coefficient of thermal expansion. In combination w
composition measurements from high-energy ion scatte
techniques, the average mass density can also be determ
Small angle neutron scattering, in combination with SX
and composition measurement provides the film poros
pore connectivity, average pore size, and moisture upta

ll
FIG. 8. Electron-density depth profile for the film shown in Fig. 7. At th
extreme left is the free surface. In the free surface region, a surface ‘‘sk
about 561 nm thick with an electron density slightly higher than the bulk
the film is seen. A similar layer is located at the silica/silicon interface. T
plateau at the far right is the electron density of the silicon substrate.
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Modeling of the specular x-ray reflectivity data showed th
there was a nonuniform electron density depth profile to
film normal to the surface.
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