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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 (0.550.01) g/cnt with a pore wall density of (1.160.05) g/cni and a porosity of (53
+1)%. Thecharacteristic average dimension for the pores was found to be B8. It was
determined that (22:40.5)% of the pores had connective paths to the free surface. The mass
fraction of water absorption was (3:®.5)% and the coefficient of thermal expansion was (60
+20)x 10 %/°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 Physid$50021-897@0)00703-9

I. INTRODUCTION rous films less than &m thick, positron annihilation lifetime

) L ) ) _ spectroscopy being one of the few exampiesSince these
_ Inmodern integrated circuitry multilevel interconnection g4l properties are intimately related to the performance
1S typically used to _create Ioglc d(_awces_ f“’”_‘ individual tra_n'properties, the lack of suitable measurement techniques has
sistors. By employing the third dimension, mterc.o.nnect dis- revented the more rapid development of porous interlevel
tances can be greatly reduced; furthermore, silicon Wafegielectrics.

area is preserved for active devices and not for passive The purpose of this work is to develop a methodology to

conductors. For the materials used to create these interlevel . o .
) ) . ) . characterize porous thin films aboujdn thick supported on
dielectric layers, stringent material requirements demand an.

exacting combination of electrical, thermal, chemical, ano?:l'con waf_ers.d';he ghtarft;lr::terliatlon n;)u?t k:e tc)ione Whltlﬁ the
structural properties which must be met at submicron dimen’'MS remain adhered to the siiicon substrate because the po-

sions and be uniform over the full area on wafers up to 304°Us films are generally too fragile for removal from the
mm in diameter. Porous silica films are leading candidateSuPstrate. Furthermore, the porous structure prepared on the
for next-generation low-dielectric-constant thin films to be Substrate may be altered by processing off wafer, that is, in
used as interlayer dielectric materidl¥he introduction of bulk state. The structural properties to be measured include
voids in the material can effectively lower the dielectric con-overall film density, pore-wall density, porosity, average
stant of the base material. For example, when the film porogPore size, and pore connectivity. The first four parameters
ity approaches three-quarters by volume, the dielectric conare important for correlating observed thermomechanical be-
stant of silica, nominally about 4, can be reduced to abdut 2.havior with structure so that improvements in material selec-
This lowered dielectric constant has the effect of increasingion and/or material processing can be accelerated. The last
signal propagation speed, decreasing the energy needed parameter is important in cases where the films are exposed
propagate a signal, and decreasing the crosstalk between dd-wet environments such as in chemical-mechanical polish-
jacent conductors. Many technigues have been established itig processes. A connected pore structure may result in an
characterize the performance properties for interlevel dielecdancontrolled increase in the dielectric constant or leakage
tric thin films? However, there are few means to measurecurrent due to the penetration of any contaminant materials,
structural properties, such as porosity and pore size, of pdsut there is little published data to confirm this. In addition to
these structural properties, the out-of-plane coefficient of
aElectronic mail: william.wallace@nist.gov thermal expansior(CTE) and the electron density profile
YAlso at Department of Chemistry, University of Tennessee, Knoxville. depth normal to the sample surface were also measured.
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The key measurement techniques used in this work argons at the free surface and at the interface with the silicon
specular x-ray reflectivitySXR)®~*°and small-angle neutron substrate.
scattering(SANS).*! The fundamentals of these two tech-
niques are widely discussed in the literature and will only bel. EXPERIMENTAL PROCEDURES
briefly described here. Thg novelty qf the present work isp X-ray reflectivity
twofold: the use of a new high-resolution x-ray reflectometer
to accurately measure the thickness of films abouytri At an x-ray wavelength of a few tenths of a nanometer,
thick, and the treatment of complementary data obtainedn® refractive index of most materials is less than ®ne.
from both SXR and SANS as a set of simultaneous equation'élence' there exists a critical angle below which total external
to quantitatively determine the structural parameters of th&eflection of the radiation takzes pclgce. This critical angle,
porous thin films. A 900-nm-thick porous silicxeroge) ~ Can be approximated by(e\"/ )" wherep is the electron
thin film test sample, AlliedSignal Nanoglass™ K2.2-A10B, densn.y or _the number of electrons per unit volume of the
is characterized using these techniques to demonstrate t aterial,\ is the x-ray wavelength, and.=2.8181m is the

utility of this methodology:2 The films used were prepared classical electron radius. All the angles used within the con-
by spin coating using sol-éel methokd4 text of x-ray reflectivity are defined as grazing angles mea-

In this work, we used the simplest description of a IOo_sured from the surface parallel. At any incident angle below

_ .0, total reflection occurs. In a typical SXR measurement, the
rous material; a two-phase model where one phase comprise$§ . Lo . S

. . . ._réeflected intensity is collected as a function of the incident
the voids and the other comprises the connecting materia

Th terial bet th idth I teriali ingle as it is continuously varied through the critical angle.
e material between the voidthe pore wall materialis By modeling the SXR result with a one-dimensional Sehro

assumed to be uniform in P'ens'ty- This assumptlo_n results Irainger equation, the details of the electron density depth pro-
two unknown;, the porosityl?, and the wall den?"tpr' file can be deducetf. Free-surface roughness, interfacial
These two variables cannot be separated from either SXR qf,ghness, and density variations in the thickness direction
SANS data alone. Therefore, we performed both measurgsan aiso be determined using computer modeling to create
ments on the same sample. By solving simultaneous equ@jeciron-density depth profiles that best fit the experimental
tions, specific to each technique, involving the two variablegyata. The information reported here from SXR is an average
the values of the unknowns can be determined. In order tQyer g lateral dimension of a few micrometers as dictated by
perform this separation, we must also know the chemicajhe coherence length of the x-ray beam.
CompOSition of the thin film. These ComDOSitionS were deter- The SXR results are Specu]ar data collected with the
mined using a combination of Rutherford backscatteringyrazing incident angle equal to the detector angle. The angle
(RBS) (for silicon, oxygen, and carbgrand forward recoil ranged from 0.05° to 0.6°. The SXR measurements were
elastic scatteringFRES (for hydrogen. The film composi-  conducted in &—26 configuration with a fine focus copper
tion is used to convert the electron density to mass density iR-ray tube. The incident beam was conditioned with a four-
SXR data analysis, and to determine the scattering contragbunce germaniurf220] monochromator. Before the detec-
between the connecting material and pores in the SANSor, the beam was further conditioned with a three-bounce
work. germanium[220] channel cut crystal. This configuration re-
The questions of pore connectivity and moisture uptakesults in a coppeiK,; beam with a fractional wavelength
were addressed by conducting SANS measurements on spreadAN/\, of 1.3x10™ % and an angular divergence of 12
sample immersed respectively in either a deuterated organ&rcsec. The motion of the goniometer is controlled by a
solvent or in deuterated water. Solvents with low interfacialclosed-loop active servo system with an angular reproduc-
tension can readily fill interconnected pores having a passaggility of 0.0001°. These high precision settings in both the
to the exterior surface. Deuterated toluene is such a solveptray optics and the goniometer control are necessary to de-
and spreads readily on the surfaces of all samples tested tect the very narrowly spaced interference fringes from films
date with a contact angle of generally less than 5°. On th@n the order of lum thick.
other hand water was found to have a much higher contact
angle, typically near 90°, and consequently was found not t&- Small angle neutron scattering

fill the pores of the sample. Once the pores are filled, the  The small angle neutron scattering measurements were
scattering contrast changed dramatically depending on thgonducted on the NG1 instrument at the Center for Neutron
neutron scattering length of the solvent used. The percentag®esearch at the National Institute of Standards and Technol-
of the pores filled by solvent or water is estimated from theggy. Small angle neutron scattering was performed on thin
difference in SANS intensity between thin films before andfilm samples in a straightforward fashion with the beam in-
after immersion. cident along the surface normal. The wavelengthyas 6 A

The coefficient of thermal expansion normal to thewith a wavelength spread\\/\, of 0.25. The sample to
sample surface is performed using film thickness informatioretector distance was 3.6 m. The detector was offset by 3.5°
from the spacing of the interference fringes in the SXR dat#rom the incident beam to increase the observed angular
as a function of temperature. The electron density profileange. The resultant scattering vectog [where g
normal to the sample surface is found by modeling the SXR=(4#/\)sin(#/2) and @ is the scattering angle from the in-
data and provides important insights into the film structurecident beam pattranged from 0.01 to 0.18 &. The SANS
The films were not uniform in electron density with devia- results and the structural parameters deduced from them are
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guantities averaged over the scattering volume of approxi- Energy (MeV)
mately 1 cndx5um. To enhance the scattering signal, the PPy . .. I
SANS samples were composed of a stack of six or more -
pieces of the wafer with the thin film attached. This is a i (a)
well-documented technique for the study of thin films on
silicon substrates by SANS.Rectangular quartz cells were
used to hold the samples. Since the silicon wafer substrate
supporting the porous film is transparent to neutrons and the
wafer does not cause any scattering in the angular range of
interest, the scattered intensities in the small angle region
(less than 5fare exclusively from the porous film. This as-
sumption was tested by measuring the scattering from a stack
of six bare silicon wafers. The silicon wafers themselves
produced almost no small angle scattering. Two-dimensional )
scattering intensity data were collected from each thin film s w0 10 200
sample stack and were corrected for the empty quartz cell , Channel
scattering, background counts, detector uniformity, and
sample thickness. The scattering intensity data were reduced Energy (MeV)
i : 0.8 10 12 14
to an absolute scale by using a 1.0-mm-thick water sample as 10—t —
a standard. The two-dimensional data were circularly aver- i
aged to produce one-dimensional intensity profiles. The scat- i (b)
tering contrast arises from the difference in the neutron scat-
tering length of the connecting pore wall material and the
pores themselvegaken to be zeno
For the thin film sample studied, three different SANS
samples were prepared; one in air, one with the sample im-
mersed in deuterated toluefi@-tolueng, and one with the
sample in deuterated water. The samples were immersed in L
both solvents for at least 24 h before measurement. The 2r 9
SANS results from the air samples are used in conjunction - .
with the SXR results to determine wall material density, 0 lmsacd® ot T — gooe’ , |
porosity, P, and the size of the pores, as previously dis- 100 150 200 250
cussed. The SANS results frosrtoluene-immersed samples Channel
were analyzed to determine the pore connectivity. The deusG. 1. (a) Rutherford backscattering spectrum for a Nanoglass™ thin film
terated water sample results were used to determine moistuweing 1.8 MeVa particles as a probe and the beam incident on the sample
uptake. at a grazing angle of 15b) Rutherford backscattering spectrum_ of' the
same sample using 3.4 Me¥ particles as a probe and the beam incident
normal to the sample surface. The abscissa gives the energy of the backscat-
tered particle and the ordinate the number of particles of a given energy. The

C. High-energy ion scattering measurements solid line is a simulation of the scattering process for a film of a given

. . . . composition and thickness. From this simulation the relative amounts of
The chemical composition of the porous silica films wassilicon, oxygen, and carbon in the film are determined. See text for feature

determined by high-energy ion scattering technicieEhe  identification.

ion scattering reported here was performed at the Surface

and Thin Film Analysis Facility at the University of Penn-

sylvania, Philadelphia. A well collimated, monoenergeticdetector. Composition analysis is performed in the same
beam ofa particles is directed toward the thin film sample manner as with RBS. This technique is termed forward recoil
held in vacuum. The scattered energy of tagarticles is elastic scatteringFRES or elastic recoil detectiofERD).
proportional to the mass of each target species, in this case

silicon, oxygen, and carbon atoms in the thin film. By detect-||, RESULTS AND DISCUSSION

ing the relative number of scatteredparticles as a function A Film composition

of energy, and applying the known scattering cross-section” P
for each element, direct integration or computer modeling of  The data in Fig. 1 shows a typical RBS spectrum for a
the scattering peaks gives the relative abundance of eadWianoglass™ thin film. The top panel is taken with the beam
element. This technique is generally termed Rutherfordat a grazing incidence of 15° from the sample surface and at
backscattering spectromettiRBS). Hydrogen, being lighter an a-particle beam energy of 1.8 MeV. The plateau from
than thea particles used, does not show a backscatteringhannels 140 to 180 arises from the silicon atoms in the
signal. Instead it is forward recoiled upon impact with anporous silica thin film. The large, high plateau from channels
incoming « particle. By directing the particle beam at graz- 50 to 140 is from the silicon in the water substrate. Oxygen
ing incidence to the sample surfafeere 15° was used is represented by the peak at channels 70 to 110. The bottom
hydrogen atoms in the sample can be forward recoiled to aanel is taken with the beam at normal incidence to the
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150 200 o '2§0' o 3(')0 3§0 400 FIG. 3. Specular x-ray reflectivity curve showing the log of the reflectivity
Channel vs the momentum transfer normal to the sample surf@ge for an approxi-

mately one micrometer thick Nanoglass™ thin film deposited on a silicon
FIG. 2. Forward recoil elastic scattering spectrum for the same Nanoglass™wafer. The steep drop in the curve@j=0.155 A" is the critical edge for
thin film as shown in Fig. 1. In this case, the 3.0 Me\particles, incident  reflection for the porous silica thin film. This value reflects the average
at grazing angle, expel a small number of the hydrogen atoms from the filnelectron density of the film. The steep dropQyt=0.032 A1 is the critical
at high energy. Their amount in the sample can be found by direct integraedge of the silicon substrate and is determined by the electron density of
tion of the peak. This data combined with an RBS spectrum like the one irsilicon. The oscillations between the two critical edges are the wave guide
Fig. 1 gives the complete film composition. modes for x rays confined in the filifanalogous to an optical fiberThe

oscillations at values o), greater than the silicon critical edge are due to
constructive and destructive interference between x rays reflected from the

sample surface and at a beam energy of 3.4 MeV. The S”icoﬁir/f_ilm_surface a}nd X rays refleqt_ed from the film/_subst_rate interface. These
. ._oscillations provide a very sensitive measure of film thickness.
background from the substrate substrated out using a spline
fit. The peak from channels 190 to 220 represents oxygen
and the peak from channels 120 to 150 represents carbon.
The solid line in each panel is a simulation to the data fromcomposition of the films from the ion scattering measure-
which the film composition was derived. Often it is easier toments, the mass density of the film is calculated to be
simulate the data for a complex multielement film than it is(0.55+0.01) g/cni.
to attempt to integrate peaks exclusive of the background Without independent information about the wall density
upon which they rest. Figure 2 shows a typical FRES specand porosity, the porosity of the film must be determined
trum from a silica thin film. Since only a single element from the SXR data with estimates of the wall material den-
(hydrogen is measured, only a single scattering peak is seersity. If one assumes that the density of the material between
In the FRES case direct peak integration was easily perthe pores is that of a typical thermal oxide, 2.25 gicthen
formed. By combining both the RBS and FRES results, thehe corresponding porosity will be 75.6% by volume. If one
composition of this sample was determined to be 19 silicorassumes that the density of the material between the pores is
atoms, 34 oxygen atoms, 14 carbon atoms, and 33 hydrogehat of a typical hydrogen silsesquioxatelSQ spin-on
atoms per 100 atoms total with an estimated standard uncegiass material, 2.00 g/cinthen the corresponding porosity
tainty of =5 atoms for each elemerfUncertainties represent will be 72.6% by volume. Since the composition of this thin
standard deviations of the datdhe detection limit is on the film is not just silica but contains a significant fraction of

order of 5% for each element as well. hydrocarbons, the density of the material between the pores
is expected to be different from that of either thermal oxide
B. Overall film density or a typical HSQ. In addition, the density of HSQ-type ma-

SXR results are typically presented as the logarithm Oftenals depgnc_js strongly on processing .condltﬂ(?ns. .
. . . Iy The validity of the above wall density assumptions can
the ratio of the reflected beam intensity to the incident be tested by using a complementary experimental techniaue
beam intensity I(;) versusQ,, as shown in Fig. 3Q, is the y 9 P y €xp que.

magnitude of x-ray momentum transfer in the film thicknessThe mass density of the thin film as a whole is simply a

direction and is defined as {#\)sin 6, where\ is the cop- product of the connecting m_atenal de_:nsny between _the
. : pores,p,,, and the volume fraction occupied by the material,

per K,; wavelength of 0.15406 nm and is the grazing -

I . 1—P. From the SXR and composition data, we have thus far

incident angle. The SXR data show two critical angles, one . : . )
= 1 determined only the average film mass density. The remain-

at Q,=(0.0155-0.0003) A°! and the other atQ, . biective | I dind d hni

B A1 h ical | ) ing objective is to apply a second independent technique to

=(0.0320-0.0006) A"~ The critical angle at Q;  gptain another measurable quantity also related to pgth

=0.0155 Aﬁl is attributed to the thin film and its position andP. With two measurements Containim’ andP in dif-

can be related to the thin film electron density. The Criticalferent forms, one can solve the simultaneous equations and

angle atQ,=0.0320 A" ! corresponds to that of the silicon deduce the value gf,, and P experimentally. SANS is the

wafer. The electron density of the thin film calculated fromtechnique we chose to fulfill this need. In addition, SANS

the critical Q, is 1.693<10”%e /cn?. Given the chemical results provide information related to the size of the pores.
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C. Pore wall density and pore structure 06

\
Since the thin films are composed of nanopores with a i
high volume content, a suitable model to describe such a o5 (%o o
structure uses a density correlation function developed for a
random two-phase structure by Debgeal;® y(r)=exp 0.4 1 ‘
(—r/€) whereé is the correlation length. The average dimen-
sion, or the chord length, of the poreségq1—P), and the E
average dimension of the wall between the poreg s The 2 037

SANS intensity based on this model takes the form of il

8mP(1-P)Apag® e
T A @ 1§ s nasSRASR

1/2

172

021

0.1' ,,,,,,,,,,,

whereAp, is the neutron scattering length contrast between

two phases. For the present case, this value is the neutror o — S

scattering length of the connecting material between the 0 00002 0.0004 0.0006 oo%)g 0.001 0.0012 0.0014 00016
)

- . . 2
pores since the scattering length of the pores themselves i< 9
zero. The ne_Utron scattering length' and hefﬁm’ IS_ lin- FIG. 4. Debye plot derived from a small angle neutron scattering experi-
early proportional to the atom or mass density, an importanfent on a stack of Nanoglass™ thin filmwith the silicon substrate at-
material parameter to be determined. Explicithp,, equals tached. The open circles are for the films as-received and the crosses are for
pwn, the neutron scattering length of the material betweerihe fllm_s immersed in deuterated toluene. The uncertainty at each point is

In turn equals En-b- /En-m-) wheren. is the proportional to the square root of the number of counts. The slope of the
pore;. ntu . Pwn €4 [lad B R Pw i ) fitted line provides the correlation length of the porous structure. The inter-
atomic fraction of element,b; is the neutron scattering cept of the fitted line a?=0 gives a measure of the porosity and the mass
length of element,m; is the atomic weight of that element, density of the pore wall material.
and p,, the mass density of the connecting material between
pores. Given this relationship and the chemical composition | . )
from ion scattering measurements, oply, a parameter of and ion scattering, the SANS results leads to a porosity of

interest, is unknown. To extract data from the SANS experi{53=1)%, adensity of the wall materialp,,, of (1.16
ment, we first rearrange E€l) as +0.05) g/c, and a pore chord length of (651) A.

1 1 §2q2

_ D. Pore interconnectivity
()2 (C§3)1/2+ (c&d) 2 2

To determine the fraction of the pores that are intercon-
wherec is defined as &P(1— P)Ap2. Two quantitiescand  nected and have a passage to the exterior surface, SANS
& from Eq. (2) can be determined from the slope and themeasurements were also carried out with the same sample
zeroq intercept of the SANS data plotted k&) Y2 vs g°. immersed ind-toluene, a solvent that completely wets the
The quantityc is related to the porosity?, and the mass thin film. If all pores are filled withd-toluene, the SANS
density of the wall materialp,, as P(1—P)p2. In the pre- intensity is easily related to that of the sample in air. The
vious section on SXR, the thin film density is given by SANS contrast factod p,, of Eq. (1) would be replaced by
pw(1—P) and has already been measured. Using @g. the difference between the pore wall material and the
from SANS and the relatiom,,(1—P), from SXR, one can d-toluene. The relatively high neutron cross section of
solve forP andp,, . d-toluene significantly enhances the contrast over that be-

SANS data are given in Fig. 4 46q) Y2 vs g?. Equa- tween the pore wall material and air. Given tpe for
tion (2) seems to be a valid expression for the scatteringl-toluene, the contrast factOAp§, is enhanced by a factor
intensities except in the loy region. This observation holds of 18.3. Consequently, the SANS intensity over the erdire
true for all samples tested so far and suggests that the Debyegion is expected to uniformly increase by the same factor.
model[given by Eq.(1)] is valid for describing the porous However, the SANS data from the samples immersed in
materials in this study. A strong scattering intensity in thed-toluene have a qualitatively different shape, as seen in Fig.
low q region, often referred to as “strong forward scatter-4, as well as an increase in intensity less than a factor of
ing,” is typically observed in gels including silica gels, 18.3. This provides evidence that the pores are not fully
crosslinked polymers, and porous materials such as shalélled with solvent during immersion. In addition, the corre-
The origin of this observed strong forward scattering is bedation length deduced from the SANS data obtained from
lieved to be associated with the nonuniform distribution ofd-toluene immersed samples was different from that of the
the pores, or with larger length scale heterogeneities, e.gdry ones. This suggests that only a selected population of the
clustering of pores. Details of this aspect of the data interpores is filled byd-toluene. In order to estimate the fraction
pretation are not resolved and will not be addressed in thisf pores filled withd-toluene, the following two-layer model
report. The slope and thg=0 intercept of Fig. 4 are deter- is introduced: the film immersed id-toluene is made of a
mined to be (163.:2009)cnt?A? and (0.175 wetted layer within which all the pores are filled, and a dry
+0.002) cnt’?, respectively. Given that the mass density oflayer. An alternative model for a partially filled system is a
this sample is (0.550.01) g/cnd, as determined from SXR random model in which all the filled and unfilled pores are
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intermixed and distributed randomly. This random model is ]
less realistic because an empty pore adjacent to a filled pore e
has a greater probability of also be filled; therefore, this 1401
model was not used. Based on the two-layer model for sol-
vent distribution in the film, the SANS intensity g&=0 is
simply

11(q=0) =P (pyn—p)*P(1=P)+(1-®)p5,P(1—P),

()
where® is the volume fraction of the thin film occupied by
the toluene-wetted layer, anpdl is the neutron scattering den-

Sity of d-toluene. Among the quantities appearing in the 01000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
above equationl,(q=0), the measured SANS intensity of frequency
the d-toluene immersed sample at zeythe porosityP, and
the neutron scattering length of the connecting matexjg/ FIG. 5. Fourier transform of an x-ray reflectivity curve for data in Fig. 3
are calculated as described earlier. while dh®luene neu- 9reater tharQ,=0.035 A", that is, in the periodic constructive/destructive

. . o . interference fringe region. The abscissa gives the frequency in the transform
tron scattering Iengthpt' is available from literature. The while the ordinate gives the magnitude of the coefficient, or strength of the
value of®, the volume fraction of pores filled by-toluene,  period. By multiplying the period value at the peak by the film thickness
was determined to be (22t10.05)% and represents those is recovered.
pores that are interconnected with access to the exterior sur-
face.

1200 1

1000

relative magnitude
» » 00
o (=3 =3
o o o

N
o
S

reflected intensity. At angles greater than #heof silicon,
the oscillations in the SXR data are due to the interference of
radiation reflected from the air/film and film/silicon inter-
To estimate the moisture uptake of the thin film, a NEWfaces. However, in the |0\@Z region or region close to the
sample was immersed in deuterated water for 24 h at roorp_ of silicon, the simple relation between film thickness and
temperature. The SANS result was collected and analyzeghe periodicity of the interference fringes is not strictly true
using the same two-layer model used for thtoluene case. due to multiple scattering. The film thickness is best deter-
Compared to thel-toluene sample, the samples immersed inmined from the spacing or the periodicity of the fringes in
deuterated water did not result in significant increases ifhe highQ, region. In this work, the higlQ, regime was
SANS intensities. This result was not surprising because thgefined as theQ, range where the reflectivity fell below
thin films were macroscopically hydrophobic, that is, a drop10-2, |n this Q, regime, multiple scattering constitutes less
of distilled water placed on the sample surface displayed ghan 1% of the reflected intensity. The Fourier transform of
large contact angle. Quantitative analysis of the SANS datghe highQ, data is given in Fig. 5 and the film thickness is
reveals that (3.180.05)% of the pore volume inside the optained from the peak position multiplied byr2The film
film were filled by water. The quantity can be transferredthickness results at various temperatures ranging from 25 to
into water uptake in percent mass of the sample through thg7s°C is given in Fig. 6. The coefficient of thermal expan-
relation®Ppy o/ perr, Where the density of water is taken as
1 g/en®. The calculated water uptake at room temperature
for 24 h was (3.08:0.05)% by mass. 9700

E. Moisture uptake

F. Coefficient of thermal expansion 0600 |

SXR data is an excellent technique to measure the out-
of-plane coefficient of thermal expansion of thin films be- 9500
cause the thickness of a film is easily determined from the
spacing of the interference fringes. The porous film in this
study was placed in a specially designed vacuum chambe
and the film thickness was measured at different tempera:
tures. The SXR measurements were conducted in vacuum it 9300 1
order to minimize thermal degradation or oxidation of the
films. Before each measurement, the sample was held at eac 0200 |
temperature for at least 1 h. The dependence of the film
thickness with temperature determines the film CTE in a
straightforward way. In the SXR data in Fig. 3, many oscil- s100 o 25 80 75 100 125 150 175 200 225
lations appear between the two critical angles. These oscil- Temperature (C)
lations are a manifestation of optical coupling, i.e., at certain o 3 _
incident angles the thin porous film acts as a x-ray Wave-F'G' 6. Film thickness, taken from the position of the Fourier transform

. - . . . . peak, vs temperature measured under vacuum. Two runs of the same sample
guide. The incident beam travels within the film with little 4e shown. The solid line is a linear regression fit to both runs. The slope of
intensity escaping from the film, resulting in minima in the the line gives the coefficient of thermal expansion.

9400 -

Film Thickness (A)
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FIG. 7. Model fit to a x-ray reflectivity curve like the one shown in Fig. 3. depth (A)
Instead of taking the Fourier transform to determine the film thickness, a ful
fit of the curve gives an electron-density depth profile for the film, shown in
Fig. 8.

IFIG. 8. Electron-density depth profile for the film shown in Fig. 7. At the
extreme left is the free surface. In the free surface region, a surface “skin”
about 5t 1 nm thick with an electron density slightly higher than the bulk of
the film is seen. A similar layer is located at the silica/silicon interface. The
plateau at the far right is the electron density of the silicon substrate.
sion(CTE), as calculated from the slope of the best fit line to

the data, is (68:20)x10 6/°C. This uncertainty is due

largely to the 10 nm uncertainty in the measurement of filmyenjty of the free surface region will be higher than that
thickness. The measurement of thicker films or of sampleger the film/substrate interface. Once a model depth profile
with a higher CTE would decrease the uncertainty of th§g ge|ected, it can be transformed into one and only one SXR

CTE value itself. profile. The validity of the model can be determined by com-
paring the calculated SXR and the observed one. In this way,
G. Electron-density depth profile SXR is a powerful tool to invalidate certain model depth

In addition to film thickness and average film density prof_iles. Fpr the current sample, th_e SXR result_ was found_ 0
the SXR results can be analyzed in more detail to obtain thge inconsistent with a model having a nonuniform density

electron density depth profile of thin films. Information such _proﬁle. The electron density profile of this sample, as shown

as the location of the hydrocarbons as a function of deptr'ln Fig. 8, is uniform throughout the film thickness except at

within a film can be elucidated. The theoretical basis of thethe first few hundred Angstroms at both the free surface and

deconvolution of the SXR data is well establistaand will the film/substrate interface. In light of the high content of

not be repeated here. In brief, it involves the modeling of thebo'[h carbon and hydrogen, the minor density enhancements

electron density of the film normal to the surface as a serie§° the interfaces are not likely due to large scale segrega-

of variable-length slabs of uniform electron density. The re—ﬁzgs(;{f thfri?;i;bnogz gi(::crtlthﬁ]fg]rtreer;icrsa J]Z'Z;;ng;:g;m
flectivity is calculated at each interface between all adjacen?I P . ecty T

. . . N examination of Fig. 3 will show a long wavelength oscilla-
slabs. This hypothetical electron-density profile is then ad;[ion in the reflectivity atQ,—0.05 A~ manifest by a slight
justed until the calculated reflectivity agrees well with the. X Y ale,= 0.0 . St by gnt
data. The best fit of the SXR result is given in Fig. 7 and thdnerease in the reflectivity in this region. This feature is in-

resultant electron-density depth profile is given in Fig. 8.g;cat'|\\;|e dofl'a Ia:;r:er ds?verﬁll ter(ujs of tnadnotmetg-rs ttE'Ck n Fpe
This fit involves three layer&urface layer, middle layer, and im. Modeling the dala allowed as 1o determine the speciiic
interface layerand each layer has three variab{#sckness, nature of this layer as shown in Fig. 8.
electron density, and roughngs$he silicon substrate is as-
signed infinite thickness, given the known electron density of,, ~~ncLUsION
silicon and a surface roughness of 2.5 nm. The surface of the
porous silica thin film was found to have a roughness of 5.5 A methodology has been presented to measure the struc-
nm. tural properties of porous silica thin film on the order of one
Like other scattering methods, the detailed depth profilesnicrometer thick and supported on silicon substrates. The
deduced from this analysis of SXR are not necessarilynethod was demonstrated using AlliedSignal Nanoglass™
unique due to the loss of phase information. Despite thid2.2-A10B. High-resolution specular x-ray reflectivity pro-
limitation, detailed analysis of SXR is valuable in many vides precise measurement of film thickness and the out-of-
cases. For example, if the starting material profile is knownplane coefficient of thermal expansion. In combination with
then SXR can be used to follow the time evolution of thecomposition measurements from high-energy ion scattering
original profile. An example pertinent to the present case igechniques, the average mass density can also be determined.
the depth distribution of hydrocarbons. If one assumes thaBmall angle neutron scattering, in combination with SXR
the hydrocarbons are added after the porous film is formednd composition measurement provides the film porosity,
and are located primarily near the free surface, the electropore connectivity, average pore size, and moisture uptake.
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Modeling of the specular x-ray reflectivity data showed that 2J. Lekner,Theory of ReflectioNijhoff, Dordrecht, 1987.

there was a nonuniform electron density depth profile to tthS- Dietrich and A. Haase, Phys. R&f0, 1 (1995. _

film normal to the surface. (El.gggason and T. M. Mayer, Crit. Rev. Solid State Mater. 2. 1
113, S. Higgins and H. C. BenoiRolymers and Neutron Scatteriti@xford
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