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Structural characterization of a porous low-dielectric-constant thin film
with a non-uniform depth profile
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High-resolution x-ray reflectivity~XR! and small-angle neutron scattering~SANS! are applied to
characterize both the nonuniform depth profile and pore structure of a low-dielectric-constant
~low-k! thin film as prepared on a silicon substrate. The XR data show that the density depth profile
has a multilayered structure with a dense, nonporous top layer and a less dense, porous bulk layer.
A scattering invariant analysis of the SANS data is used to determine the average chord length of
the pores, (14.862.0) nm, independent of the depth profile. Given the elemental composition of the
film, the XR and SANS data are combined to calculate the mass density of the top layer, (1.13
60.05) g/cm3, the porosity of the less dense layer, (0.2860.10), and the wall density, (0.92
60.15) g/cm3. © 2002 American Institute of Physics.@DOI: 10.1063/1.1495079#
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The semiconductor industry is rapidly developing ne
low dielectric constant~low-k! materials critical to continu-
ing performance increases in integrated circuits. To lower
effective dielectric constant~k! to 2.0 and below, material
developers have identified new processes to incorpo
pores or voids into a base material.1 Many different strategies
for accomplishing this have been pursued, including the
troduction of thermally labile materials that are remov
from the matrix by thermal post-treatments through the
of solvent mixtures,2–4 surfactant-templated structures5

block copolymers6 or dendrimers.7,8 In addition, a large num-
ber of physical property requirements such as the Youn
modulus and adhesion energy of the film must be me
ensure successful integration into standard silicon proces
steps.1

Unlike the nonporous conventional dielectric, silicon d
oxide, the mesoscale structure of porous low-k dielectrics
strongly influences the physical and electrical properties
the interlayer material. Characterizing the pore structure
critical to understanding the resulting material properties
to improving the fabrication process. There are few exp
mental techniques for on-wafer characterization of p
structure. They include positronium annihilation lifetim
spectroscopy~PALS!,9 ellipsometric porosimetry,10 and a
combination of x-ray reflectivity~XR!11 and small angle neu
tron scattering~SANS!.12,13 To date, these methods hav
been applied to porous low-k films that have homogeneou
density depth profiles, either assumed or measured. H
ever, the dielectric film may have a nonuniform depth pro
due to either processing or fabrication steps that complic
the analysis of the data from these characterization meth
For example, solid hydrogen silsesquioxane films have n
uniform density depth profiles after treatments with plasm
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designed to increase the surface density of the films and
hance their mechanical properties.11

In this letter, we demonstrate the application of XR a
SANS as a methodology to determine both the nonunifo
depth profile of a porous thin film and information about t
pore structure. Quantifying variations in the density profile
needed to correctly interpret the SANS data for the poros
wall density, and pore size in the porous bulk of the film.
scattering invariant analysis of the SANS data is used
calculate the average pore size independent of the den
depth profile. A full analysis of the XR and SANS data pr
vides information consistent with a film structure with a p
rous lower layer covered by a layer of the nonporous ma
material.

The low-k dielectric film used in this study is a porou
poly~arylene ether! film ~Velox-ELK™!.14 The sample is pre-
pared by spin-coating the resin from a solvent solution f
lowed by spin-dispense of a nonsolvent developer. T
choice of solvent and non-solvent strongly impacts the p
characteristics. In addition, a nonuniform depth profile ari
from the application of the non-solvent developer solutio
Specific details of the preparation methods for Velox-EL
can be found elsewhere.3,4 The mole fractions of the ele
ments in the film are estimated from a combustion analy
of the base materials as (5765)% carbon, (4065)% hydro-
gen, and (365)% oxygen.15

High-resolution x-ray reflectivity at the specular cond
tion ~identical incident and detector angles,u! was measured
using au/2u configuration with a fine focus copper x-ra
tube as the radiation source. The incident and reflec
beams are both passed through germanium@220# monochro-
mators. The resulting beam has a wavelengthl of 1.54 Å, a
wavelength spread,Dl/l51.331024, and an angular diver-
gence of 129. This instrument has the precision and reso
tion necessary to observe interference oscillations in the
flectivity data from films up to 1.4mm thick. The reflectivity
data are plotted as a function ofq @q5(4p/l)sinu#.
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SANS measurements were performed on the 8 m NG1
line at the National Institute of Standards and Technolo
Center for Neutron Research. The neutron wavelengthl was
6 Å with a wavelength spreadDl/l of 0.14. To increase the
scattered intensity from these thin films, six sample pie
were stacked within the cell. The single crystal silicon su
strates are nearly transparent to the neutron beam and
scattered intensity arises almost completely from the st
ture in the porous thin films. The two-dimensional scatter
data were corrected for empty cell and background scatte
using standard reduction methods. The scattered inten
was placed on an absolute intensity scale with reference
neutron scattering standard. The scattered intensity is plo
as a function ofq whereq5(4p/l)sinu and 2u is the scat-
tering angle.

In Fig. 1, the x-ray reflectivity from the film is presente
as a function ofq along with several fits to the data. At ver
low angles orq values, the x-ray radiation is almost total
reflected from the film surface with a reflectivity of unity. A
a critical angle,uc , x rays begin to penetrate the top surfa
of the film. The critical angle is directly proportional to th
electron density of the film near the top surface. At sligh
higher q values nearq50.003 Å21, another critical angle
arising from the silicon substrate is visible. The oscillatio
in the reflectivity data represent the constructive and dest
tive interference between x-rays reflected from the film/
interface and the silicon/film interface as well as any ot
interfaces through the film.

In addition to the average mass density of the film,
film density depth profile and thickness can be determi
from a detailed analysis of the reflectivity data. The x-r
reflectivity data are fit with a nonlinear least squares al
rithm using the recursive multilayer method of Parratt16

Model profiles are generated from multiple layers with va
ing thickness, electron density, and roughness. The bes
electron density depth profile to the data provides the ove
film thickness, the film roughness, and the average elec
density of the film.

An initial inspection of Fig. 1 does not immediately su
gest a multilayered structure, because the reflectivity d
appear to have a single frequency of oscillation. The bes
to the data using a single homogeneous layer is show
Fig. 1 and clearly does not fit the experimental data. A full
to the data requires five separate layers split into two gen

FIG. 1. X-ray reflectivity data from the porous low-k dielectric thin film as
prepared on a silicon wafer along with the best fit to the data.
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sections, as shown in Fig. 2. There is a dense layer at
film/air surface and a less dense layer at the film/silicon s
strate. The top layer is (1670610) Å thick with a density of
(1.1360.05) g/cm3, a reasonable value for an organic ma
rial. The lower layer of the film has a density of (0.6
60.05) g/cm3 with a thickness of (6620610) Å. The inter-
facial width between these two layers is approximately 2
Å. From this data, there is not significant variation in poro
ity through the porous region of the film because the aver
mass density of the porous part of the film is uniform. T
XR data, however, are insufficient to determine if the po
size distribution varies through the layer. These observati
are qualitatively consistent with scanning electron micr
copy images of the film cross section.

The average mass density of the filmreff is related to the
porosity and wall density of the film through Eq.~1!:

reff5rw~12P!, ~1!

where rw is the density of the wall material andP is the
porosity of the film. Here, an assumption of the matrix ma
density could provide a numerical estimate of the film por
ity, but not pore size. Equation~1! also assumes that the film
is homogeneous but is easily generalized for any position
a varying density depth profile.

Figure 3 shows the raw SANS data on an absolute int
sity scale assuming that all of the scattering objects~pores!
are located in the lower layer of the film. The scatteri
thickness is taken to be 6620 Å, the thickness of the l
dense layer. The data show the intensity decreasing stro
with increasingq. From the log–log plot, the limiting powe
law behavior follows the Porod limiting scaling law,I
;q24, shown in Fig. 3. This limit indicates that the por
wall interface is smooth and not fractal.17 The plateau in the
data at higherq values comes from the background incohe
ent scattering primarily from the hydrogen in the samp
The background intensity is determined to be (0.
60.1) cm21 and is subtracted from the data before perfor
ing the following analysis.

To determine the average chord length,,c , or pore size
from the SANS data, we apply an invariant analysis for t
analysis of small angle scattering from a two-phase syste18

This approach has the advantage of determining,c of a two-

FIG. 2. The density depth profile of the porous thin film from the best fit
the x-ray reflectivity data. The elemental composition of the material is u
to convert the electron density to a mass density.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



bs
S

si
g
tl

n

en

h

r
l

ifi
io

l-
en

n

-
in
n

in
th

e

lts.
es

t
nd

the
fit

u-
of a
ses
er

nd

pth
a-
the
ro-
of

-

nu.

l-

.
h

S

g,

. J.

.

s.

J.

.
oc.

l.

a,

r to
iden-

rds
ec-

the

n

as
g
od

609Appl. Phys. Lett., Vol. 81, No. 4, 22 July 2002 Lin et al.
phase system from SANS data without reference to an a
lute intensity scale. The scattering invariant of the SAN
data is given by

Qexp* 5E
0

`

q2I ~q!dq. ~2!

Conceptually, the invariant relates the experimental inten
to the average mean square of the scattering len
fluctuations.19 The measured invariant can be used to direc
determine the average chord length,c through

l c5
p

Qexp* E
0

`

qI~q!dq. ~3!

This approach assumes that there are only two phases i
system with sharp interfacial boundaries (I;q24), condi-
tions that are met in this sample. The Porod power law
sures that the integrals in Eqs.~2! and~3! converge. From the
SANS data,,c is (14.862.0) nm, a value consistent wit
those from PALS measurements.9 Errors in ,c , however,
may arise because the SANS data fall over a limitedq range.
The SANS data may be extrapolated to higherq following
the Porod power law behavior, but the scattering at loweq
values~higher intensity! is not known because of practica
instrumental limitations. However, it is expected that sign
cant errors would arise only if there was a significant fract
of large pores~.500 nm!.

To determine the porosity of the film using this forma
ism, we use the theoretical definition of the invariant giv
by the equation

Qth* 52p2DrN
2 P~12P!5Qexp* . ~4!

As in the Debye two-phase model, there are two equatio
Eq. ~1! and Eq.~4!, which are functions ofrw andP ~given
the elemental composition!. Here, the absolute scattering in
tensity is important because a ratio is not used to determ
the porosity and wall density. The porosity and the wall de
sity are calculated to be (0.2860.10) and (0.92
60.15) g/cm3, respectively.

The structural parameters for the film calculated us
the scattering invariant approach can be compared with
values from the Debye two-phase calculation to provid

FIG. 3. Small angle neutron scattering data plotted on a log–log scale
function of q. The data are placed on an absolute intensity scale usin
scattering volume of the porous lower layer of the film. The limiting Por
power law scaling,I;q24, is also shown by the solid line.
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more consistent interpretation of the XR and SANS resu
For a given scattering volume, the Debye formalism assum
a random two-phase structure.12 Using this model dependen
calculation, the lower layer porosity, pore wall density, a
average chord length are determined to be (0.3660.2),
(1.0460.35) g/cm3, and (2067) nm, respectively. The
relatively large error in these parameters arises from
small error bars in the SANS intensity and the imperfect
of the scattering data to the Debye model~random two-
phase!. The invariant calculation for this case is more acc
rate because it does not depend upon the assumption
scattering model. However, the results from both analy
are consistent with a film structure with fully dense top lay
forming approximately 20% of the overall film thickness a
a porous bottom layer with an average pore chord length,c

of about 15 nm. The XR data used to determine the de
profile of the film were critical toward the proper interpret
tion of the SANS data. These results demonstrate that
application of both XR and SANS measurements can p
vide quantitative, detailed information about the structure
porous low-k dielectric thin films even with nonuniform den
sity depth profiles.
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