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Structural characterization of a porous low-dielectric-constant thin film
with a non-uniform depth profile

Eric K. Lin,? Hae-Jeong Lee, Gary W. Lynn,” and Wen-li Wu
Polymers Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8541

Mark L. O'Neill
Electronics Technology, Air Products and Chemicals, Inc., 7201 Hamilton Blvd., Allentown,
Pennsylvania 18195

(Received 15 February 2002; accepted for publication 24 May 2002

High-resolution x-ray reflectivitfXR) and small-angle neutron scatterif@ANS) 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, (14.82.0) 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
+0.05) g/cm, the porosity of the less dense layer, (0t2810), and the wall density, (0.92
+0.15) g/cmi. © 2002 American Institute of Physic§DOI: 10.1063/1.1495079

The semiconductor industry is rapidly developing newdesigned to increase the surface density of the films and en-
low dielectric constantlow-k) materials critical to continu- hance their mechanical propertiés.
ing performance increases in integrated circuits. To lower the  In this letter, we demonstrate the application of XR and
effective dielectric constarn(k) to 2.0 and below, materials SANS as a methodology to determine both the nonuniform
developers have identified new processes to incorporatgepth profile of a porous thin film and information about the
pores or voids into a base materidWlany different strategies pore structure. Quantifying variations in the density profile is
for accomplishing this have been pursued, including the innheeded to correctly interpret the SANS data for the porosity,
troduction of thermally labile materials that are removedwall density, and pore size in the porous bulk of the film. A
from the matrix by thermal post-treatments through the usecattering invariant analysis of the SANS data is used to
of solvent mixture$ * surfactant-templated structures, calculate the average pore size independent of the density
block copolymer&or dendrimer<:® In addition, a large num-  depth profile. A full analysis of the XR and SANS data pro-
ber of physical property requirements such as the Young'sides information consistent with a film structure with a po-
modulus and adhesion energy of the film must be met tgous lower layer covered by a layer of the nonporous matrix
ensure successful integration into standard silicon processingaterial.
stepst The lowk dielectric film used in this study is a porous

Unlike the nonporous conventional dielectric, silicon di- poly(arylene etherfilm (Velox-ELK™) .14 The sample is pre-
oxide, the mesoscale structure of porous lowlielectrics  pared by spin-coating the resin from a solvent solution fol-
strongly influences the physical and electrical properties ofowed by spin-dispense of a nonsolvent developer. The
the interlayer material. Characterizing the pore structure ighoice of solvent and non-solvent strongly impacts the pore
critical to understanding the resulting material properties an@¢haracteristics. In addition, a nonuniform depth profile arises
to improving the fabrication process. There are few experifrom the application of the non-solvent developer solution.
mental techniques for on-wafer characterization of poreSpecific details of the preparation methods for Velox-ELK
structure. They include positronium annihilation lifetime can be found elsewheré. The mole fractions of the ele-
spectroscopy(PALS),® ellipsometric porosimetr}’ and a ments in the film are estimated from a combustion analysis
combination of x-ray reflectivityXR)* and small angle neu- of the base materials as (55)% carbon, (46 5)% hydro-
tron scattering(SANS).*?*% To date, these methods have gen, and (35)% oxygen-
been applied to porous low{ilms that have homogeneous High-resolution x-ray reflectivity at the specular condi-
density depth profiles, either assumed or measured. Howion (identical incident and detector angles,was measured
ever, the dielectric film may have a nonuniform depth profileusing a /26 configuration with a fine focus copper x-ray
due to either processing or fabrication steps that complicateisibe as the radiation source. The incident and reflected
the analysis of the data from these characterization methodbeams are both passed through germarfiz2® monochro-
For example, solid hydrogen silsesquioxane films have nonmators. The resulting beam has a wavelengthf 1.54 A, a
uniform density depth profiles after treatments with plasmagvavelength spready\/x=1.3x 10" *, and an angular diver-

gence of 12. This instrument has the precision and resolu-
aE| B, tion necessary to observe interference oscillations in the re-
ectronic mail: eric.lin@nist.gov

bCurrent address: Oak Ridge National Laboratory, Oak Ridge, TN 37g31flectivity data from films up to 1.4um thick. The reflectivity
6430. data are plotted as a function Qff g=(4#/\)sin6].
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o . o FIG. 2. The density depth profile of the porous thin film from the best fit to
FIG. 1. X-ray reflectivity data from the porous ldwsielectric thin film as  the x-ray reflectivity data. The elemental composition of the material is used
prepared on a silicon wafer along with the best fit to the data. to convert the electron density to a mass density.

SANS measurements were performed oa 81m NG1  goitions, as shown in Fig. 2. There is a dense layer at the

line at the National Institute of Standards and Technologyimyair surface and a less dense layer at the film/silicon sub-
Center for Neutron Research. The neutron waveleRgtias ¢t ote The top layer is (1620L0) A thick with a density of

6 A with a wavelength spreafin/\ of 0.14. To increase the (1.13+0.05) g/cm, a reasonable value for an organic mate-
scattered intensity from these thin films, six sample piece$y; The lower layer of the film has a density of (0.66
were stacked within the cell. The single crystal silicon sub-,. 0.05) g/cmi with a thickness of (662610) A. The inter-

strates are nearly transparent to the neutron beam and the..o| width between these two layers is approximately 200

scattered intensity arises almost completely from the strucg rrom this data, there is not significant variation in poros-

ture in the porous thin films. The two-dimensional scatteriqqty through the porous region of the film because the average
data were corrected for empty cell and background scattering) o5 density of the porous part of the film is uniform. The
using standard reduction methods. The scattered intensifyg qata, however, are insufficient to determine if the pore
was placed on an absolute intensity scale with reference 10 §,¢ gistribution varies through the layer. These observations

neutron scattering standard. The scattered intensity is plotteg, qualitatively consistent with scanning electron micros-
as a function ofy whereq=(4=/\)sin6 and 2 is the scat- copy images of the film cross section.

tering angle. The average mass density of the filigy; is related to the

In Fig._ 1, the x-ray reflectivity from the film is presented porosity and wall density of the film through E€L):
as a function ofy along with several fits to the data. At very

low angles orq values, the x-ray radiation is almost totally
reflected from the film surface with a reflectivity of unity. At peit=pu(1—P), @
a critical angle§., x rays begin to penetrate the top surface
of the film. The critical angle is directly proportional to the where p,, is the density of the wall material ari@d is the
electron density of the film near the top surface. At slightly porosity of the film. Here, an assumption of the matrix mass
higher q values neary=0.003 A, another critical angle density could provide a numerical estimate of the film poros-
arising from the silicon substrate is visible. The oscillationsity, but not pore size. Equatioil) also assumes that the film
in the reflectivity data represent the constructive and destruds homogeneous but is easily generalized for any position in
tive interference between x-rays reflected from the film/aira varying density depth profile.
interface and the silicon/film interface as well as any other  Figure 3 shows the raw SANS data on an absolute inten-
interfaces through the film. sity scale assuming that all of the scattering objéptees
In addition to the average mass density of the film, theare located in the lower layer of the film. The scattering
film density depth profile and thickness can be determinedhickness is taken to be 6620 A, the thickness of the less
from a detailed analysis of the reflectivity data. The x-raydense layer. The data show the intensity decreasing strongly
reflectivity data are fit with a nonlinear least squares algowith increasingy. From the log—log plot, the limiting power
rithm using the recursive multilayer method of Parféit. law behavior follows the Porod limiting scaling law,
Model profiles are generated from multiple layers with vary-~q~#, shown in Fig. 3. This limit indicates that the pore/
ing thickness, electron density, and roughness. The best fitall interface is smooth and not fractdiThe plateau in the
electron density depth profile to the data provides the overalfiata at higheq values comes from the background incoher-
film thickness, the film roughness, and the average electroaent scattering primarily from the hydrogen in the sample.
density of the film. The background intensity is determined to be (0.35
An initial inspection of Fig. 1 does not immediately sug- +0.1) cm ! and is subtracted from the data before perform-
gest a multilayered structure, because the reflectivity datang the following analysis.
appear to have a single frequency of oscillation. The best fit To determine the average chord length, or pore size
to the data using a single homogeneous layer is shown ifrom the SANS data, we apply an invariant analysis for the
Fig. 1 and clearly does not fit the experimental data. A full fitanalysis of small angle scattering from a two-phase system.

to the data requires five separate layers split into two generdlhis approach has the advantage of determiringf a two-
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more consistent interpretation of the XR and SANS results.
For a given scattering volume, the Debye formalism assumes
a random two-phase structufeUsing this model dependent
calculation, the lower layer porosity, pore wall density, and
average chord length are determined to be (8.62),
(1.04+0.35) g/crd, and (20-7) nm, respectively. The
relatively large error in these parameters arises from the
small error bars in the SANS intensity and the imperfect fit
of the scattering data to the Debye modedndom two-
phase¢. The invariant calculation for this case is more accu-
rate because it does not depend upon the assumption of a
scattering model. However, the results from both analyses
FIG. 3. Small angle neutron scattering data plotted on a log—log scale as gre consistent with a film structure with fully dense top layer
function of g. The data are placed on an absolute intensity scale using 3., ming approximately 20% of the overall film thickness and
scattering volume of the porous lower layer of the film. The limiting Porod .
power law scaling] ~q~*, is also shown by the solid line. a porous bottom layer with an average pore chord lerigth

of about 15 nm. The XR data used to determine the depth

. rofile of the film were critical toward the proper interpreta-
phase system from SANS data without reference to an absg- prop P

lute intensit le. Th ttering i iant of the SANS ion of the SANS data. These results demonstrate that the
ute ntensity scaie. The scattering invanant ot the application of both XR and SANS measurements can pro-
data is given by

vide quantitative, detailed information about the structure of

. z porous lowk dielectric thin films even with nonuniform den-
Qexp™ 0 I(q)dq. (2 sity depth profiles.
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