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Structural characterization of porous low- k thin films prepared by different
techniques using x-ray porosimetry
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Three different types of porous low-k dielectric films, with similar dielectric constants, are
characterized using x-ray porosimetry~XRP!. XRP is used to extract critical structural information,
such as the average density, wall density, porosity, and pore size distribution. The materials include
a plasma-enhanced-chemical-vapor-deposited carbon-doped oxide film composed of Si, C, O, and H
~SiCOH! and two spin cast silsesquioxane type films—methylsilsesquioxane with a polymeric
porogen~porous MSQ! and hydrogensilsesquioxane with a high boiling point solvent~porous HSQ!.
The porous SiCOH film displays the smallest pore sizes, while porous HSQ film has both the highest
density wall material and porosity. The porous MSQ film exhibits a broad range of pores with the
largest average pore size. We demonstrate that the average pore size obtained by the
well-established method of neutron scattering and x-ray reflectivity is in good agreement with the
XRP results. ©2004 American Institute of Physics.@DOI: 10.1063/1.1641955#
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I. INTRODUCTION

Silicon dioxide (SiO2) has been the interlayer dielectr
in the interconnect of integrated circuits. However, the
electric constant of SiO2 cannot sufficiently prevent cros
talk between closely spaced copper wires in the latest g
eration of semiconductor devices. To address this probl
materials with lower dielectric constants~low-k! are being
developed.1,2 State-of-the-art nonporous low-k dielectric ma-
terials typically havek values ranging from 2.6 to 3.0, bu
these need to be further reduced to 2.2 or below in the n
few years.3,4 The most common approach for decreasing
dielectric constant is to incorporate nanometer size voidsk
51.0) into these materials. However, depending on
structural details, porosity can also adversely affect ot
properties crucial to chip performance, such as mechan
strength, electrical properties, and Cu diffusion into the in
lator. Therefore, determining the pore size and pore size
tribution ~PSD! of these thin films is key to optimizing th
processing conditions for implementation in the future d
vice generations. There are several promising methodolo
for characterizing pore structures,5 including focused posi-
tron beam techniques,6 ellipsometic porosimetry~EP!,7 small
angle x-ray scattering~SAXS!,8 and a combination of specu
lar x-ray reflectivity ~SXR!, small angle neutron scatterin
~SANS!, and ion-beam scattering.9 Each of these methodolo
gies has its inherent limitations. For examples, SANS is l
ited by the availability of neutron scattering facilities whi
both SANS and SAXS lose sensitivity for pores significan
smaller than 10 Å in diameter. At the other extreme posit
beam techniques are well suited for pores smaller than 2
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in diameter, but unfortunately require a high-vacuum en
ronment. EP is similar to x-ray porosimetry~XRP! described
herein except that it uses light, not x-rays, and monit
changes in the index of reflection.~XRP measures changes
density directly.!

Recently, we demonstrated the feasibility of XRP as
metrology to determine critical structural characteristi
such as porosity, average film density, and matrix or w
density for plasma-enhanced chemical-vapor-depos
~PECVD! low-k films with relatively small pore sizes an
low porosities.10 In this work, we use XRP to compare th
PSD of three nanoporous low-k thin films with similar di-
electric properties, but prepared by three different process
techniques and materials. We will demonstrate that XRP
perceive subtle differences in the pore structures of th
otherwise similar low-k films. XRP operates on principle
analogous to traditional adsorption/desorption porosime
techniques, where the amount of a gaseous probe mole
~in this work, toluene! condensed inside the porous sample
measured as a function of its partial pressure. The pa
pressure is defined here as the vapor pressure of the
divided by the saturated or equilibrium vapor pressure. T
toluene uptake is determined directly, without assumptio
from the increase of the critical angle for total x-ray refle
tion. Furthermore, if there are changes in film thickness up
adsorption/desorption, this can be determined precisely f
the changes in the interference fringes in the SXR curves~no
swelling is observed in the films presented here!. The Kelvin
equation11 is used to describe the relationships between
partial pressure of the gas to a critical pore size for cond
sation. If the mechanism of pore filling is found to be inco
sistent with simple capillary condensation, the Kelvin equ
tion can be replaced with a more appropriate expression

ae-
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converting the partial pressure for condensation into a p
size. Nevertheless, XRP provides a simple, yet power
way to determine PSDs within a porous thin film.

II. EXPERIMENTAL PROCEDURE

Three classes of low-k materials prepared through diffe
ent techniques are used for this study. The first class of
terial is a hydrogensilsesqioxane~HSQ! porous film prepared
by evaporation of a high boiling point solvent after gelati
of the HSQ resin.3 The second is a methylsilsesquioxa
~MSQ! porous film generated through a templat
vitrification of low molecular mass siloxane oligomers12

The third material is deposited by PECVD from a mixtu
of an organic precursor ~the porogen! and
tetramethylcyclotetrasiloxane.4 This will be referred to as po
rous SiCOH. The dielectric constants of the porous HS
porous MSQ, and porous SiCOH films are all similar, a
proximately 2.20, 1.85, and 2.05, respectively. In light of t
similar dielectric properties, we compare the pore structu
in these films since the latter also affects other critical pr
erties.

SXR measurements at grazing incident angles mon
the critical angle for total external x-ray reflectance, and th
changes in electron density of the film as toluene adso
desorbs into/out of the pores.13 The x-ray source is a finely
focused copperKa radiation (l51.54 Å) with high-
resolution optics described elsewhere.9 The films are
mounted in the reflectometer and first evacuated at 175
for 2 h before cooling to room temperature. Then reflectiv
is collected at room temperature to determine the crit
angle of the sample in a vacuum. Next, the sample temp
ture increases to 125 °C and a stream of air saturated
toluene at 20 °C is passed over the film. This air is satura
by slowly bubbling through liquid toluene at (2060.1) °C.14

When the sample temperature is also at 20 °C, the tolu
environment around the sample is fully condensing, i.e.,
partial pressureP/P0 is 1.0. Here,P is the actual vapor pres
sure whileP0 is the equilibrium vapor pressure. Heating t
sample increasesP0 which effectively decreasesP/P0 . By
heating the sample to 125 °C~and keeping the purge air satu
rated with toluene at 20 °C!, P/P0 is effectively reduced to
zero. The toluene adsorption/desorption curves are then
lected by changing the sample temperature between 12
and 25 °C. After each temperature change, 30 min is allow
for equilibration before the reflectivity measurement. He
we compare the results from XRP to those obtained thro
the SANS/SXR techniques described elsewhere.9 The SANS
measurements are done on the NG1 beamline at the Nat
Institute of Standards and Technology Center for Neut
Research. Like XRP, the SANS under a vacuum also de
mines an average pore size for the film.

III. RESULTS AND DISCUSSION

Figure 1 shows experimental SXR data for the differe
porous low-k films both under a vacuum and in the toluen
saturated environment. The data are presented as the
rithm of the reflectivity ~defined asI reflected/I incident) as a
function of q (q5(4p/l)sinu). As the incident angleu in-
Downloaded 23 Feb 2004 to 129.6.154.210. Redistribution subject to AIP
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creases, the x-rays first penetrate the film at a critical an
uc , at which point the reflected intensity drops sharply. T
square of this critical angle is proportional to average el
tron density of the thin film through the equation,uc

5l (rer e /p)0.5, which can then be used to calculate t
average mass density from the atomic composition. Herere

is the electron density andr e is the classical radius of an
electron. For these films, the atomic composition is de
mined experimentally via ion beam scattering, through
combination of the Rutherford backscattering, forward sc
tering, and forward recoil scattering techniques.15 The com-
parison of the reflectivity curves under a vacuum in Fig
shows that the critical angle for total reflection occurs
lower angles~lower q! for the films with lowerk, qualita-
tively indicating that the density of porous thin film de
creases with the dielectric constant. It is also clear that
critical angle shifts to a higherq in the presence of the satu
rated toluene vapor. Capillary condensation of the tolue
inside the accessible pores results in an appreciable incr
of the density. A larger difference between critical angles
the vacuum and the toluene-saturated curves indicate
greater uptake of toluene, and thus a greater porosity. F
these two curves, one can calculate the total amount of t
ene adsorbed, the total porosityP, and the density of the
material separating the poresrwall .

10 However,rwall calcu-
lated by this method is an average of the wall material p
any unfilled pores, i.e., pores too small or inaccessible t
toluene molecule. The porosities obtained by this method
the porous HSQ, porous MSQ, and porous SiCOH films
46%, 34%, and 31%, respectively. The corresponding w
densities of the porous HSQ, porous MSQ, and por
SiCOH films are 1.83 g/cm3, 1.35 g/cm3, and 1.31 g/cm3,
respectively. Notice that the porous HSQ film has the high
porosity, yet its dielectric constant is the largest because
its high wall density. It is also interesting that the poro
MSQ and porous SiCOH films have similar average den
ties, wall densities, and atomic compositions, despite the

FIG. 1. SXR curves of porous HSQ, porous MSQ, and porous SiCOH
films. The curves are offset for clarity. The standard uncertainty
log(Ireflected/I incident) is less than the linewidth.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Atomic composition, dielectic constant~k!, and structural characteristics of porous low-k thin films prepared through different techniques. T
relative standard uncertainties of the atomic composition,qc

2, density, porosity, and pore radius62%, 0.05 Å22, 0.05 g/cm3, 1%, and 1 Å, respectively.

Samples
Atomic composition

~Si:O:C:H! ~%! k
qc

2 ~E-4!
~Å21!

Average density
~g/cm3!

Wall density
~g/cm3!

Porosity
~%!

Pore radius~Å!

XRP SANS

Porous HSQ 25:48:7:20 2.20 4.25 0.98 1.83 46 13 9
Porous MSQ 15:25:19:41 1.85 3.95 0.89 1.35 34 15 10

Porous SiCOH 10:20:28:42 2.05 4.04 0.91 1.31 31 5 3
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they are prepared from very different techniques. The
emental composition and detailed structural characteristic
the samples are summarized in Table I.

The sensitivity and resolution of SXR are sufficient
reveal subtle differences between the three films as the t
ene atmosphere gradually varies fromP/P050 ~vacuum! to
P/P051 ~saturated! and toluene progressively adsorbs in
the pores. The toluene uptakes determined from the crit
angle are plotted as a function of the relative partial press
in Fig. 2. The adsorption isotherm for the porous SiCOH fi
displays a prominent uptake at low partial pressures
quickly levels off. There is no hysteresis between the adso
tion and desorption branches. This is characteristic of fill
micropores, i.e., pores less than 2 nm in diameter,16 indicat-
ing that the PECVD process generates a large populatio
small pores. In comparison, the porous MSQ films ads
over a broad range of larger partial pressures. There is a
pronounced hysteresis between the adsorption and de
tion pathways for the porous MSQ film, indicating a larg
distribution of mesopores. This indicates that the poroge
the PECVD film forms smaller domains than the spin-c
MSQ film, leading to smaller pores in the porous SiCO
film. This is striking because the porous SiCOH and MS
films are otherwise similar in terms of their atomic comp
sition, total porosity, and wall densities; the primary diffe
ence is in their PSDs.

At low partial pressures, the adsorption process in b
spin-on-glass~SOG! films ~porous HSQ and MSQ films! is

FIG. 2. Adsorption/desorption isotherms for porous HSQ, porous MSQ,
porous SiCOH films. The lines are smooth fits using the sum of a sigmo
and a log-normal function, for porous HSQ, and porous MSQ, and a Ga
ian and a sigmoidal function, for the adsorption and the desorption curve
porous SiCOH, respectively.
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gradual at first, but increases steeply at intermediate pa
pressures due to capillary condensation in the mesopo
After these mesopores are filled, the adsorption isothe
level off. Note that capillary condensation and evaporat
do not take place at the same partial pressures, i.e., the
an appreciable hysteresis. The hysteresis loop in the M
film is highly asymmetric~broad on adsorption, narrow o
desorption!, suggesting that pore connectivity~network! ef-
fects are important.17 If larger pores can only be accesse
through neighboring or interconnected narrow pores,
larger pores are not free to desorb at the relative pres
corresponding to their critical capillary radius. The smal
pores block the desorption of the larger pores in a man
that has been described as the ink-bottle effect in the p
simetry literature.11 The result is a simultaneous draining
both the small and large mesopores at a partial pressure
responding to the critical radius of the smaller pores, a
hence the sharp drop in the desorption curve in Fig. 2.

From the adsorption/desorption isotherms, we have
ready qualitatively arrived at the pore structures schema
displayed in Fig. 3. The PECVD process creates the sma
pores, in very large quantities. The lack of a hysteresis lo
confirms that the dimensions of pores are on the order o
few toluene molecules. These pores, as well as all the fi
studied here, are apparently interconnected since tolu
freely diffuses into and out of the structures. The total por
ity is, however, greater in the HSQ material as indicated
the largest toluene uptake. The pores in the porous H
generated by the evaporation of a high boiling point solve
are larger than the pores of the PECVD material. Like
pores in porous SiCOH, those in the porous HSQ are fa
uniform in their size distribution as indicated by the symm
ric and relatively narrow hysteresis loop. This is in contra
to the MSQ film with its very broad pore size distributio
and the largest average pore size~despite the lower porosity
in comparison to the HSQ film!. As discussed above, th
sharp desorption branch of the MSQ film in contrast to
broad adsorption pathway indicates that pore blocking
fects are significant.

This qualitative description can be quantified by usi
the Kelvin equation11 to convert the partial pressures in Fi
2 into pore sizes, thereby establishing a PSD. Again,
emphasize that the use of the Kelvin equation here is
demonstration purposes. The Kelvin equation,r c

522Vmg/@RT3 ln(P/P0)# gives the critical pore size fo
capillary condensation, whereg is the liquid surface tension
Vm is the molar volume of the liquid,P is the vapor pressure
and P0 is the equilibrium vapor pressure at temperatureT.
The desorption branch is generally used to calculate
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FIG. 3. Proposed structures of the pores in the porous HSQ, porous MSQ, and porous SiCOH films.
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PSD, as shown in Fig. 4. The average pore radii in the
rous HSQ, porous MSQ, and porous SiCOH films are
proximately 13 Å, 15 Å, and 5 Å, respectively. However, t
desorption branch of the MSQ film implies a narrow PSD
is important to realize that this represents the minimum
constricting pore and that the true distribution is larg
therefore, both the adsorption and desorption branches
to be considered.

SANS data also provide a measure of an average p
size that can be compared to the XRP data. Figure 5 disp
the SANS data fit with the Debye model18 to extract an av-
erage pore size. In general, an increase in the scatterin
tensity corresponds to increase in the pore size and poro
The porous SiCOH film shows weaker scattering than eit
of the porous SOG films, consistent with the smaller p
size and low porosity. The highest scattering intensity in
porous MSQ film is also consistent with the greatest popu
tion of larger pores. For the porous HSQ and porous M
films, fits with the Debye model give average pore radii o
Å and 10 Å, respectively, comparable to the pore sizes
tained by XRP in spite of the concerns regarding the ap
cation of the Kelvin equation to such small pores. The Deb
model fit to the scattering data for the porous SiCOH, yie
a pore radius of approximately 3 Å. However, these pores
too small for the application of the Debye model given
requirement of a distinct boundary between the pore and
dense material. This respects the fact that XRP is supe
than SANS in characterizing small pore porosity.

In closing, Fig. 6 illustrates the ability of XRP to vert
cally resolve the density profile through the thickness of
film as a function of the partial pressure. This is a distin

FIG. 4. PSDs from desorption curve fits in Fig. 2 of porous HSQ, por
MSQ, and porous SiCOH films.
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advantage of XRP over other low-k porosimetry techniques
Figure 6~a! shows a series of reflectivity data for the poro
HSQ sample as a function of increasing toluene vapor p
sure. As toluene condenses progressively into larger po
the critical angle visibly shifts to higher angles@or higherq
in the reciprocal space of Fig. 6~a!# as a consequence of th
increased average film density. The reflectivity data are
using a least-squares fitting algorithm19 to extract the real
space physical density profiles in Fig. 6~b!. These density
profiles are presented in terms ofqc

2, which in units of Å22 is
a scattering length density proportional to the physical d
sity ~see the previous definitions ofq anduc). On the hori-
zontal axis 0 Å is defined to be the free surface of the lowk
film. Moving into the film, there is a step increase ofqc

2 from
0 ~air! to some value between (0.42 and 0.62)31023 Å 22

reflecting the low-k film density. Another step increase ofqc
2

to a value of approximately 1.0431023 Å 22 is encountered
beyond 7200 Å, indicating the Si substrate.

There are two features in Fig. 6~b! worth mentioning.
First, the density increase from toluene condensation oc
uniformly throughout the film thickness. We do not obser
preferential condensation near either the free surface or
ied interface, which would arise if there were a difference
the pore size in these regions; the pore size distribution
pears to be uniform throughout the film. SXR is capable
detecting such a heterogeneous adsorption if it were to e
Second, we do not observe a pronounced swelling of the
upon saturating it with toluene. It is trivial to extract this typ
of information with Å level sensitivity from the reflectivity
data. In fact, Fig. 6~b! actually indicates a slight contractio
of the film as the partial pressure increase. While at first t

s
FIG. 5. SANS data of porous HSQ, porous MSQ, and porous SiCOH fil
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2359J. Appl. Phys., Vol. 95, No. 5, 1 March 2004 Lee et al.
may seem counterintuitive, it is vital to realize thatsample
temperature is changed here to vary the partial press
P/P051 occurs at 20 °C whileP/P050 occurs at 125 °C. In
this respect, the contraction on going from dry to tolue
saturated air is a thermal contraction. Although the data
not shown here, the increase in the thickness of porous H
film in a vacuum and under saturated toluene at cons
temperature~room temperature! is approximately 1%. There
fore, expansion and contraction in film thickness arise fr
heating and cooling between 20 °C and 125 °C.

IV. CONCLUSION

In summary, we have applied XRP to measure pore c
acteristics, i.e., porosity, average film density, wall dens
average pore size, and pore size distribution in porous lok

FIG. 6. ~a! SXR curves of porous HSQ film collected at varying part
pressure. The curves are offset for clarity. The standard uncertaint
log(Ireflected/I incident) is less than the linewidth.~b! Corresponding density
depthe profiles through the depth of the film determined from the best fi
the SXR data in~a!.
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thin films prepared by different formulation processes. T
x-ray technique is nondestructive and capable of characte
ing thin films directly on a Si wafer, and sensitive enough
perceive subtle structural differences between the differ
films. XRP has the potential as a valuable experimental t
to provide the semiconductor industry with structural info
mation for developing low-k dielectric materials and opti
mizing their processing conditions.
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