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We show that ellipsometric porosimetry can be used for the measurement of the pore size
distribution in thin porous films deposited on top of any smooth solid substrate. In this method,in
situ ellipsometry is used to determine the amount of adsorptive, which is adsorbed/condensed in the
film. Changes in refractive index and film thickness are used to calculate the quantity of adsorptive
present in the film. Room temperature porosimetry based on adsorption of vapor of organic solvents
has been developed. In this article, a method of calculation of pore size distribution and results of
measurements on mesoporous and microporous xerogel films is discussed. Examination of the
validity of the Gurvitsch rule for various organic adsorptives~toluene, heptane, and carbon
tetrachloride! is carried out to assess the reliability of measurements of pore size distributions by
ellipsometric porosimetry. ©2000 American Vacuum Society.@S0734-211X~00!06503-3#
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I. INTRODUCTION

Low-dielectric-constant~low-K! films are in demand to
reduce capacitance between interconnects and improve
switching speed in ultralarge scale integrated circuits. Po
lar at present, organic low-K polymer films without perma-
nent dipole moment allow a reduction of the permittivi
value down to 2.5–2.8. However only porous dielectric film
can provide a decrease in permittivity to below 2. Poro
dielectric films~both inorganic and organic! are thus becom-
ing very important for future microelectronic technolog
Film porosity and pore size distribution~PSD! define dielec-
tric, mechanical, thermal and chemical properties of the
rous films and their feasibility to be used in microelectron
technology. Increasing the porosity drives the dielectric c
stant down, but it degrades the mechanical and chem
properties of the film. Therefore methods are needed to
ably determine PSD and pore volume.

We show that the relative pore volume can be determi
by spectroscopic ellipsometry and porosity/density simu
tion. X-ray reflectance, cross sectional focused ion be
combined with scanning electron microscopy technique,
therford backscattering spectroscopy, and small-angle n
tron scattering~SANS! have also been used to determine t
mean pore size.1 Some methods of PSD measurement ha
already been applied to low-k dielectric films. These are dif
ferent versions of adsorption Brunauer–Emmet–Tel2

~BET! porosimetry, positron annihilation lifetime spectro
copy ~PALS!, Doppler broadening positron annihilatio
spectroscopy, and small angle x-ray scattering~SAXS!. It
has been reported that SANS also gives information ab
the PSD in porous dielectric films. These results were in
agreement with the nitrogen adsorption porosimetry usin
powder sample.1

a!Author to whom correspondence should be addressed; electronic
baklanov@imec.be
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Adsorption porosimetry is considered as a reference
examine the feasibility of new techniques for PSD measu
ment since it is the most reliable and simple method to
termine PSD. The adsorption characteristics and basic e
tions necessary for the PSD calculations have been anal
and are well documented.2 A common method to apply ad
sorption porosimetry is to monitor adsorption and desorpt
of nitrogen vapor near the boiling point by direct weighin
of the adsorptive, which is adsorbed/condensed in the po
However, the sensitivity of the traditional microbalance tec
nique used for weighing allows us to analyze only lar
powder-like samples. The mass of a 1mm thick dielectric
film deposited on top of a 8 in. silicon wafer is three order
of magnitude less than the mass of the wafer. Therefore
almost impossible to measure the change of the film m
from nitrogen adsorption using this technique. Films fro
several silicon substrates need to be collected in order to
enough material and prepare a powder-like sample to be
lyzed by microbalance porosimetry. The low temperature
traditional nitrogen porosimetry creates additional problem
All these facts show that the development of a nondestr
tive and room temperature porosimetry for thin film applic
tions is crucial for advanced microelectronic technology.

Several articles on the measurement of the pore size
tribution by adsorption porosimetry in thin films have a
ready been published. In these articles the measureme
the adsorption/desorption processes were carried out
quartz crystal microbalance~QCM!,3,4 surface acoustic wave
~SAW! sensor5,6 and by ellipsometry.7,8 In the QCM and
SAW methods the porous film must be deposited on top o
special sensor. In principle, these methods are closest to
sical adsorption porosimetry because they use mass dete
nation of the adsorbed vapors. However, the necessity
deposit the film on top of special sensors limits their app
cation in the microelectronic industry. SANS, PALS, an
SAXS can also be used to measure PSD in films depos
il:
13850Õ18„3…Õ1385Õ7Õ$17.00 ©2000 American Vacuum Society
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1386 Baklanov et al. : Determination of pore size distribution in thin films 1386
onto a silicon substrate, but these methods are more com
cated and expensive.

Ellipsometric porosimetry~EP! is a new version of ad-
sorption porosimetry. The principal feature of this method
its utilization of the change of the optical characteristics
the porous film during vapor adsorption and desorption
determine the mass of an adsorptive condensed/adsorb
pores instead of direct weighing. Ellipsometric porosime
is more informative and promising in comparison to classi
adsorption porosimetry, and is much more simple than,
example, SANS or positron annihilation methods.

The most important advantages of ellipsometric poros
etry are:

~1! All measurements can be carried out on a porous fi
deposited directly on top of a silicon wafer or any smoo
solid substrate. Additional layers between the silicon s
strate and the porous dielectric film do not induce any pr
lems for the measurements if their optical characteristics
known. The optical characteristics of the intermediate lay
can be determined using the same ellipsometer prior to d
sition of the porous film.

~2! Because a laser probe is used, small surface areas
be analyzed. Therefore EP can be used on patterned wa
which is necessary for compatibility with microelectron
technology.

~3! Room temperature PSD measurements can be m
using EP with organic solvents7,8 and do not have the prob
lems associated with low-temperature nitrogen porosime

As mentioned above, the amount of adsorptive inside
pores is calculated from the measured change of the op
characteristics of the porous film during the vap
adsorption/desorption. There are several methods for
forming these calculations based on various equati
~Lorentz–Lorenz, Newton–Laplace, Bragg–Pippard, etc9!.
The optical characteristics of the dense part of the por
media ~i.e., the frame of the porous film! and of the liquid
adsorptive are used in these calculations. The various e
tions give similar results, however, the Lorentz–Lore
equation is more widely used.

The correct choice of an adsorptive for room temperat
porosimetry is an important issue. The adsorptive should
a volatile liquid, because of the need to work near the eq
librium pressure (P5P0). If chosen correctly, the typica
problems related to low temperature nitrogen porosime
can be avoided. This advantage is more important for
ganic polymer films because of their sensitivity to tempe
ture. It was shown3,4,7,8 that some organic solvents can b
used for this purpose. Nonpolar solvents, without perman
dipole moment, are preferred. Measurements by ellipsom
ric porosimetry with these solvents are in a good agreem
with the results of microbalance porosimetry.7,8

In this work, results of porosity measurement and P
calculations based on adsorption ellipsometric measurem
are presented.In situ ellipsometric measurements were pe
formed using a custom-built high-vacuum tool.7,8 Two types
of dielectric films were used in the experiments. Mesopor
and microporous silica films with porosity of 64% and 25%
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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respectively, were deposited on top of silicon wafers by s
gel technology.@According to classification of the Interna
tional Union of Pure and Applied Chemistry~IUPAC! pub-
lished in a Manual ‘‘Reporting Physisorption Data for Ga
Solid Systems with Special Reference to the Determina
of Surface Area and Porosity’’ pores with widths between
and 50 nm are calledmesopores. Pores with width not ex-
ceeding 2 nm are calledmicropores.10# Adsorption of tolu-
ene ~C6H5CH3), heptane~C7H16! and carbon tetrachloride
(CCl4) vapors was used for comparative analysis. All a
sorption measurements were done at room temperature
showed recently8 that ellipsometric and microbalance por
simetry give very similar pore size distribution for th
chemical vapor deposited SiO2 films. In this work, an addi-
tional examination of reliability of the PSD measurements
ellipsometric porosimetry has been carried out. This exa
nation is based on the validity of the Gurvitsch rule for d
ferent organic solvents, and allows us to conclude that ro
temperature ellipsometric porosimetry with organic solve
gives adequate information to determine the film poros
and pore size distribution in thin films.

II. METHOD OF CALCULATIONS

Adsorption porosimetry is based on analysis of the h
teresis loops that appear due to the processes of capi
condensation and desorption of a vapor out of porous ad
bents. The hysteresis loops appear because the effectiv
dius of curvature of condensed liquid meniscus is differ
during the adsorption and desorption processes. The ads
tive vapor condenses in pores even if the vapor pressureP is
less than the equilibrium pressure of a flat liquid surfaceP0.
Dependence of the relative pressureP/P0 on the meniscus
curvature is described by the Kelvin equation

1

r 1
1

1

r 2
52

RT

gVL
lnS P

P0
D , ~1!

whereg andVL are surface tension and molar volume of t
liquid adsorptive, respectively. The principal curvature ra
r 1 and r 2 define pore sizes. In the case of cylindrical por
r 15r 2 and

S 1

r 1
1

1

r 2
D5

2

r k
.

The radiusr k is often termed the Kelvin radius.10 If the ra-
dius of a cylindrical pore isr p , thenr p5r k1t, wheret is the
thickness of the layer already adsorbed on the pore wa
Values oft are obtained from the data for the adsorption
the same adsorptive on a nonporous sample having a sim
surface and is defined by the BET equation

t5
d0CK•~P/P0!

@12K~P/P0!#•@11K~C21!~P/P0!#
, ~2!

where d0 is the thickness of 1 monolayer,C is the BET
constant, andK is a coefficient which satisfies the requir
ment that atP5P0 , t<5–6 monolayers.2 The BET constant
is C5exp@(q12qL)/RT#, where q1 and qL are the heat of
adsorption in the first monolayer and the molar heat of c
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1387 Baklanov et al. : Determination of pore size distribution in thin films 1387
densation, respectively. The commonly used coefficienK
was introduced by Brunauer and his co-workers to obtai
better agreement between experimental isotherm data in
multilayer region~Ref. 2, p. 53!.

The relation between the optical characteristics and
material composition in a multicomponent system can
described by the Lorentz–Lorenz equation

B5SNia i5
3~n221!

4p~n212!
, ~3!

whereB is the polarizability of a unit of volume,Ni anda i

are the number of molecules and the molecular polarizab
of the material components. This formula, particularly,
used to calculate the density of a porous material from
measured values of the refractive indices determined
spectroscopic ellipsometry. Ifnb is the refractive index of the
dense part of material with the volume polarizabilityBb , np

is the measured refractive index of the porous film andBp is
the volume polarizability calculated fromnp , the pore vol-
ume is equal to

V512
Bp

Bb
512F ~np

221!

~np
212!G Y F ~nb

221!

~nb
212!G . ~4!

It is obvious that this approach is also valid if pores a
completely or partially filled by a liquid~condensed adsorp
tive! with known refractive index. In this case the adsorpti
amount in the pores can be calculated using refractive in
and density values of the adsorptive.

Ellipsometry allows us to measure both the refractive
dex and the film thicknessd ~i.e., the effects of the film
swelling!. In this case the adsorptive volume in pores can
calculated as

Vads5
Vm

aads•d1
~B1d12B0d0!, ~5!

where Vads is the volume of the liquid adsorptive in th
pores,B0 and B1 are the volume polarizability of the film
before and after adsorption,d0 andd1 are the film thickness
before and after adsorption, respectively,Vmol is the molecu-
lar volume of the adsorptive andaads is the polarizability of
the adsorptive molecule.

The initial experimental data for the calculation of th
adsorption isotherm are the ellipsometric characteristicsD
andC. Special software, developed at the Institute of Se
conductor Physics, allows us to calculate the change of
film thickness and refractive index of the film during th
adsorption and desorption, the average pore size, and
pore size distribution. The change of the adsorptive volu
is calculated from the change of the refractive index us
Eq. ~4!. The dependence of the adsorptive volume on
relative pressureP/P0 is an adsorption isotherm, which i
used to calculate the PSD. Calculations of the pore size u
the Kelvin equation is based on the picture of a progress
emptying of a porous system initially filled atP5P0 . It is
also assumed2 that all pores with radii smaller than the crit
cal one are filled by the adsorptive. All other pores~with
JVST B - Microelectronics and Nanometer Structures
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radii higher than the critical one! are empty but their side
walls are covered by the adsorptive with thicknesst @Eq. ~2!#.

In order to exclude effects of vapor condensation on
of the film, all calculations presented here were carried
for the model with cylindrical pores and forP,0.9P0 .

III. EXPERIMENTAL RESULTS AND DISCUSSION

In situ ellipsometric measurements were performed us
a high-vacuum system designed for this purpose~Fig. 1!.
The EP setup consists of an ellipsometer (l5632.8 nm!, a
pumping system, and a source of an organic solvent~liquid
adsorptive!. The vacuum chamber needs to be pumped do
before allowing an adsorptive into the vacuum chamber. T
sample can be annealed up to 600 °C to empty all po
before adsorption. Vapor of the organic solvent is introduc
into the vacuum chamber using a precise and controlla
valve ~V1!. This step has to be done as slow as necessar
provide adsorption–desorption equilibrium between the
sorbed phase and the gas phase. The same requireme
plies when the vapor is pumping out. For this purpose
system has a controllable valve V2 in the bypass li
Changes of optical characteristics of the sample during
adsorption/desorption processes are measured by ellips
etry. These data are used for calculation of the mean poro
and pore size distribution as described in Sec. II.

As mentioned above, the mesoporous and micropor
silica films were deposited on top of silicon wafers by so
gel technology. All adsorption measurements were done
room temperature. Special multiangle ellipsometric measu
ments of the as deposited films showed that the films
optically homogeneous~pore size is much less than the las
wavelength!. The initial refractive indices of the films a
l5632.8 nm were 1.18 and 1.35 for the mesoporous
microporous films, respectively. Porosity of the films calc
lated fromnp by Eq. ~4! were equal to 64% and 25%, re
spectively.

Figure 2 shows the typical behavior of the ellipsomet
anglesD and C observed during the vapor adsorption a
desorption. The arrows show how the ellipsometric ang
are changed when the relative pressure of the CCl4 vapor is
varied from zero to unity~adsorption! and back from unity to
zero ~desorption!. The initial point corresponds to the zer
relative pressure~P50! and the final one to the relative pre

FIG. 1. Schematic of the EP tool used in this work.
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FIG. 2. Change of the ellipsometric characteristicsD
and C occurring during the adsorption and desorptio
of CCl4 vapor in mesoporous~1! and microporous~2!
silica films. A theoretical curve assuming only chang
of the film thickness at a constant refractive index~dot-
ted line! and two calculated curves for constant film
thickness at varying refractive indices~continuous and
dashed lines! are also shown for the mesoporous silic
film.
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sure equal to unity (P5P0). One can see that for the silic
film with 25% porosity changes of the ellipsometric chara
teristics are relatively small~Fig. 2, curve 2!. However, these
changes are significant as the sensitivity of thein situ ellip-
sometry for the determination of both polarization anglesD
andC were better than 0.01°.

Note that the adsorption and desorption curves in theD –
C plot sometimes show a hysteresis loop~Fig. 2, experimen-
tal data 1!. This hysteresis loop is related to a reversib
swelling and shrinkage of the silica film during th
adsorption/desorption cycle. These effects do not sign
cantly affect the PSD calculation for the mesoporous xero
films. However, they can give additional information abo
the elastic properties of the porous film, which is an imp
tant capability of the ellipsometric porosimetry in compa
son with classic microbalance porosimetry. Microbalan
porosimetry cannot provide this information, while the fil
swelling can be significant even with low temperature a
sorption. These phenomena are related to a decrease o
face free energy during adsorption and were observed for
first time by Amberg and McIntosh,11 and Yates.12 For in-
stance, Yates observed the swelling of porous glasses du
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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the adsorption of Ar, N2, and O2 at 79 and 90 K. These
conditions are typical for the traditional nitrogen porosim
etry. The effect of swelling is especially crucial for porou
organic films. Results of such kinds of investigations will
presented in a future publication.

The experimental data of Fig. 2 are well described by
model based on the change of the refractive index with
significant change of the film thickness. However, it w
established that the calculated adsorptive volume is slig
higher than the film porosity calculated from the multiang
ellipsometric measurements and the porosity/density sim
tion for the xerogel film before vapor adsorption. Multiang
ellipsometric measurements of the xerogel film in a vacu
chamber completely filled by saturated toluene vapor show
that the xerogel film had swelled during the adsorption
'5%. This value is in a good agreement with the differen
of film porosity calculated from the change of the refracti
index and the adsorptive volume.

Adsorption isotherms calculated from the experimen
data presented in Fig. 2 are shown in Fig. 3. One can see
the saturation point for the different adsorptives is ve
e,
FIG. 3. Adsorption/desorption isotherms of toluen
heptane, and CCl4 vapors in the mesoporous silica~xe-
rogel! film.
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FIG. 4. Pore size distribution in the
mesoporous silica film calculated from
the desorption isotherms.
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close; therefore the Gurvitsch rule2,13 is valid in these cases
The idea of the Gurvitsch rule, embodied many years ag13

is that a volume of a liquid~by use of the normal liquid
density! should be the same for all applicable adsorptives
a given porous solid. Therefore this experimental obser
tion allows us to conclude that the chosen adsorptives g
adequate information about the film porosity. This fact a
proves the feasibility of ellipsometric measurements for
PSD determination at room temperature.

The observed hysteresis loops~Fig. 3! have a shape inter
mediate between so-called type H1 and H2.10 ~We use the
IUPAC classification of the adsorption isotherms and hys
esis loops.10 According to this classification six types of phy
sisorption isotherms and four types of hysteresis loops re
the different types of adsorbents. This classification allo
us to obtain some preliminary information about the nat
of the solid adsorbent.! Type H1 adsorption/desorption hys
teresis loops are often associated with porous materials
consist of agglomerates or compacts of approximately u
form spheres in a fairly regular array, and hence have nar
distributions of pore size. Many porous adsorbents~e.g., in-
organic oxide gels and porous glasses! tend to give type H2
loops, but in such systems the distribution of pore size
shape is not well defined. These conclusions are in ag
ment with transmission electron microscopy~TEM!/cross-
sectional TEM analysis of xerogel and aerogel films.14

All isotherms shown in Fig. 3 correspond to the type
~IUPAC classification! of adsorption isotherm.2 This type of
adsorption isotherm is typical for weak substrate–adsorp
interaction. It is known that this type of adsorptive norma
cannot provide an accurate calculation of the inner surf
area because changes of the adsorption characteristics
saturation by the first monolayer are not pronounced@small
value of the BET constantC in Eq. ~5!#. This is probably a
feature of interaction of the used solvents with the poro
silica films. However, organic solvents more suitable for t
purpose can be found. For example, a better shape of
JVST B - Microelectronics and Nanometer Structures
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adsorption isotherms~close to type 4! was obtained using
benzene vapor on silica.6

The data presented in Fig. 3 were used for the calcula
of PSD ~Fig. 4!. One can see that all three adsorptives g
very similar PSD values. This fact also proves the meth
reliability. Desorption curves are normally used for the PS
calculations.2 Therefore, the average pore radius in the m
soporous silica film was close to 4.5 nm~Fig. 4!. In the case
of cylindrical meniscus,r 2 in Eq. ~1! is equal to` and the
mean pore size calculated from the adsorption curve sho
be two times higher than the value calculated from the
sorption curve.2 The experimental data are in an agreem
with this theoretical prediction for cylindrical pores~Figs. 4
and 5!. While the actual pore geometry in the xerogel film
more complicated, this result suggests that a cylindrical p
model is an acceptable approach for the PSD calculation

An additional observation is that the PSD widths obtain
from the desorption and adsorption curves are quite differ
This phenomenon is related to the branched distribution
pores inside the film. While desorption of the adsorptive o
curs through definite necks characterizing a surface regio
the film, the vapor is distributed in pore branches inside
film during the adsorption and a wide range of differe
types of meniscus can form at the same time. Therefore,
desorption curves are more straightforward for character
tion of the film porosity, which is the traditional approach
all types of adsorption porosimetry.

The adsorption isotherm for the 25% porous silica film
shown in Fig. 6. As mentioned above this film was m
croporous~mean pore size less than 2 nm!. The adsorption
isotherm is of type 1 and is typical for a microporous ma
rial. In this case, the vapor condensation occurs at press
where the liquid adsorptive meniscus cannot form. It h
already been realized that in very fine pores with widths
the order of a few molecular diameters, the Kelvin equat
no longer remains strictly valid. Not only would the value
of the surface tension and the molar volume deviate fr
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FIG. 5. Pore size distribution in the
mesoporous silica film calculated from
the adsorption isotherms.
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those of the bulk liquid adsorptive, but the concept of a m
niscus would eventually become meaningless.2 In this case,
calculation of PSD is not straightforward because it can g
significant errors~even if the hysteresis loop is observed!.
Figure 6 shows that the adsorption/desorption isotherms
the chosen adsorptives are different for the micropor
films while they are very similar for the mesoporous fil
~Fig. 3!. This phenomenon results from the differe
adsorptive/surface interactions and is a general limitation
adsorption porosimetry for microporous materials. A qu
large difference between the porosity value calculated fr
the refractive index and from the volume of the adsorb
vapors~25% and>12%, respectively! is another feature o
microporous films. Porosity calculated from the conden
liquid was equal to 15.2% for toluene, 13.4% for CCl4 and
12.7% for heptane. As mentioned above this difference
related to different adsorptive/surface interactions and als
problems with the liquid penetration into fine micropore
Therefore the Gurvitsch rule does not work well in this ca
This is of little concern to the microelectronic industry, sin
only relative pore volume of microporous films is importa
because it defines the value of the dielectric constant.
relative pore volume can be calculated with a high accur
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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~several percent! from the spectroscopic or the multiang
ellipsometric measurements.

These observations also suggest that ellipsometric p
simetry can be used to estimate a percentage of closed
open pores. This can be simply done by comparing the
erage porosity calculated from the porosity/density simu
tion ~without an adsorptive! and the volume of the adsorbe
liquid after saturation. These applications of the EP are
portant when the film porosity is below the percolatio
threshold or when the simple percolation law does not
scribe the porosity~as in the case of the ordered porosity!.

IV. CONCLUSION

A new modification of adsorption porosimetry, ellipso
metric porosimetry, has been developed for thin film app
cation. It is a reliable and simple method for nondestruct
characterization of mesoporous dielectric films. This meth
allows the measurement of pore size distribution at ro
temperature in thin films directly deposited on Si or a
smooth solid substrate. Intermediate layers between the
con substrate and the porous film do not create any prob
for the measurements if their optical characteristics
l

FIG. 6. Adsorption/desorption iso-
therms of toluene, heptane, and CC4

vapors in the microporous silica film.
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TABLE I. Comparison of realized possibilities of different types of adsorption porosimeters.

Method of PSD analysis~type of porosimeter!

Classic microbalance Surface sensor Ellipsometric

Temperature Liquid nitrogen
temperature

Liquid nitrogen
and room temperature

Room temperature

Adsorptive Nitrogen Nitrogen
Organic vapors

Organic vapors

Pore size~nm! 2–25 2–25 2–25
Ability to analyze a
film on top of Si wafer

Very limited
~depends on the
tool sensitivity!

No Yes

Surface area required Very large Area of surface sensor Less than 1 mm2

Measurement errors
related to film swelling

Can be significant Can be significant Film swelling can be
measured and taken
into account

Compatibility with
microelectronic
technology

No No Yes
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known. A small surface area (,1 mm2) is sufficient to carry
out this analysis, making the method well suited for the m
croelectronic industry.

We have shown that the ellipsometric porosimetry p
vides similar information to microbalance porosimetr
However, it is more informative than the traditional m
crobalance porosimetry, because structural changes~film
swelling! during the adsorption/desorption processes
also be analyzed. This last information is extremely imp
tant in advanced microelectronic technology, for instan
for optimization of the wet postetch cleaning conditions a
chemistries in the organic low-K dielectric/Cu assemblies.15

A comparison of the most important characteristics of diff
ent types of adsorption porosimetry is presented in Table

Various adsorptives for room temperature porosime
have been selected and examined. The molecular and op
characteristics of various organic solvents have been stu
in relation to the PSD calculation. Verification of the Gu
vitsch rule proves that these adsorptives are applicable
room temperature porosimetry and that the correspond
data obtained by the room temperature ellipsometric po
simetry are reliable.

Estimation of the mean pore length can also be carried
by measurement of the effective pore volume in films w
different thickness. This method was realized for surfa
sensor-based microbalance porosimetry and discussed i
tail in our previous article.4

In summary, experimental tools and advanced softw
for the PSD calculations from the results of the ellipsome
measurements of the adsorption of the organic solvent
pors in porous films have been successfully developed.
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