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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 mathod,

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 adsorptivésluene, heptane, and carbon
tetrachloride is carried out to assess the reliability of measurements of pore size distributions by
ellipsometric porosimetry. €000 American Vacuum Socief$s0734-211X00)06503-3

[. INTRODUCTION Adsorption porosimetry is considered as a reference to

Low-dielectric-constantlow-K) films are in demand to examine the feasibility of new techniques for PSD measure-

reduce capacitance between interconnects and improve tI'iTéenF since itis the most r'e||able and S.'m.ple method' to de-
termine PSD. The adsorption characteristics and basic equa-

switching speed in ultralarge scale integrated circuits. Poput-. for the PSD calculati h b vzed
lar at present, organic low-polymer films without perma- lons necessary for the caculations have been analyze

nent dipole moment allow a reduction of the permittivity and are well documentédA common method to apply ad-

value down to 2.5—2.8. However only porous dielectric filmssorption porosimetry is to monitor adsorption and desorption

can provide a decrease in permittivity to below 2. PorousOf hitrogen vapor near the boiling point by direct weighing

dielectric films(both inorganic and organiare thus becom- |c_)|f the adsor:ptwe, W_h'_Ch ";‘ ?]dsort()j(_ec_j/corllde_nsel;j :n the porhes.
ing very important for future microelectronic technology. owever, the sensitivity of the traditional microbalance tech-

Film porosity and pore size distributiq®SD define dielec- nique u;ed for weighing allows us to ana.llyze_only !arge
tric, mechanical, thermal and chemical properties of the poPoWder-like samples. The mass of auin thick dielectric

rous films and their feasibility to be used in microelectronic M deposited on topfoa 8 in. silicon wafer is three orders

technology. Increasing the porosity drives the dielectric con®f magnitude less than the mass of the wafer. Therefore it is

stant down, but it degrades the mechanical and chemic@lmost impossible to measure the change of the film mass

properties of the film. Therefore methods are needed to reliffoM nitrogen adsorption using this technique. Films from
several silicon substrates need to be collected in order to get

ably determine PSD and pore volume. ' .
We show that the relative pore volume can be determine§"0Ugh material and prepare a powder-like sample to be ana-

by spectroscopic ellipsometry and porosity/density simulalyZed by microbalance porosimetry. The low temperature of
tion. X-ray reflectance, cross sectional focused ion beanifaditional nitrogen porosimetry creates additional problems.
combined with scanning electron microscopy technique, Ruf\l these facts show that the development of a nondestruc-
therford backscattering spectroscopy, and small-angle nedive and room temperature porosimetry for thin film applica-
tron scattering SANS) have also been used to determine thetions is crucial for advanced microelectronic technology.
mean pore sizk.Some methods of PSD measurement have Several articles on the measurement of the pore size dis-
already been applied to lowdielectric films. These are dif- tribution by adsorption porosimetry in thin films have al-
ferent versions of adsorption Brunauer—Emmet—Teller féady been published. In these articles the measurement of
(BET) porosimetry, positron annihilation lifetime spectros- the adsorption/desorption processes were carried out by
copy (PALS), Doppler broadening positron annihilation quartz crystal rgucrobaland@CM), ' sYUBrface acoustic wave
spectroscopy, and small angle x-ray scatteris\xs). It ~ (SAW) sensot® and by ellipsometry:” In the QCM and

has been reported that SANS also gives information abouAW methods the porous film must be deposited on top of a
the PSD in porous dielectric films. These results were in af$Pecial sensor. In principle, these methods are closest to clas-

agreement with the nitrogen adsorption porosimetry using &ical adsorption porosimetry because they use mass determi-
powder samplé. nation of the adsorbed vapors. However, the necessity to

deposit the film on top of special sensors limits their appli-
aAuthor to whom correspondence should be addressed: electronic mai£@tion in the microelectronic industry. SA!\IS,. PALS, an_d
baklanov@imec.be SAXS can also be used to measure PSD in films deposited
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onto a silicon substrate, but these methods are more compliespectively, were deposited on top of silicon wafers by sol—
cated and expensive. gel technology[According to classification of the Interna-
Ellipsometric porosimetryEP) is a new version of ad- tional Union of Pure and Applied ChemisttfJPAC) pub-
sorption porosimetry. The principal feature of this method islished in a Manual “Reporting Physisorption Data for Gas/
its utilization of the change of the optical characteristics ofSolid Systems with Special Reference to the Determination
the porous film during vapor adsorption and desorption tef Surface Area and Porosity” pores with widths between 2
determine the mass of an adsorptive condensed/adsorbeddnd 50 nm are callechesoporesPores with width not ex-
pores instead of direct weighing. Ellipsometric porosimetryceeding 2 nm are callehicropores'®] Adsorption of tolu-
is more informative and promising in comparison to classicaene (C¢HsCHs), heptane(C;H,¢) and carbon tetrachloride
adsorption porosimetry, and is much more simple than, fof CCl;) vapors was used for comparative analysis. All ad-

examp|e, SANS or positron annihilation methods. SOFptiOﬂ measurements were done at room temperature. We
The most important advantages of ellipsometric porosimshowed recentfythat ellipsometric and microbalance poro-
etry are: simetry give very similar pore size distribution for the

(1) All measurements can be carried out on a porous filmchemical vapor deposited Si@ilms. In this work, an addi-
solid substrate. Additional layers between the silicon sub&llipsometric porosimetry has been carried out. This exami-
strate and the porous dielectric film do not induce any probnatlon IS ba.S.ed on the Valldlty of the Gurvitsch rule for dif-
lems for the measurements if their optical characteristics arrént organic solvents, and allows us to conclude that room
known. The optical characteristics of the intermediate layeré€mperature ellipsometric porosimetry with organic solvents

can be determined using the same ellipsometer prior to dep&!V€S adeq'uate. informatiqn tq determine the film porosity
sition of the porous film. and pore size distribution in thin films.

(2) Because a laser probe is used, small surface areas can
be analyzed. Therefore EP can be used on patterned wafets, METHOD OF CALCULATIONS
which is necessary for compatibility with microelectronic  Adsorption porosimetry is based on analysis of the hys-
technology. teresis loops that appear due to the processes of capillary
(3) Room temperature PSD measurements can be madgndensation and desorption of a vapor out of porous adsor-
using EP with organic solverit§ and do not have the prob- bents. The hysteresis loops appear because the effective ra-
lems associated with low-temperature nitrogen porosimetrydius of curvature of condensed liquid meniscus is different
As mentioned above, the amount of adsorptive inside otluring the adsorption and desorption processes. The adsorp-
pores is calculated from the measured change of the opticéive vapor condenses in pores even if the vapor predBise
characteristics of the porous film during the vaporless than the equilibrium pressure of a flat liquid surfRge
adsorption/desorption. There are several methods for peBependence of the relative pressi#8?, on the meniscus
forming these calculations based on various equationsurvature is described by the Kelvin equation

(Lorentz—Lorenz, Newton—Laplace, Bragg—Pippard,gtc. 1 1 RT =
The optical characteristics of the dense part of the porous —+ —=— —In(—), (1)
media(i.e., the frame of the porous filmand of the liquid i T2 Wi \Po

adsorptive are used in these calculations. The various equaherey andV, are surface tension and molar volume of the
tions give similar results, however, the Lorentz—Lorenzliquid adsorptive, respectively. The principal curvature radii
equation is more widely used. r, andr, define pore sizes. In the case of cylindrical pores,

The correct choice of an adsorptive for room temperature ;=r, and
porosimetry is an important issue. The adsorptive should be 1 >
a volatile liquid, because of the need to work near the equi- | — + —)
librium pressure P=P,). If chosen correctly, the typical fa T2
problems related to low temperature nitrogen porosimetryThe radiusr is often termed the Kelvin radidd.If the ra-
can be avoided. This advantage is more important for oreius of a cylindrical pore is,,, thenr ,=r+t, wheret is the
ganic polymer films because of their sensitivity to temperathickness of the layer already adsorbed on the pore walls.
ture. It was showh*”8that some organic solvents can be Values oft are obtained from the data for the adsorption of
used for this purpose. Nonpolar solvents, without permanerthe same adsorptive on a nonporous sample having a similar
dipole moment, are preferred. Measurements by ellipsomesurface and is defined by the BET equation
ric porosimetry with these solvents are in a good agreement doCK- (P/P,)
with the results of microbalance porosimet. t= 0 0 ,

In this work, results of porosity measurement and PSD [1-K(P/Pg)]-[1+K(C—1)(P/Py)]
calculations based on adsorption ellipsometric measuremenighere d, is the thickness of 1 monolaye€ is the BET
are presentedn situ ellipsometric measurements were per-constant, and is a coefficient which satisfies the require-
formed using a custom-built high-vacuum td8ITwo types  ment that aP= P, t<5—6 monolayeré.The BET constant
of dielectric films were used in the experiments. Mesoporouss C=exd(q;—q,)/RT], whereq; and q, are the heat of
and microporous silica films with porosity of 64% and 25%, adsorption in the first monolayer and the molar heat of con-

re

(2
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densation, respectively. The commonly used coeffickent detector
was introduced by Brunauer and his co-workers to obtain a
better agreement between experimental isotherm data in the
multilayer region(Ref. 2, p. 53.

The relation between the optical characteristics and the
material composition in a multicomponent system can be

described by the Lorentz—Lorenz equation D
B3Ny =) 3 =
=2Niei= gz ©)
whereB is the polarizability of a unit of volumd\; and «; toluene

are the number of molecules and the molecular polarizability
of the material components. This formula, particularly, is
used to calculate the density of a porous material from the
measured values of the refractive indices determined byadii higher than the critical oneare empty but their side-
spectroscopic ellipsometry. i, is the refractive index of the walls are covered by the adsorptive with thicknefgsg. (2)].
dense part of material with the volume polarizabiy, n, In order to exclude effects of vapor condensation on top
is the measured refractive index of the porous film Bgds ~ of the film, all calculations presented here were carried out
the volume polarizability calculated fromy,, the pore vol-  for the model with cylindrical pores and fét<0.9P.

a high-vacuum system designed for this purp{sig. 1).

ume is equal to
It is obvious that this approach is also valid if pores areThe E_P setup consists of an elllpsometm:(f_332.8 rm),_a
completely or partially filled by a liquidcondensed adsorp- pumping system, and a source of an organic soltimid
tive) with known refractive index. In this case the adsorptiveadsorpt've' The vacuum ch_am_ber needs to be pumped down
amount in the pores can be calculated using refractive indeQefore allowing an adsorptive into the vacuum chamber. The
sample can be annealed up to 600°C to empty all pores

and density values of the adsorptive. bef q tion. f1h . lvent is introduced
Ellipsometry allows us to measure both the refractive in-, etore adsorption. Vapor ot the organic solvent Is infroduce

dex and the film thicknessl (i.e., the effects of the film into the vacuum chamber using a precise and controllable
swelling. In this case the adsorptive volume in pores can bé’al\/(,a (V1). This .step has to .be dong as slow as necessary to
calculated as provide adsorption—desorption equilibrium between the ad-

sorbed phase and the gas phase. The same requirement ap-

m plies when the vapor is pumping out. For this purpose the
Vads:m(Bldl—Bodo), (5)  system has a controllable valve V2 in the bypass line.

Changes of optical characteristics of the sample during the
where V,4s is the volume of the liquid adsorptive in the adsorption/desorption processes are measured by ellipsom-
pores,B, and B; are the volume polarizability of the film etry. These data are used for calculation of the mean porosity
before and after adsorptiody andd, are the film thickness and pore size distribution as described in Sec. II.

Fic. 1. Schematic of the EP tool used in this work.

Il. EXPERIMENTAL RESULTS AND DISCUSSION
B . . . .
V=1— B_P —1— _ (4) In situ ellipsometric measurements were performed using

(np—1)
(n2+2)

(ng—1)
(nj+2)

before and after adsorption, respectivaly,, is the molecu- As mentioned above, the mesoporous and microporous
lar volume of the adsorptive ang,yis the polarizability of  silica films were deposited on top of silicon wafers by sol—
the adsorptive molecule. gel technology. All adsorption measurements were done at

The initial experimental data for the calculation of the room temperature. Special multiangle ellipsometric measure-
adsorption isotherm are the ellipsometric characterisics ments of the as deposited films showed that the films are
andWV. Special software, developed at the Institute of Semi-optically homogeneougore size is much less than the laser
conductor Physics, allows us to calculate the change of thevavelength. The initial refractive indices of the films at
film thickness and refractive index of the film during the A=632.8 nm were 1.18 and 1.35 for the mesoporous and
adsorption and desorption, the average pore size, and thmicroporous films, respectively. Porosity of the films calcu-
pore size distribution. The change of the adsorptive voluméated fromn, by Eq. (4) were equal to 64% and 25%, re-
is calculated from the change of the refractive index usingspectively.

Eqg. (4). The dependence of the adsorptive volume on the Figure 2 shows the typical behavior of the ellipsometric
relative pressurd®/P, is an adsorption isotherm, which is anglesA and ¥ observed during the vapor adsorption and
used to calculate the PSD. Calculations of the pore size usindesorption. The arrows show how the ellipsometric angles
the Kelvin equation is based on the picture of a progressivare changed when the relative pressure of the, @&por is
emptying of a porous system initially filled &=P,. It is  varied from zero to unityadsorption and back from unity to
also assumédhat all pores with radii smaller than the criti- zero (desorption. The initial point corresponds to the zero
cal one are filled by the adsorptive. All other por@gth relative pressuréP=0) and the final one to the relative pres-
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sure equal to unityR=Po). One can see that for the silica the adsorption of Ar, bl and Q at 79 and 90 K. These
film with 25% porosity changes of the ellipsometric charac-conditions are typical for the traditional nitrogen porosim-
teristics are relatively smafFig. 2, curve 2. However, these  gry. The effect of swelling is especially crucial for porous

changes are significant as the sensitivity of imsitu ellip-  grganic films. Results of such kinds of investigations will be
sometry for the determination of both polarization angles presented in a future publication.

andW¥ were better than 0.01°.
Note that the adsorption and desorption curves inthe
W plot sometimes show a hysteresis Idéjg. 2, experimen-

The experimental data of Fig. 2 are well described by a
model based on the change of the refractive index without
tal data 3. This hysteresis loop is related to a reversibIeSIinﬂ(.:ant change of the film th|ckne§s. However, It was

. . i . : established that the calculated adsorptive volume is slightly
swelling and shrinkage of the silica film during the hiaher than the fil i lculated f th itianal
adsorption/desorption cycle. These effects do not signifi- :? er 6;” € fim p0r03|ty ca(;:ltjhae rOT /de mu "?”gf
cantly affect the PSD calculation for the mesoporous xeroge? Ipsometric measurements and the porosity/density simula-

films. However, they can give additional information about!ion for the xerogel film before vapor adsorption. Multiangle
the elastic properties of the porous film, which is an impor_elhpsometrlc measurements of the xerogel film in a vacuum

tant capability of the ellipsometric porosimetry in compari- chamber completely filled by saturated toluene vapor showed
son with classic microbalance porosimetry. Microbalancehat the xerogel film had swelled during the adsorption by
porosimetry cannot provide this information, while the film =~5%. This value is in a good agreement with the difference
swelling can be significant even with low temperature ad-of film porosity calculated from the change of the refractive
sorption. These phenomena are related to a decrease of siitdex and the adsorptive volume.

face free energy during adsorption and were observed for the Adsorption isotherms calculated from the experimental
first time by Amberg and MclintosH, and Yates? For in-  data presented in Fig. 2 are shown in Fig. 3. One can see that
stance, Yates observed the swelling of porous glasses duririge saturation point for the different adsorptives is very

0.8

heptane

[ toluene

Fic. 3. Adsorption/desorption isotherms of toluene,
heptane, and C¢apors in the mesoporous sili¢ze-
roge) film.

Vadsorbate / Vfilm

0 0.5 1 0 0.5 1
0 0.5 1

Relative pressure (P/Po)
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close; therefore the Gurvitsch réf€ is valid in these cases. adsorption isotherméclose to type % was obtained using
The idea of the Gurvitsch rule, embodied many years'ago, benzene vapor on silica.
is that a volume of a liquidby use of the normal liquid The data presented in Fig. 3 were used for the calculation
density should be the same for all applicable adsorptives inof PSD (Fig. 4). One can see that all three adsorptives give
a given porous solid. Therefore this experimental observavery similar PSD values. This fact also proves the method
tion allows us to conclude that the chosen adsorptives giveeliability. Desorption curves are normally used for the PSD
adequate information about the film porosity. This fact alsocalculations> Therefore, the average pore radius in the me-
proves the feasibility of ellipsometric measurements for thesoporous silica film was close to 4.5 rifig. 4). In the case
PSD determination at room temperature. of cylindrical meniscusr, in Eg. (1) is equal to and the
The observed hysteresis looffsg. 3) have a shape inter- mean pore size calculated from the adsorption curve should
mediate between so-called type H1 and ¥42We use the be two times higher than the value calculated from the de-
IUPAC classification of the adsorption isotherms and hystersorption curvé. The experimental data are in an agreement
esis loops? According to this classification six types of phy- with this theoretical prediction for cylindrical poréBigs. 4
sisorption isotherms and four types of hysteresis loops refle@nd 5. While the actual pore geometry in the xerogel film is
the different types of adsorbents. This classification allowsnore complicated, this result suggests that a cylindrical pore
us to obtain some preliminary information about the naturenodel is an acceptable approach for the PSD calculations.
of the solid adsorbentType H1 adsorption/desorption hys-  An additional observation is that the PSD widths obtained
teresis loops are often associated with porous materials th&iom the desorption and adsorption curves are quite different.
consist of agglomerates or compacts of approximately uniThis phenomenon is related to the branched distribution of
form spheres in a fairly regular array, and hence have narroores inside the film. While desorption of the adsorptive oc-
distributions of pore size. Many porous adsorbgetg., in-  curs through definite necks characterizing a surface region of
organic oxide gels and porous glagsend to give type H2 the film, the vapor is distributed in pore branches inside the
loops, but in such systems the distribution of pore size andilm during the adsorption and a wide range of different
shape is not well defined. These conclusions are in agredypes of meniscus can form at the same time. Therefore, the
ment with transmission electron microscopyEM)/cross-  desorption curves are more straightforward for characteriza-

sectional TEM analysis of xerogel and aerogel fifths. tion of the film porosity, which is the traditional approach in
All isotherms shown in Fig. 3 correspond to the type 5all types of adsorption porosimetry.
(IUPAC classification of adsorption isotherrfiThis type of The adsorption isotherm for the 25% porous silica film is

adsorption isotherm is typical for weak substrate—adsorptivehown in Fig. 6. As mentioned above this film was mi-
interaction. It is known that this type of adsorptive normally croporous(mean pore size less than 2 hriTthe adsorption
cannot provide an accurate calculation of the inner surfacesotherm is of type 1 and is typical for a microporous mate-
area because changes of the adsorption characteristics afté&l. In this case, the vapor condensation occurs at pressures
saturation by the first monolayer are not pronouni@dall  where the liquid adsorptive meniscus cannot form. It has
value of the BET constar€ in Eq. (5)]. This is probably a already been realized that in very fine pores with widths on
feature of interaction of the used solvents with the poroughe order of a few molecular diameters, the Kelvin equation
silica films. However, organic solvents more suitable for thisno longer remains strictly valid. Not only would the values
purpose can be found. For example, a better shape of th& the surface tension and the molar volume deviate from
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those of the bulk liquid adsorptive, but the concept of a me{several percehtfrom the spectroscopic or the multiangle
niscus would eventually become meaningless.this case, ellipsometric measurements.

calculation of PSD is not straightforward because it can give These observations also suggest that ellipsometric poro-
significant errors(even if the hysteresis loop is obseryed simetry can be used to estimate a percentage of closed and
Figure 6 shows that the adsorption/desorption isotherms foppen pores. This can be simply done by comparing the av-
the chosen adsorptives are different for the microporougrage porosity calculated from the porosity/density simula-
films while they are very similar for the mesoporous film tion (without an adsorptiveand the volume of the adsorbed
(Fig. 3. This phenomenon results from the differentliquid after saturation. These applications of the EP are im-
adsorptive/surface interactions and is a general limitation oportant when the film porosity is below the percolation
adsorption porosimetry for microporous materials. A quitethreshold or when the simple percolation law does not de-
large difference between the porosity value calculated fronscribe the porosityas in the case of the ordered porosity

the refractive index and from the volume of the adsorbed

vapors(25% and=12%, respectivelyis another feature of
microporous films. Porosity calculated from the condenseév' CONCLUSION

liquid was equal to 15.2% for toluene, 13.4% for ¢@hd A new modification of adsorption porosimetry, ellipso-
12.7% for heptane. As mentioned above this difference isnetric porosimetry, has been developed for thin film appli-
related to different adsorptive/surface interactions and also toation. It is a reliable and simple method for nondestructive
problems with the liquid penetration into fine micropores.characterization of mesoporous dielectric films. This method
Therefore the Gurvitsch rule does not work well in this caseallows the measurement of pore size distribution at room
This is of little concern to the microelectronic industry, sincetemperature in thin films directly deposited on Si or any
only relative pore volume of microporous films is important smooth solid substrate. Intermediate layers between the sili-
because it defines the value of the dielectric constant. Theon substrate and the porous film do not create any problem
relative pore volume can be calculated with a high accuracyor the measurements if their optical characteristics are

0.16

toluene heptane

e
=
[
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T

Fic. 6. Adsorption/desorption iso-
therms of toluene, heptane, and ¢CI
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TasLE |. Comparison of realized possibilities of different types of adsorption porosimeters.

Method of PSD analysiétype of porosimeter

Classic microbalance Surface sensor Ellipsometric

Temperature Liquid nitrogen Liquid nitrogen Room temperature

temperature and room temperature
Adsorptive Nitrogen Nitrogen QOrganic vapors

Organic vapors

Pore size(nm) 2-25 2-25 2-25
Ability to analyze a Very limited No Yes
film on top of Si wafer (depends on the

tool sensitivity
Surface area required Very large Area of surface sensor Less than 1 mn?
Measurement errors Can be significant Can be significant Film swelling can be
related to film swelling measured and taken

into account

Compatibility with No No Yes
microelectronic
technology
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