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Abstract

Positron beam techniques have been employed to characterise low-k dielectric silica based films, which have two or three
dimensional structures of nanometre size pores. Pore fractions vary from 5 to 50%. Positrons implanted in the layer slow down and
eventually annihilate with the electrons from the layer. However, in pores of the dielectric films positronium (Ps) is formed before
annihilation takes place. The two states of Ps (para-positronium (p-Ps) and ortho-positronium (0-Ps)) are formed with rather
different life times of 125 ps and 142 ns, respectively. The behaviour of Ps in the porous material can be described as hot particles
with 1 eV initial kinetic energy, which lose their energy by frequent collisions with the atoms of the pore walls. When the pores are
interconnected or separated by thin walls allowing permeation of the Ps some of the Ps will effuse from the film into the vacuum.
The 2D-ACAR technique enables one to monitor the velocity distribution of the annihilating p-Ps and shows an increasing fraction
of surface emitted p-Ps when positrons are implanted closer to the film surface. Measurements of Doppler broadening of 2-gamma
annihilation and detection of 3-gamma events (0-Ps) give insight into the frequency of other annihilation events. Combining the
results, a complete picture can be obtained of the interactions and transport of the Ps particles in the material. By modelling the Ps
behaviour information is obtained on structural parameters of the porous material. A transport model based on multi energy group
diffusion of particles describes the results well.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Materials with a low dielectric constant (k <2.2) are
required for future generations of ICs, in order to
substitute the present dielectric layers in ultra large scale
integrated (ULSI) devices. Candidates include, e.g.
organic and inorganic polymers, and nanoporous silica.
A high porosity of the material is necessary to lower the
dielectric constant sufficiently. Furthermore, pore sizes
should be small (typically <5 nm). Characterisation of
the porous structure by a number of positron annihila-
tion techniques [1—4] has shown to be successful. The
majority of positrons after implantation in the material
form positronium (Ps) in the pores. Since Ps can be
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considered as a very light tracer ‘atom’ with the physical
size of a hydrogen atom wandering around in the pore
structure it can give information on pore size and
transport of gas through the porous structure. In this
study the emphasis will be on a description of the Ps
history in low-k thin films with well-defined pores. The
experimental methods are depth selective Doppler
broadening and high resolution 2D-ACAR which mea-
sure momentum distributions of annihilating electron—
positron pairs and Ps in the films. A companion article
describes low-k films in which the composition of the
internal surface is modified [5].

2. Sample preparation and experimental procedure

The mesoporous silica samples were produced using
solutions containing silicon alkoxides (tetraethylortho-
silicate, TEOS) and a surfactant (cetyltrimethylammo-
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nium bromide, CTAB) or Pluronic F127 (ethylene
oxide)gg(propylene oxide);g(ethylene oxide);gs. During
coating deposition the solvents evaporate, micelles are
formed and the silicon alkoxide condenses to form
(organically modified) silica around the micelles. A
well-ordered pore structure is obtained once the micelles
are removed from the coating. The TEOS/CTAB system
forms at high porosity a three dimensional (3D)
hexagonal phase, while the TEOS/F127 system results
at high porosity in a two dimensional (2D) hexagonal
packing of cylinders in the plane of the surface. The six
samples used in this study are all hydrophilic due to the
presence of silanol groups at the internal pore surfaces.
The film properties are given in Table 1.

The PBA experiments were performed with the
positron beams at the Delft Positron Centre [6,7]. The
positrons were injected in the samples with energies
tuned between 100 eV and 30 keV. The maximum
implantation energy corresponds to a typical implanta-
tion depth of ~ 2um in ceramics of density 2.5 g cm ~—°.
All experiments were carried out at room temperature
under a vacuum of about 10~ ° Pa. The PBA results are
described in terms of three parameters (S, W and f-Ps)
[8]. The S parameter indicates the fraction of positrons
that annihilates with low momentum electrons (valence
or conduction electrons). This parameter is related to
the open volume defects present in the sample (e.g.
pores). The W parameter indicates the fraction of
positrons that annihilates with high momentum elec-
trons (core electrons). This parameter is related to the
chemical environment where the annihilation takes
place. Both parameters can be combined in S—W
maps where the different annihilation sites (layers) can
be distinguished. The data was analysed with the VEPFIT
[7] program. The third parameter (f-Ps) represents the
fraction of implanted positrons that is related to ortho-
positronium (o0-Ps) self-annihilation and is observed by
3-y annihilation. In the companion article the branching
of the positrons into different states is presented [5]. For
low-k coatings five annihilation states can be distin-
guished: para-positronium (p-Ps), 0-Ps annihilation via
the pore wall, o0-Ps self-annihilation, positron annihila-
tion inside the walls separating the pores, and the

Table 1

fraction of Ps that escapes from the film. The fraction
f-Ps is defined such that for highly porous material with
large pores f-Ps = 100%.

The 2D-ACAR method [9] measures the deviation
from collinearity between the two annihilation photons.
This deviation is of the order of a few milliradians. A
high-intensity (10® ¢ ™ s~ ') tuneable keV positron beam
POSH enables depth-selective studies in the (sub)-
micrometer range. 2D-ACAR is measuring exclusively
2-y annihilation events and is able to resolving p-Ps
annihilation and to derive the momentum distribution
of the annihilating p-Ps.

3. Results

In Fig. 1 the measured values of S, W, and f-Ps are
plotted versus the positron energy for the six samples. In
the fourth panel the S—W values are plotted in a so
called S—W map. The results are typical for a thin film
on a silicon substrate. Positrons entering with a low
energy are implanted very shallowly and probe the outer
surface and, therefore, yield different S, W parameters
than those in the energy range 1-4 keV corresponding
to implantation within the films. For energies larger
than 4 keV a gradual transition takes place to annihila-
tion in the substrate. Fitting procedures (VEPFIT [6])
have been applied to determine the thickness (by weight)
of the film. This thickness agrees well with the weight
thickness derived from Table 1 (using thickness and
density). Characteristic values derived for S and W of
all the films are given in Table 1. They are also indicated
in the S—W map of Fig. 2 for six of the films. The Ps
fraction varies from very low to about 50% for the
investigated hydrophilic samples. Results of hydropho-
bic films in [5] show even higher values of 85%. In
general, the Ps fraction increases with porosity but the
fraction is much higher for the high porosity F127 two
dimensional structure with large diameter cylinders than
for the CTAB three dimensional structure with small
diameter pores.

A typical result obtained with the 2D-ACAR setup
for the F127 (2c) film is shown in Fig. 2. The momentum

Description of the low-k films and measured positron annihilation parameters

Number Description Thickness (nm) Porosity (%)  Pore size (nm) Density (g cm 3 ) Stel. tayer ~ Weel. tayer  JfPs
la TEOS/CTAB 0.01 # R® 184 10.9 1(0.5) 2.0 0.954 1.64 0
1b TEOS/CTAB 0.05 R 267 31.0 1(0.5) 1.5 0.992 1.46 0.12
Ic TEOS/CTAB 0.1 3D 338 46.3 1.75 (0.25) 1.2 1.010 1.40 0.12
2a TEOS/ F127 0.0005 R 190 7.4 1(0.5) 2.0 0.982 1.56 0
2b TEOS/ F127 0.002 R 285 35.0 1(0.5) 1.4 0.994 1.40 0.08
2¢ TEOS/ F127 0.005 2D 457 44.7 4.5 (0.5) 1.2 0.994 1.48 0.48

& Composition ratio.

® Ordering: R, random; 2D, two dimensional; 3D, three dimensional.
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Fig. 1. Positron annihilation parameters S, W, and f-Ps plotted as a function of the average positron implantation depth, and an S, W map showing
all the S, W data. For the CTAB-1c film the characteristic annihilation states are given: (1) surface, (2) porous film, (3) interface and (4) Si-substrate.

distribution of the film implanted with 3.5 keV positrons
shown in Fig. 2a reveals asymmetry in the y-direction
(corresponding to the direction outward directed from
the surface). Apparently, the distribution is composed of
an isotropic and an anisotropic component. It appears
that the latter component is a cosine momentum
distribution (Fig. 2b) which can be assigned to p-Ps
particles flying off the surface, like a gas molecule
effusing from a hole in a volume containing a low
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density Knudsen gas. The isotropic contribution can be
decomposed into a narrow and a broad component. The
narrow component can be assigned to p-Ps ‘gas’ that
annihilates inside the pores. In Fig. 3 cross-sections of
the momentum distribution in x and y direction are
displayed for the film. Analysis of the momentum
distribution shows that the average energy of the Ps
amounts to 0.9 eV for shallowly implanted and to 0.5 eV
for 3.5 keV implanted positrons. An average momentum
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Fig. 2. Momentum distributions measured for sample 127 2c.
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Fig. 3. Cross-sections through momentum distribution measured by 2D-ACAR. (a) Momentum perpendicular to the surface, (b) momentum parallel

to the surface.

of 103 m.c corresponds to an average Ps kinetic energy
of 0.128 eV.

4. Positronium slowing down and transport in porous
SiO,

The implantation profile of positrons can be described
by the so called Makhov profile (a derivative of a
Gaussian) which is also used for solids without pores [8].
The porosity is taken into account by using the reduced
density of the porous silica in the Makhov expression.
Positrons do not slow down in the pores, only in the wall
material. Ps is formed by combining one of the electrons
produced in the track of the slowing down positron with
the thermalised positron. The Ps particle is attracted by
the pores and is created with a kinetic energy of about 1
eV, as follows from Ps surface emission of Ps from silica
and from ACAR measurements on Ps in xerogel [10].
Once Ps is formed, with the two states p-Ps and 0-Ps in a
ratio of 1-3, it will behave as an atom in a Knudsen gas.
There are only interactions with the walls of the
structure but not with other Ps. The reason for this is
the short lifetime of Ps average lifetimes for self-
annihilation are 125 ps for the p-Ps and 140 ns for o-
Ps, respectively, when self-annihilation occurs. The
annihilation of p-Ps yields two y-rays of about 511
keV, the self annihilation of o-Ps yields three y-rays in
the energy region 0—511 keV. Annihilation of 0-Ps is
accelerated by a pick-off reaction with the walls of the
pores; subsequently, annihilation by two y-rays occurs.

The transport and cooling of the Ps can be described
by approximating the Ps transport by diffusion theory.

Let ¢(E, x, t) be the concentration of Ps at depth x with
energy E at time ¢.
A balance equation can then be written as follows:

de(x, E) D(E)dc(x, E) 1 (1
dr dx? 4 (V

) WEVOclx, )+,

X (Il/) WE".Oc(x, E)+ 1(x) — Apsc(x, E)

or .
_7 /tpick—offc(xa E)

where the first term at the right hand side describes the
loss/gain by diffusion (the diffusion coefficient D is E
dependent), the second term the loss rate by scattering
(E - E’), with final energy E’ = E/a after one collision,
and the third term the growth rate by scattering (E” —
E) with energy E” = oF after one collision.

In a collision with atoms in thermal motion also some
energy will be transferred from the atom to the Ps;
finally, this will lead to thermalisation of the Ps. This is
not yet included in the theory. The fourth term is the
implantation rate which is zero for E < E,, the fifth term
is the self annihilation rate and the sixth term the pick-
off rate (important only for o-Ps), with dr the pick-off
layer in the pores with radius r.

The diffusion coefficient can be described by D(F) =
1/6/%v for 3D ordered and 1/44%v for 2D ordered pore
structures, where A is the jump distance = distance
between the two centres of neighbouring cavities =
2r +1, with [, the thickness of the wall separating the
pores. V is the attempt frequency, in all directions, of
one Ps present in a cavity volume V = 4/3mr>, where V1/4
(1/V)vps foO where vps is the velocity of the Ps derived
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from the energy FE, vps=V2eE/mps, and fo is the
fraction of Ps that is penetrating through the walls of
the cavity given by fo=0%*/0O, O* is the open or
transparent part of the wall, f; is the fraction that
scatters off the wall. The factor 1/o is close to unity
because mp, is much smaller than the mass of the wall
atoms. Its lowest value for maximum energy transfer, is
Vo = (1 —mpgma)*l(1 +mpglmy)* ~ (1 —4mpgmy,). The
energy loss for Ps with energy E during time Atz equals
1/4(1/V)v(E) fsO (collision frequency) x At x E/a

The boundary conditions are given by reflection of Ps
at the silicon substrate interface at x =/: (de/dx)—; =
0. It is assumed that Ps at the vacuum side is emitted
into the vacuum: ¢(, ) =0. The emission rate is given
by D(dc/dx). The time dependent transport equation is
solved numerically.

5. Discussion

The above model applied to an ordered 2D pore
structure (e.g. 127 2c) yields a wall thickness of 1.8 nm.
The effective p-Ps diffusivity is calculated to be 2 cm?
s~!, and the diffusion length is 158 nm if the pore
transparency parameter fo=0.2 is taken. It follows
from the value of the diffusion length (of the same order
as the film thickness) that a significant amount of p-Ps
created throughout the film will escape from the surface
during its limited lifetime. In [5] it is found that for a
sample porosity >45%, p-Ps effusion is observed. It is
very likely that when walls get thinner, i.e. a few times
the structural pore size in silica, Ps, which has an
effective, quantum mechanically determined, size of
about 0.8 nm when it is in interaction with the silica
structure, will easily permeate. Numerical results of
transport of p-Ps implanted in such a porous film are
given in Fig. 4. Time dependent energy distributions of
p-Ps at a depth of 200 nm are plotted which show the
evolution of the energy from 1 eV at t=0 to a broad
stationary energy distribution when equilibrium is
established between the implantation of positrons and
the annihilation of p-Ps (average life time 125 ps). The
bottom figure shows the stationary energy distributions
at varying depth. Average energies are 0.35 eV for the
deep layers and 0.41 eV for the shallow layers. The
energy distributions deviate from the Maxwell-Boltz-
mann distribution which applies for particles in thermal
equilibrium. An important reason is that at any time hot
Ps is introduced into the film. It seems that the energy
distributions can be described rather well by the sum of
two Maxwell-Boltzmann distributions, e.g. one with
kT, =0.11 eV, and kT, =0.6 eV for the distribution
with an average energy of 0.35 eV (not shown here).

The above model can be applied and used to fit the
measured energy and velocity distributions, together
with the other parameters measured in the positron

0.0020 T T T T T

0.0015

0.0010

dN/dE

0.0005

0.0000
0.0

(a)

0.0014 | B

>50 nm

0.0012

0.0010

0.0008

dN/dE

Maxwell-Boltzmann
0.0006

0.0004

0.0002

oooopo Lo 1 v v 1w 1 1 PP B
0.0 02 04 0.6 0.8 1.0

) Eps / eV

Fig. 4. (a) Calculated energy distributions during slowing down of p-
Ps in mesoporous silica with pores of 5 nm and density 1 g cm ~> The
Ps particles have an initial energy of 1 eV. The implantation of
positrons is continuous with an energy of 3.5 keV at an average depth
of 300 nm. The energy distribution is plotted at time intervals of 37.5
ps. After 500 ps a stationary state is attained. (b) Stationary energy
distributions for different depths in the film. Average energies are
indicated. A Maxwell-Boltzmann distribution is shown with similar
average energy.

beam experiments. The model will yield fractions for all
annihilating modes which contribute to the S and W
parameters and the Ps fraction.

6. Conclusions and final remarks

Depth selective positron annihilation studies of low-k
films show clearly that with increasing porosity of the
films p-Ps created in the film is emerging from the film.
The velocity distribution of the effusing Ps and the Ps
remaining in the film can be determined. Cooling of the
Ps is slow and is determined by interaction with the pore
walls. The presence of o0-Ps indicates that pores have
grown beyond 4 nm size. Doppler broadening para-
meters and Ps fraction can be used to determine the



A. van Veen et al. | Materials Science and Engineering B102 (2003) 2-7 7

branching into all annihilation channels which depend
on the porous structure of the film. The model presented
here will in the future be used to perform fits of the
branching ratios.
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