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Depth profiled positronium (Ps) annihilation lifetime spectroscopy (PALS) is an extremely useful probe of the pore

characteristics in nanoporous low-dielectric (low-k) constant thin films. PALS has also been considered as a potential

probe to investigate diffusion barrier integrity and the structural changes of porous low-k films during their integration

with Cu. Hence, it is essential to understand the diffusion behaviour of positronium/Cu atoms in the films. In this

work, based on the fact that porous materials possess characteristics of statistical self-similarity, a fractal model, the

Menger sponge model, has been applied to simulate the structure of a promising dielectric, porous methylsilsesquioxane

(MSQ) films. The diffusion behaviour of Ps out of the fractal model and into the surrounding vacuum is studied by

means of the diffusion equation and traditional advective—diffusive theory. Predictive results from our model show good

agreement with measurement data.
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1. Introduction

With increasing requirements for electrical perfor-
mance of on-chip wiring, resistance—capacitance (RC)
delay, electric power consumption and cross talk be-
come dominant factors restricting the development of
ultra-large-scale integrated circuits. Low-k materi-
als are found to be promising materials for meeting
these requirements. One of the promising materials,
porous methylsilsesquioxane (MSQ) film, has many
merits such as a low-k low to 2.3,!!) attractive adhe-
sion to metals? and high thermal stability.l*! The di-
electric properties and mechanical properties of MSQ
dielectrics indicate that MSQ is a promising dielectric
However, the structures of the porous MSQ thin films
are not well understood yet.

Recently, advanced non-destructive method,

beam-based positron annihilation lifetime spec-
troscopy (PALS), has been developed to characterize
the pore information and demonstrated to be a power-
ful tool in determining interconnected or closed porous
structure in low-k films.¥ Since the mechanism re-
sponsible for positron emission from porous materi-
als is not yet fully understood, modelling positronium
(Ps) diffusion in porous films can help to probe the

pore sizes and differentiate open from closed porosity.

Moreover, PALS may be used to investigate diffusion
barrier integrity and the structural changes of porous
low-k films during their integration with Cu. Hence,
it is essential to understand the diffusion behaviour
of positronium/Cu atoms in the films. Through in-
vestigations with a slow positron beam, Knight et
al.’] found evidence of Ps formation within the porous
layer. Positrons injected in a solid reach thermal en-
ergies, then they are efficiently trapped in open struc-
ture after a diffusion path and there they annihilate
with an electron.!®) In porous media, positrons are fa-
vorably trapped in the pores and capture electrons,
then form Ps. Positrons are very sensitive to free vol-
ume sizes present in a material. Based on the funda-
mental volume sizes present in materials which can be
obtained by the measured positron lifetime, PALS can
be used to measure both open voids and closed pores.

The surface of films has been considered to play a
dominant role in determining some properties of ma-
terials. Using the positrons to demonstrate the inves-
tigation of surface is an earlier work.l”) The surface

8 thus we

area in porous material is extremely large,
introduce a fractal model to find the ratio of the ac-
tual surface area to the cross-sectional area (1) and
describe the rough surface construction of porous ma-

terial in the next part of the article.
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In this paper, we try to study the positronium dif-
fusion in porous MSQ in theory. To study dielectric
properties and mechanical properties, we consider that
establishing a theoretical model for pore structure is
crucial. Molecular dynamics simulations of porous
materials showed that the structure of this type of
nanoporous low-k dielectrics!®10 exhibits fractal-like
behaviour, which might be their characteristic. Thus
we focus on establishing a model to describe Ps diffu-

sion in porous MSQ films.

2. The ratio of the surface area to

the cross-sectional area

In porous dielectrics, there are numerous irregular
pores with different sizes. The pore microstructures,
both the pore size and the pore-interfaces, of such
porous media exhibit fractal characteristics.!*1—20]
The porous dielectrics, following Eq. (1), are consid-

ered as fractal porous dielectrics,
M(L)~LP1, 1)

where Dy is the fractal dimension, L is the length
scale, M (L) could be the length of a line or the area

N

(2) (b)

of a surface or the volume or the mass of an object.

Porous films contain pores within a large radius
interval, so it can be associated with the Menger
sponge fractal model?!l' (shown in Fig. 1). The vol-
ume fractal dimension of an exactly fractal Menger
sponge can be expressed as

In(L? — 7C3)

Dv = InL ’

(2)
where C is the cut-out size and Dy is the fractal di-
mension of pores in three dimensions. It is a unique
property of the Menger sponge that its surface fractal
dimension (Dg) and volume fractal dimension (Dy)
are equal,?! namely,

In(L3 — 7C3)
Ds=Dy=———".
s=Dy =" 3)
The volume porosity of the Menger sponge, ¢y, is
given by
Vo —Va L3 — 703\
=0 n (== 4
o= (=) - W

where Vj and V,, are the initial volume and the volume
of the framework at n (0, 1, 2, ...) stage.

(©)

Fig. 1. The transformation to the Menger sponges of stages (b) n =1 and (¢) n = 2 from a cube (a).

At the surface, actual area could be estimated
as the cross-sectional area and the area perpendicular
The two-
dimensional projection of the Menger sponge is the

to the cross section of the pore surface.

Sierpinski carpet (shown in Fig. 2). It could be ob-
tained that the ratio of the surface area to the cross-
sectional area is

S+ AS
n_Ta (5)

where S is the cross-sectional area, 7 is the ratio of the
actual surface area to the cross-sectional area, and AS
is the area of the four sides of the pore surface which
are perpendicular to the surface.

The cut-out area of the Sierpinski carpet can also
be obtained as in Ref. [22]

Al =17 {1 - <¥>W] (6)
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Based on the structure of the Menger sponge, AS can
be expressed as

AS =44, (7)

According to Egs. (3), (4), and (6), we can obtain the
relation between porosity and actual surface area

In((L2—C2)/L?)
(Dg—3)InL

n=A41-(1-¢v)

]+ 1. (8)

(b)

The
silsesquioxane is 2.571231 under the circumstances we

surface fractal dimension of phenyl-
discussed. Because MSQ synthesized under the same
condition has a similar structure to phenylsilsesquiox-
ane, the surface fractal dimension of MSQ has the
same value. Thus we use the Menger sponge with
L = 11 and C = 5 (fractal dimension is 2.55) to

simulate the structure of porous MSQ films.
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(©)

Fig. 2. The Sierpinski carpets of fractal dimension D = 1.723 at stages (a) n =0, (b) n =1, and (¢) n = 2.

3. Diffusion model and simula-
tion method

In this section, we try to obtain the analytical
expression of Ps intensity measured in vacuum. The
ratio of the surface area to the cross-sectional area, n
(described in the last section), which plays an impor-
tant role in the formation of Ps, will be a necessary
parameter to calculate the intensity of Ps annihilated
in vacuum. The intensity of Ps will be described by
several parts in this section.

3.1. Porosity and porogen loading

In typical low-k film pore generation schemes, an
amount of pore generator (porogen) is mixed with a
low-k matrix precursor in solution and then spin cast
to form a nanocomposite film. After high tempera-
ture treatment, the porogen is burnt and leaves pores
behind. The exact relation of porosity and porogen
loading is not yet known.

Yang et al.?¥ have reported the dielectric con-
stant in different porogen loading data. We use the

Clausius—Mossotti effective medium model to find the
relation between porosity and porogen loading. The
simplest expression of the Clausius—Mossotti effective
medium model applied to two-phase materials is given
N (2= 1)
Er — 1 €9 — 1
ar+2:(1_¢V)'(52+2)’ ©)
where 5 is the relative dielectric constant of the dense

MSQ), and €, is a rough estimate of the dielectric con-
stant of the porous media.[?5] These values are related
to the porosity ¢y of the porous media. With about
45% of the total porosity, the dielectric constant for
MSQ-based films is about 2.0.[26) According to Eq. (9),
the calculated dielectric constant of dense MSQ, €5 is
about 3.5. By using Eq. (9), we can fit the exper-
imental data, and the relationship between porosity
and porogen loading, z, can be deduced as

¢y = 0.1375 + . (10)

From refractive index measurements, Petkov et al.
considered that the factor of porosity and porogen
loading is 0.77 4 0.01,27) namely,

¢y = 0.77x. (11)
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Figure 3 shows the comparison of the experimen-
tal data and the predictions. It is obvious that the
dielectric constants predicted by Eq. (10) are in bet-
ter agreement with the experimental data than those
by Eq. (11). According to Eq. (10), we can obtain
that the porosity is 14.75% when the porogen load-
ing is 1%, which is identical to the film with 1% of
porogen, which already contains 14 vol.%—-16 vol.%

micro-pores.[4

4 predicted data by Eq. (10)

= experimental data [24]
L —— predicted data by Eq. (11)

Dielectric constant

0 }
0.2

04 06
Porogen loading/x

Fig. 3. A comparison of the dielectric constant predicted
by Eq. (11), with existing experimental datal24! and that
predicted by Eq. (10).

3.2. Ps branching ratio for MSQ surface

Researchers have found that at glancing inci-
dence, electron captured by surface-reflected positrons
formed a variable ‘fast’ (10-100 €V) energy Ps beam
with intensity up to 3%—5% probability on the sur-

|

faces of Al and Cu.[?!! In a thin epoxy resin film on
a Si substrate, the Ps intensity increased slightly and
then decreased continuously from about 27% to a very
small value of less than 2% as a function of the incident
positron energy (1-4 keV) in 45 nm thick films.?% In
this work, the incident positron energy discussed is
between 1 and 8 keV, we neglect the effect of incident
positron energy on ‘fast’ Ps and estimate the aver-
age. Thus the ‘fast’ Ps intensity can be considered to
be less than 2%[?! and thus the ‘fast’ Ps intensity in
porous MSQ films is estimated to be 1.6% according
to Ref. [2]. We label the intensity of ‘fast’ Ps as fpso,
ie.,

fpso = 0.016. (12)

The three-dimensional diffusion equation of Ps in
films is given by

on(r,t)
ot

= D, V?n(r,t) — An(r,t), (13)
where D is the positron diffusion coefficient in the
film, n(r,t) is the positron density as a function of
both time and position, and (A~! = 7) is the effec-
tive lifetime of the positron in a freely diffusing state
(4.59 x 1079 s71).130]

Without internal reflection at the surface and by
solving in the trivial case of an initial profile, a §-
function (¢(z,0) = §(z — a)), the general solution for
the positron wavefunction density is the integration
over the solution in Eq. (13) and is expressed by

Y(a, z,t) = /T a NGE: a exp[—A\t]. (14)
The number of positions which diffuse back to the surface can be given by
N(a,z,t) =|J(z,t)| = Dyt [?ﬁ}, (15)

where J(z,t) means the positron current through the position z at time ¢. The total flux through the plane at

the position z is

N(a,2) N(a,z,t)dt

\8

N =N = O

(exp[—v/(a = 2)?/Dy7] + exp[—v/(a+ 2)?/Dy.7])

(exp[—(a — 2)/ L] + exp[—(a + 2)/L+]),
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where L is the diffusion length in angstrom given by

L+ = \/ D+T = (A/A/)Eg

with n a constant. The constant A can be found em-
pirically to be A ~ (400/p), A/keV" where p is the
target density in g/cm?, E is in keV, and A’ depends

(17)

on the profile.®!] Calculated by a combination of EP
and SAWS data, the typical skeleton density of the
MSQ films is close to 1.4 g/cm3,[4] and we label the
dense density as pg. The density of porous film and
the constant A can be expressed as

pP= PO(l _¢)a

A~ (400/p0) /(1 - 6).

If Lo denotes the mean diffusion length of the
dense MSQ film, due to Eqs. (18) and (19), the mean
diffusion length of the porous MSQ is given by

(18)

(19)

- L+0 - \/D_;,_()T
Li=1 =14 (20)

where D is 0.1 cm?/s.13?]

After thermalization in the polymer, a positron
reaching to the pore surface has a chance to form
Ps. The probability of Ps formation is related to the
branching ratio for Ps and the surface roughness. The
larger the roughness of the surface is, the bigger the
probability of Ps formation is. So we introduce the ra-
tio of the effective surface area to the cross-sectional
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area to estimate the intensity of Ps at the surface. The
probability fps1(0) of a positron reaching the near sur-
face and then forming positronium (Ps) is expressed
as

l

fps1(0) = fon/p(mE)N(a,z)da ,

0 z=0

(21)

where 7 is the ratio of the surface area to the cross-
sectional area described in Section 2, [ is the thickness
of porous MSQ films, fy is the branching ratio for Ps,
and p(a, E) is the implantation profile of the positrons
after thermalization in the polymer. The implantation

profile is expressed as

ER RN

where zg = AE™/I'(1/m+1), m is a constant.[>!] For
MSQ films, n is 1.44™ and m is set to 2.
In the case that pores are closed, Ps forming in

pla, E) =m

the porous films cannot reach the surface. Thus, the
measured intensity includes ‘fast’ Ps (fpsp) and Ps
forming on the near surface (fps1). Based on Egs. (12)
and (21), the best fit of experimental datal®3 shown
in Fig. 3 gives a value of fo = 0.1 in MSQ films.

Figure 4 shows that the theoretical intensity
shows a good agreement with the experimental data
at x =0 and = = 0.1, when fy =0.1.

=]

X z=0.1

g 0.124

5

g

s

£ 0.08] N

>

b~

g

g 0.04 4

R
b

S
0 1 2 3 4 5 6

Energy/keV

X ] z=0.35

= 0.164

£

=) 4

g 0.12

£

= ]

& 0.08] .

73] 4

g 0.04

it .04

=

= 1 @

A o
0 1 2 3 4 5 6

Energy/keV

013601-5



Chin. Phys. B Vol. 19, No. 1 (2010) 013601

X
= ] z=04
é 0.16
> ]
= 0.12_
>
£ 0081 A
=1 ]
Q
E 004/ ©
i (e
& 0

0 1 2 3 4 5 6
Energy/keV

0.207

% =045
§ 0.164
£ ]
& 012
2
= 0.08 1 A
[=] ]
g
£ 0.04]
@ ()
0 T T T T T T T

Energy/keV

Fig. 4. According to Egs. (12) and (21) and fo = 0.1, a comparison of the present model predictions with the

experimental data in Ref. [33] is shown for different porogen loading, x, before pores are interconnected.

3.3. Ps diffusion in porous dielectric

For porous films, there is a critical porogen load-
ing, the connectivity threshold (Ztnreshold), above
which pores become interconnected with the surface.
Above the percolation threshold, atomic Ps gas can
diffuse through a long distance. Ps gas diffusion in
porous media is an important factor in flow.

Based on the advective—diffusive model, the mass
flux for one gas component, neglecting gravity and the

Klinkenberg factor, can be obtained as/3
ko
F=- ppsvpps, (23)
Hps

where F is the mass flux for Ps gas (kg/(m?s)),
ko is intrinsic permeability (m?), ups is viscosity
(kg/(m-s)), pps is density of the Ps gas (kg/m?), and
Ppg is the pressure (Pa). We denote the ratio of in-
trinsic permeability to viscosity as

ko
UPs ’

7= (24)
According to the ideal-gas equation of state and the
relation between mass density and number density,
Eq. (23) can be rewritten as

F = —(ycT'mps)npsVnps, (25)

where k is Boltzmann’s constant, mpg is the mass of
Ps, and T is the temperature (K).

diffuse
positrons can capture electrons around the pore sur-

When positrons around the pores,

face and form Ps. Positron and Ps diffusion pro-
cesses in a mesoporous sample determine a ‘sensitiv-
ity volume’ around a pore, which can probe the pore
structure.?”) Figure 5 shows the ideal porous struc-
ture, where d is the average pore distance indicating

the average centre-to-centre distance between two ad-
jacent pores.

Fig. 5. Illustration of pores in films.

With the assumption that pores are rectangular,
a cell including one pore is shown in Fig. 6. The aver-
age volume porosity and the average area porosity are
equal,l3® the porosity relabelled as ¢ can be expressed
as ,
R
The approximate average pore distance can be ob-

tained as
R

ﬁ.

When positrons (Ny) are implanted into the film,

d= (27)

the positrons which can reach position z could diffuse
freely in the pore volume SR¢, where S is the cross-
sectional area of the films implanted with positrons.
The number density of Ps through position z at time

013601-6
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t, nps can be given by

n _ NofPs(Zat)
Ps SR(z)

z+d
/ p(a)N(a, z,t)da] , (28)

nolfO
R

where gn = Ny/SI is the number density of incident
positrons.

Fig. 6. Illustration of the average pore distance by a cell
model including one pore.

The total mass flux for Ps which can reach the
surface by diffusing out through interconnected pores
is given by

F(0) = /F(z, t)dt . (29)
0 z2=0
At the film surface, the intensity of Ps (fps2) dif-
fusing out of interconnected pores is

Fou = F(0) - $S/mps
Ps2 — NO

T(nol) f2
= DG 4 a)

oo

X 0/ [ O/d p(a)N(a,O,t)da}N(d,O,t)dt.(BO)

The intensity of Ps measured at the surface in-
cludes the ‘fast’ Ps intensity, the intensity of Ps form-
ing at the surface after thermalization, and the inten-
sity of the Ps diffusing out of the interconnected pores.
So the measured intensity Ips can be expressed by

Ips = fPsO + fPsl + 9(-75 - xthreshold)fPsZa (31)

where the step function (2 — Zthreshold) sets the Ps
intensity diffusing out of the interconnected pores to

zero when porosity is below the percolation threshold
of the material (i.e., no interconnected pores). Equa-
tion (31) can be used to predict the Ps intensity mea-
sured in vacuum.

Rosowsky[®%! introduced an analytical method to
compute the site percolation threshold, and found
that the approximate value of percolation threshold
is larger than or equal to the real value. The critical
porosity of square pores is found to be 0.59.136] Accord-
ing to Eq. (10), the percolation threshold of porogen
loading can be obtained, and the value is about 0.454.

While the pores are interconnected after the poro-
gen loading reaches percolation threshold, intercon-
nected porosity, ¢, is equivalent to (£ — Tthreshold)-
Hu et al
versus porogen weight fraction for different incident
energies.*? Based on Egs. (12), (21), (30), and the
experimental data,®3] the fitting curves are plotted in

measured the Ps intensity in vacuum

Fig. 7, compared with the experimental data.

0.24 1 present model, 1 keV'
present model, 3 keV'
I ] present model, 5 keV'
= 0.20- present model, 8 keV
% 4o experimental data [33], 1 keV
=] ] o experimental data [33], 3 keV
2 0.164 v experimental data [33], 5 keV
> ] % experimental data [33], 8 keV
8 0.12
o .
=1 E
2
2 0.081
=
g ]
w  0.04
ol
0 T T T

0 02 04 06 0.8
Porogen loading x/%
Fig. 7. Variation of positron incident energy versus poro-
gen loading weight fraction, a comparison of Ps intensities

predicted by the present model with the existing experi-
mental data in the vacuum.

Figure 7 shows the model predictions, which also
depicts the effect of the porogen loading and energy
on the Ps intensity measured in vacuum. The predic-
tions with 3 keV, 5 keV and 8 keV are in good agree-
ment with existing experimental data but the predic-
tion with 1 keV has a gap. The main reason is that we
have ignored the ‘fast’ Ps change with incident energy.
Based on the implantation profile of the positrons, the
number of 1 keV positrons implanted into films is the
highest of all. Thus the number of surface-reflected
positrons is much more than for other cases, that is
the ‘fast’ Ps is much more. In our model, we estimate
that the ‘fast’ Ps beam is 0.016 which is the main rea-
son for the gap produced for 1 keV porositrons. The
number of implantation positrons with energies 3 keV,
5 keV and 8 keV is of little difference.
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It can be seen that the Ps intensity measured
in vacuum increases as the porogen loading increases
before the porogen loading reaches a threshold, and
then decreases after the peak. The larger the poros-
ity is, the thinner the skeleton films. Accroding to
the implantation profile of the positrons after ther-
malization in the polymer (Eq. (22)), the number of
positrons diffusing out of the films increases with the
increase of porosity. If the porosity goes on increas-
ing, the intensity would reach the peak value. As the
porosity increases further, more positrons enter the
substrate through films, and cannot form Ps, which
would lead to the decrease of the intensity of Ps anni-
hilated in vacuum. The chance of electrons captured
by positrons diffusing through interconnected pores
increases with the porogen loading fraction, leading to
the increase of Ps intensity in vacuum. While electron
density of films decreases as porogen loading fraction
increases, the Ps intensity will decrease when the poro-
gen loading fraction reaches a threshold. The thresh-

old model prediction is in agreement with the experi-
mental data,?”)] especially at positron energy between
3 and 8 keV.

4. Conclusion

Ps diffusion in porous films is an interesting ques-
tion. In terms of fractal theories, a new model using
a Menger sponge is established to describe the porous
MSQ structure based on the statistically self-similar
characteristics of porous media. With the advective—
diffusive model, an analytical expression for the diffu-
sion behaviour of Ps in nanoporous low-k dielectrics
is deduced as a function of energy and porogen load-
ing. The expression obtained by using the proposed
model is well understood and in agreement with exper-
imental data, and the present model is thus applicable
for prediction of the diffusion behaviour of Ps in real
porous media.
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