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Abstract

Positronium time of flight (Ps-TOF) was measured by implanting slow positron pulses at variable energies into a nano-architectural
silica thin film with two-dimensionally connected cage-like pores to investigate a continuity of the self-organized extremely thin diffusion
barrier between the pores. By comparing a capped and open-pored low-k film, we found a Ps-TOF spectrum with positron implantation
energy of 0.2 keV that reflects the sample structure is consistent with an open pore fraction g < 1.7 Æ · 10�6 of the diffusion barrier.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Submicron thin films of porous silica and organosili-
cates are vigorously being developed as low-dielectric
(low-k), interlayer insulators for use in high-speed micro-
electronic devices [1]. The integration of copper with por-
ous ultralow-k interlayer dielectrics (ILDs) is required to
overcome the resistance–capacitance (RC) time delay of
integrated circuits and crosstalk noise problems for future
generation computer microprocessors [2–6]. However, Cu
is known to have high diffusivity into most of the promis-
ing ILD materials, and the presence of Cu in the pores of
low-k materials results in serious device degradation and
1387-1811/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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failure. Therefore, it is necessary to separate the Cu inter-
connect lines from the surrounding ILD by diffusion barri-
ers [7] Positronium annihilation lifetime spectroscopy
(PALS) has been applied to determine whether or not a dif-
fusion barrier on an open-pored low-k film is impervious
[8–11]. A Ta barrier only 5 nm thick is not completely effec-
tive in preventing Ps diffusion out of a low-k film [12]. On
the other hand, a capping layer of 80 nm silica effectively
blocks the diffusion of Ps out of a low-k film [9]. Although
PALS measurement has been useful to measure the diffu-
sion of the positronium out of a supported thin film, it
has limitations in measuring a diffusivity or an open pore
fraction of the diffusion barrier. Ps-TOF spectroscopy
may be a unique technique to offer direct information
about the atoms that diffuse out of a low-k thin film.

In the last several years, positronium time of flight spec-
troscopy (Ps-TOF) has become an established technique
for probing Ps emission from surface or Ps diffusion in
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matter [13,14]. If the small pinholes or discontinuities in the
barrier itself form a passage allowing Ps to escape into vac-
uum, this effect can be easily detected by Ps-TOF spectros-
copy. Ps-TOF spectroscopy might be a complementary
method to obtain further understanding by separating
decays in the porous matrix from decays attributed to Ps
escape into vacuum. Recently we found that a spin-coated
capping layer of 50 nm silica confine Ps atoms. However, it
is difficult to make a diffusion barrier thinner than 50 nm
by spin coating method. Much thinner and effective barrier
is strongly required.

Preparation of thin films of mesoporous materials [15–
22] has attracted considerable attention because of their
possible applications in the fields of separations, chemical
sensors, optical devices, and electronic devices such as
low-k dielectric films. The mesoporous materials contain
several unique structures: lamellar (MCM-50 [23]), cubic
Pm3n (SBA-1 [24]), cubic Ia3d (MCM-48 [23]), two-dimen-
sional hexagonal P6m (FSM-16, [25] MCM-41, [23] SBA-3,
[24] and SBA-15 [26]), and three-dimensional hexagonal
P63/mmc (SBA-2 [24]). The desired mesostructures of the
silica materials have conventionally been obtained by con-
trolling the composition and pH of a precursor solution
and synthetic time and temperature. The geometric struc-
tures are based on the idea of a surfactant packing param-
eter [27]. Moreover, several phase transitions from one
kind of mesostructure to another are found under drying
[27,28] and hydrothermal conditions [29].

In contrast, we have first found phase transition of sur-
factantsilicate nano-composites under vapor-phase synthe-
Fig. 1. Schematic view of 50 MeV linac, an assembly of slow positron generat
time of flight (Ps-TOF) spectroscopy: (upper) drawing; (lower) photograph.
sis [30]. Cetyltrimethylammonium bromide (C16TAB) films
on a Si substrate were treated with tetraethoxysilane
(TEOS) and tetramethoxysilane (TMOS). The obtained
films have hexagonally arranged pore channels that run
parallel to the film surface. However, when the films are
used as electric devices, the structure of pores of the films
should be isotropic parallel to the surface in some cases.
In vapor-phase method, selection of surfactant is the most
important factor to determine the porous structure simi-
larly to the sol–gel method [31]. In this work, we used the
Ps-TOF spectrometer developed at Slow Positron Facility,
High Energy Accelerator Organization (KEK-SPF) to
investigate the self-organized diffusion barrier produced
in a nano-architectural silica thin film with two-dimension-
ally connected cage-like pores by comparing the Ps-TOF
spectrum in a capped and open-pored low-k film.

2. Experimental

Our apparatus consists of a pulsed source of slow pos-
itrons, a capped and open pored spin-on low-k film and a
new mesostructured film at room temperature, a time of
flight spectrometer for measuring Ps velocities, and associ-
ated electronics. The present experiment was performed at
Slow Positron Facility, High Energy Accelerator Research
Organization [32]. The facility consists of a 50 MeV linac,
an assembly of slow positron generator, a slow positron
transport line and an experimental station for positron
time of flight (Ps-TOF) spectroscopy. Fig. 1 shows an
overview of the facility. The experimental setup is shown
or, a slow positron transport line and an experimental station for positron



Fig. 2. (a) Principle of Ps-TOF measurement experiment; conceptual view of the preset samples: (b) a capped, (c) an open-pored, and (d) a mesostructured
low-k film; (e) Ps-TOF measurement experimental setup.
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in Fig. 2. The principle of the Ps-TOF method has been
previously discussed [33], and is only briefly introduced
here. In the TOF measurement, the sample is bombarded
with a slow positron beam. The time interval between
the linac signal and the detection of the gamma ray
from the emitted o-Ps self-annihilation is measured to
obtain the energy distribution of the emitted Ps. In the
present experiment, the lead collimator was adjusted to



Table 1
Sample properties of the mesostructured sample as obtained with the
XRD, TEM and the nitrogen gas absorption/desorption measurements

Sample thickness (nm) 200
Total porosity (%) 40
Pore size (nm) 6.0
Pore structure 2d cage-like
Lattice spacing (nm) 10.2
Density length (g/cm3) 1.72 · 10�5

FE-SEM image of the as-synthesized sample (scale bar, 60 nm; 500 k x) is
shown.
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effectively reduce the annihilation gamma rays from the
sample region to detect only the decay events from self-
annihilation of Ps in the view of the plastic scintillator
through a 4.5 mm lead slit. And at the same time, however,
the counter also detects a part of the decay events after
passing through the lead shield from the sample region
(the decay events from the sample are not totally shielded
by the lead blocks). If the diffusion barrier is not impervi-
ous, Ps can diffuse out of the film and it can be easily
detected by the Ps-TOF spectrometer.

We performed a Ps-TOF measurement experiment at the
downstream end of the beam line. The pulse heights and
annihilation gamma rays and the time when annihilation
events occur are recorded by a digital oscilloscope (LeCroy
Wavepro 960). A pulse fed from the linac triggered the start.
The scintillator was 600 mm in diameter and 10 mm in
thickness and was coupled on opposite sides to a photomul-
tiplier tube (HAMAMATSU H 1949) through a Lucite
light guide. The vacuum level in the sample chamber was
kept to be 10�8–10�9 torr throughout the present experi-
ment period. The sample bias can be varied in the range
of 0–9 keV by changing the electric potential at the sample
by using a retarding element (RET). The energy of the slow
positron beam is 5 keV. The beam size was 1 cm in diame-
ter. The beam intensity and the pulse width were 2 · 105

positrons/pulse and 22 ns, respectively.
Mesostructured silica films were prepared according to

the reported method [31]: A silicon wafer was cut into
2 · 2 cm2 pieces and used as a substrate. Nonionic poly
(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) amphiphilic triblock copolymer (EO106PO70EO106;
Pluronic F127) was used as a templating agent. The surfac-
tant film was prepared on the silicon wafer by spin-coating
using a solution of Pluronic F127, ethanol (EtOH), HCl
and deionized water (the mole ratios: 0.03 Pluronic
F127:100EtOH:100H2O:0.1HCl). The surfactant film was
placed vertically in a closed vessel (200 cm3) along with a
separate, small amount of TEOS and HCl (5 N). The vessel
was then placed in an oven at 90 �C for 60 min. Thus, the
surfactant film was exposed to a saturated TEOS vapor
under autogenous pressure. The film was calcined at
400 �C in air for 5 h with a heating rate of 1 �C/min. The
products were identified by XRD patterns recorded on a
Philips X’ Pert-MPD using Cu-Ka radiation with
k = 1.5418 Å in the h–2h scan mode. FE-SEM images were
recorded on a Hitachi S-5000L microscope at an accelera-
tion voltage of 21 kV. No coating was carried out for the
samples before the FE-SEM measurements. TEM images
of a calcined mesoporous silica film were recorded on a
Hitachi H9000 electron microscope at an acceleration volt-
age of 300 kV. The N2 adsorption/desorption isotherms of
products were measured at 77 K using an AUTOSORB-1
instrument (Quantachrome Co.). The measurements were
performed with powdery sample, which was peeled from
the Si substrate. The pore size distributions were calculated
using the BJH model from the desorption branch. The pore
volume was determined from the adsorption branch of the
N2 isotherm curve at P/P0 = 0.983. The surface area was
calculated by the BET method.

The FE-SEM images of the cross-section of the meso-
porous silica film revealed a plausible structure of the mes-
oporous silica film on the silicon substrate. Hexagonally
arranged stubbed pillars were found on the substrate sur-
face. The mesoporous silica film consists of layered silica
parallel to the film surface with periodic pillars. The meso-
structures of the thin film are summarized in Fig. 2(d): the
lattice spacing d of 102 Å, silica layer thickness of 58 Å,
and pillar diameter in the middle of 60 Å. The film has
twenty layers and was about 200-nm thick. The pores at
the film–substrate interface are hemisphere in shape.
Nano-pores look like ellipsoidal structures whose diameter
along the lateral axis (95 Å) is longer than the one along
the longitudinal axis (44 Å). The properties of the present
mesostrutured sample are summarized in Table 1.

The XRD pattern of the mesoporous silica film calcined
at 400 �C showed a large 100 reflection corresponding to
the lattice spacing d = 102.0 Å. The BET surface area of
the mesoporous silica film, calculated by assuming the cov-
ered area by nitrogen molecules as 0.162 nm2, was 720 m2/
g. The mesoporous silica film shows a sharp pore size dis-
tribution, with a pore diameter of 72 Å. The o-Ps lifetime
of 60 ns, as obtained by assuming the rigid spherical poten-
tial model [34] is long enough to see the effect in a pore with
a size of 6 nm in diameter. The sample with a size of
20 · 20 mm2 was attached to the aluminum sample holder
and installed in the Ps-TOF spectrometer. The positrons
were implanted to the mesostructured sample. The XRD
pattern of this mesoporous film is shown in Fig. 3.

The reference positron target was an open pored spin-on
low-k film, consisting of zeolite nano-crystals. The porous
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Fig. 3. XRD pattern of the as-synthesized sample (a). The XRD pattern of the calcined sample (b).
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silica film sample was prepared under collaboration with
Yan’s laboratory, Bourns College of Engineering, Univer-
sity of California, Riverside. For the capped sample, the
present films were prepared by a spin-on processes on Si
wafers to form a porous film and a capping nonporous
layer. The thickness of the porous layer was optimized
for 3 keV positron (e+) penetration through the capping
and stopping in the porous layer [35]. The thickness and
the porosity of each layer were measured by a spectro-
scopic wavelength ellipsometer (Jobin Yvon UVISEL
Spectroscopic Phase Modulated Ellipsometer), and the
pore diameter was measured by a nitrogen gas absorp-
tion/desorption method. The obtained values are shown
in Table 2. The layer on top (Layer 1) is pure amorphous
Table 2
Sample properties of the capped sample as obtained with the ellipsometer
and nitrogen gas absorption/desorption measurements

Thickness (nm) Porosity (%) Pore size (nm)

Capping layer 52.3 4.6 4.0
Layer 1 83.0 40.3 4.0
Layer 2 144.8 50.6 4.0
silica without any zeolite. The other two layers (Layers 2
and 3) are composed of both zeolite nano-crystals and
amorphous silica. The thickness of the nonporous layer
is �50 nm. The porous layer with a thickness of �220 nm
has a gradual porosity distribution in Layer 2, ranging
from 50.6% to 4.6% towards the nonporous layer, having
the average porosity of 40.3%. The open-pored films were
also prepared according to the same procedure. The thick-
ness, the porosity of each layer and the pore size for the
open-pored sample is summarized in Table 3.

Nitrogen adsorption/desorption measurements were
conducted on powder samples by a Micromeritics ASAP
2010 analyzer. The observed pore size distribution was
bimodal, which comprises the intrinsic zeolite microporos-
ity of 5.5 Å in diameter and interparticle mesoporosity of
Table 3
Sample properties of the open-pored sample as obtained with the
ellipsometer and nitrogen gas absorption/desorption measurements

Sample thickness (nm) 431.7
Zeolite content (%) 38.3
Porosity in zeolite (%) 11.49
Porosity outside zeolite (%) 61.7
Total porosity (%) 73.19
Pore size (nm) 4, 0.5
Density length (g/cm3) 2.55 · 10�5



Fig. 4. Obtained Ps-TOF spectra in an open-pored low-k film with
different incident positron energies of 0.5 keV and 2.5 keV. The distance
between the sample and the detector slit is 45 mm. The zero of time was
fixed at the prompt peak. The width of the peak is due to the linac pulse
width. The counts for t < 0 are associated with gamma rays and neutrons
from the bremstrahlung pair production target.
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4 nm in diameter. The o-Ps lifetime of 50–60 ns, as obtained
by assuming the rigid spherical potential model [34] is long
enough to see the effect in a pore with a size of 4 nm in diam-
eter. The sample with a size of 23 mm · 23 mm was
attached to the aluminum sample holder and installed in
the Ps-TOF spectrometer. The positrons were implanted
to the porous layer through the nonporous layer.

3. Results and discussion

Figs. 4 and 5 show a positron implantation energy
dependence of the Ps-TOF spectrum for various positron
impact energies, ranging from 0.2 keV to 3.0 keV with a
capped and open pored spin-on low-k film, and a new
mesostructured film. In the present experiment, the differ-
ence between the positron transport energy (5 keV) and
the voltage at the sample was employed as the positron
energy at the sample. All the data were normalized to the
measurement time (10,000 s). The prompt peak in Figs. 4
and 5 is a convolution of fast Ps decay events, which does
not provide information about the nano-porous structure
in the sample and neglected in the following discussion.
The zero of time was fixed at the prompt peak. The width
of the peak is due to the linac pulse width. The counts for
t < 0 are associated with gamma rays and neutrons from
the bremsstrahlung pair production target. The variations
in Ps yield in these figures reflect each sample structure.

In Fig. 4, the Ps-TOF time spectra with positron implan-
tation energies of 0.5 keV and 3.0 keV for an open-pored
porous low-k film are shown. A large amount of long life-
time Ps component indicates the Ps escape into the vacuum.
The major feature is a delayed component that is broadened
and is delayed with positron implantation energy because
Ps forms copiously in the porous layer, thermalizes and
escapes through the interconnected porous network. The
Ps diffusion time in the sample is negligible because w2/
Fig. 5. Obtained Ps-TOF spectrum in (a) a mesostructured low-k film and (b)
0.2 keV to 3.0 keV. The distance between the sample and the detector slit is 45 m
due to the linac pulse width. The counts for t < 0 are associated with gamma
D � (300 nm)2/(4 nm · 107 cm/s) = 2 · 10�10 s in the por-
ous layer of a capped and open pored low-k sample is much
less than the time of flight of�100 ns. The Ps yield integrat-
ing over the time range 0–450 ns, which is independent on
the positron implantation energy, is also consistent with
w2/D� s4 nm � 50 ns, where s4 nm is the lifetime of the
o-Ps.

In Fig. 5, we compare the Ps-TOF spectra in the meso-
structured film (Fig. 5(a)) to that in the capped film
(Fig. 5(b)) with different positron implantation energies.
a capped low-k film with different incident positron energies, ranging from
m. The zero of time was fixed at the prompt peak. The width of the peak is
rays and neutrons from the bremstrahlung pair production target.
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In the mesostractured sample, the shape and the Ps yield
seem to be almost independent on the positron implanta-
tion energy indicating the periodical structure in the sam-
ple. The typical diffusion length of Ps in amorphous silica
exceeds 10 nm, which is longer than the wall thickness of
the present mesostructured sample. From our XRD analy-
sis, as shown in Fig. 3, we think the porous structure is
uniform. Thus, the Ps yield is independent of implantation
energy, i.e. implantation depth as expected for a periodical
structure. On the other hand, in the capped sample, the
energy-dependent Ps-TOF spectra reflect the sample struc-
ture (Fig. 5(b)).

We now construct a picture of the positronium in our
porous structure in order to interpret our data and arrive
at an estimate for the fractional open area of its self-orga-
nized diffusion barrier by comparing it to the capped sam-
ple. Our picture of the various layers is as follows.

The multiple layers in the capped sample were used as a
reference sample to examine the diffusion behavior of Ps
confined beneath the artificial thicker amorphous diffusion
barrier, i.e. the region in the layer 2 and the mixed porosity
layer 1. In a capped sample, when the positrons are
implanted into the middle of the capping layer using an
implantation energy of 0.5 keV, they find themselves in
an amorphous silica layer that forms positronium effi-
ciently. Ps will diffuse to the surface and will be emitted
into the vacuum with an energy of about 3 eV characteris-
tic of the Ps negative affinity for amorphous silica as
reported by Sferlazzo, Berko and Canter [36]. This Ps will
be emitted essentially instantaneously compared to the rel-
evant times of flight which are about 100 ns, thus leading to
the small delayed peak at the positionium in Fig. 5(b).

In our new mesostructured film, even at very low energy,
in this case 0.2 keV (<0.5 keV), the positron can penetrate
through the first amorphous barrier Ps forms copiously in
the porous, thermalizes and escapes through cracks or
other gaps in the self-organized diffusion barrier. At high
energies, in this case 3 keV, Ps forms copiously in both of
the samples as shown in Fig. 5(a) and (b).

In a new mesostructured sample, positrons are
implanted within the first few layers of the porous layer
by giving them about 0.2 keV of implantation energy.
The pore size is about d = 6 nm in diameter. The porous
layer comprises a network of two-dimensionally intercon-
nected cage-like pores that are parallel to the substrate.
These pores are separated from each other with the self-
organized thin diffusion barrier of w = 5 nm in thickness
that is parallel to the substrate.

(a) We assume the self-organized diffusion barrier is
almost impervious so that the Ps leakage rate out of
the porous layer is small compared to its decay rate
in the porous layer.

(b) The Ps mean thermal velocity v is such that d/v is much
less than the time of flight of �100 ns so that the Ps
density is nearly constant throughout the porous layer:
t = d/v � (6 nm)/107 cm s�1 = 10�13 s� 100 ns.
(c) It is thus clear that the rate of Ps leaking out of the
porous region is the rate of an ideal gas hitting the
diffusion barrier times the fractional open area g of
the diffusion barrier. Thus the leak rate per positro-
nium atom is C = 1/4vg/d � 1013 s�1 · g. It follows
that the long time part of the time of flight curve
(in the steady state limit) will have a characteristic
lifetime that is the same as the lifetime of the Ps in
the porous layer. This turns out to be about 60 ns,
which is just the same as found in previous measure-
ments on porous materials of similar characteristics,
i.e. having 6 nm pores [34].

(d) Our assumption that the diffusion barrier is nearly
impervious is consistent with the delayed 60 ns compo-
nent seen in Fig. 5(a) for the 0.2 keV curve. It must there-
fore be that C < (60 ns)�1 = 1.7 · 107 s�1. We therefore
have an upper limit on the open area fraction:
g ¼ C=1013 s�1 < 1:7� 107 s�1=1013 s�1 ¼ 1:7� 10�6:

ð1Þ

In conclusion, in the mesostructured film, at 0.2 keV, Ps

forms copiously in the porous layer and thermalizes, but
only very small number of Ps escapes through cracks or
other gaps in an extremely thin self-organized diffusion
barrier. In a capped sample, on the other hand, at
0.5 keV surface Ps escapes and gives us the small bump
at about 100 ns time of flight as observed in Fig. 5(b). At
3 keV, in both of the samples, Ps forms copiously in the
porous layer, thermalizes, and are confined beneath the
diffusion barrier. In an open-pored porous low-k sample,
a typical Ps-TOF time spectra as shown in Fig. 4 show a
copious Ps formation thermalization and escape through
an interconnected porous network.

Bose–Einstein condensation (BEC) effects of many pos-
itronium atoms (Ps; the electron bound state with its anti-
particle, the positron) would be interesting to observe in a
material in which there are a great many interconnected
pores, such that Ps can diffuse over long distances (on
the order of microns [8]). If we can confine the Ps in a very
thin porous film by preventing escaping into vacuum, a
dense Ps gas can be more easily produced. For the purpose
of the production of a dense Ps gas, a diffusion barrier
must be continuous and very thin, and the tradeoff
between continuity and thickness of the barrier affects
the Ps gas density in the porous layer underneath. It is
therefore important to establish a method to characterize
such film properties. At KEK-SPF, the positron beam is
completely depolarized. If the positrons from which the
positronium is formed are not perfectly spin polarized,
there could be spin exchanging triplet positronium–triplet
positronium collisions of dense Ps in the porous medium
that would increase the average annihilation rate [37].
Our goal is an application of porous materials to funda-
mental physics to understand the structural effects of the
sample that will enable us to optimize the barrier thickness
as required for eventual measurements of spin exchange
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cross section and possibly the Bose–Einstein condensation
of Ps atoms.

In conclusion, a nano-architectural silica thin film with
two-dimensionally connected cage-like pores has been
characterized by using a Ps-TOF spectrometer. The mea-
surements are consistent with the Ps produced in a porous
layer being confined to the porous layer because of the low
porosity of the self-organized diffusion barrier. The meth-
odology for evaluating the diffusion barrier in the next gen-
eration low-k materials has been established.
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