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Abstract

The 3y annihilation of ortho-positronium and the Doppler broadening of the positron annihilation line have been
measured by implanting low-energy positrons in low dielectric constant (low-x) SIOCH films. Positron techniques were
used to gather information about the porosity while Raman scattering was employed to study the microstructure of the
films. The evolution of both the film porosity and microstructure was monitored as a function of the thermal treatments
in the 400-900 °C temperature range. The films were produced by plasma enhanced chemical vapor deposition
(PECVD), and after annealing in N, atmosphere at 400 °C they were treated in N, + He plasma. The treatment in the
N, plasma was found to seal the pores within a surface layer 45 nm thick. The minimum free volume of the pores in the
as-produced samples has been estimated. The chemical environment of the pores probed by positrons was found to be
stable up to 600 °C thermal treatment. At 700-900 °C annealing temperature a reduction of the hydrogen content and a
change in the chemical environment of the pores has been observed. Raman spectroscopy indicates the formation of
carbon inclusions within the film treated at temperatures equal to and higher than 500 °C.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

As pointed out in the Interconnection chapter of the
2003 International Technology Roadmap for Semicon-
ductors [1] one of the most difficult challenges to reach
the near term technology node of > 45 nm through 2009
is the realization and integration of very low dielectric
constant materials (x<2.1). The introduction of copper
for wiring system to meet the need of high speed requires
the development and the integration of insulating
materials with low-x values in substitution of silicon
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oxide. The demand is due to the necessity to decrease the
capacitance between wires to lower the delay in signal
transmission and the power consumption. Low-x
materials are expected to be already in use for the
90nm technology node, but still many related aspects
are challenging. The first open problem is the best choice
of the porous material according to its properties: many
materials are being investigated and the two major
classes are the spin-on (silsesquioxane-based materials)
and plasma enhanced chemical vapor deposition
(PECVD) deposited materials (silica-based materials)
[2]. For the integration of low-x materials the primary
need is to solve the adhesion failure between barrier or
capping materials and the dielectric during planariza-
tion. Low-x SiOCH films can be easily capped by
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treatment in N, plasma at moderate temperature, at
which the film still retains a good stability.

In this paper we have studied the structural stability of
SiOCH material, deposited by PECVD as a function of
thermal treatments. On the deposited film a capping was
obtained by a treatment in N, plasma with the aim to
improve the adhesion of further layers. We have applied
two complementary techniques: the depth profiling with
positron annihilation spectroscopy (DP-PAS), which is
very sensitive to open volume defects and porosity [3-5],
and Raman spectroscopy, which is particularly suitable
to reveal the formation of nano-precipitates or nano-
structures within the amorphous matrix of films.
Chemical bond investigation of the same material with
the Fourier transform infrared (FTIR) spectroscopy can
be found elsewhere [6].

DP-PAS is one among the few analytical techniques
available to characterize the porosity in thin dielectric
films [7]. In particular with DP-PAS it is possible to
obtain information on distribution, sizes and intercon-
nectivity of the pores. DP-PAS, small-angle neutron
scattering (SANS) and small-angle X-ray scattering
(SAXS) combined with X-ray reflectivity (XRR) and
ellipsometric porosimetry (EP) have been applied to
characterize the porosity in the same set of samples
(MSQ and HSQ films). The results of different
techniques were compared and their potentiality and
limitation discussed [2]. DP-PAS, SAXS with XRR and
EP techniques have been also used to study the same set
of SIOCH films [8]. The results obtained from the above-
mentioned techniques were found to be in good
agreement if we take into account that these techniques
are based on different physical-chemical principles and
that the DP-PAS data must be analyzed with appro-
priate models in order to extract information on pores
structure.

Some recent papers deal with structural and porosity
characterization of SiOCH materials deposited by
PECVD, but starting from different precursors [8—11].
It seems that the value of the dielectric constant in
SiOCH, with x<2.8, is mainly determined by the degree
of porosity and not from the composition of the material
[8]. An important aspect under investigation within this
work is the stability of the pore structure with thermal
treatments.

2. Experimental

SiOCH films were deposited by PECVD on Si (p-100)
substrates using trimethylsilane+O; at 120°C and a
pressure of 100 Torr. The wafer with the deposited film
was thermally treated in atmospheric pressure of N, at
400 °C (30 min). The wafer was further treated in a
N, + He plasma (1.5 Torr) at 700 W rf power for 120s at
400 °C with the aim to generate a nitride capping layer

on the film. After these preliminary treatments, a series
of samples was thermally treated for 30 min in vacuum
at fixed temperatures in the range from 400 to 900 °C. In
a previous work [11], we have studied by DP-PAS
SiOCH films prepared with the same procedure but
deposited at 480 °C. In that paper we also focused on
natural aging of the material in air and artificial aging in
controlled atmospheres of H,, O,, H,O.

The thickness of the as-deposited and treated film, as
measured by cross-section microscopy, was found to be
310 nm, while its density, measured by weighting before
and after deposition and treatments was found to be
1.25gem™. The dielectric constant x was 2.95 as
determined by electrical measurements, and the compo-
sition of the as-produced film determined by Rutherford
backscattering spectroscopy (RBS) and elastic recoil
detection analysis (ERDA) measurements was
SiO; sC;,H;. It is worth noting that the thermal
treatments up to 600°C do not produce appreciable
change in the composition of the film. On the contrary,
the thermal treatment at 700 °C reduces the hydrogen
content to one-half of the initial content, and at 800 and
900 °C the H content is about one-fourth.

DP-PAS measurements have been obtained with an
electrostatic slow positron beam tunable in the
80eV-26keV energy (FE) ranges [12]. These positron
implantation energies correspond to a probed film
thickness ranging from 0.6nm to a few microns. The
positron beam was coupled to a high-purity germanium
detector with a resolution of 1.2keV at 511keV. At each
positron implantation energy the 511keV gamma line
was acquired with a microspectrum method and
stabilized by a software procedure [13].

Positrons injected in a solid reach thermal energies in
few picoseconds, then after a diffusion path they are
efficiently trapped in open structures where present and
there they annihilate with an electron. The high specific
trapping rate of positrons for open volumes makes this
particle a very efficient non-destructive probe for
characterizing open volume defects from single vacan-
cies up to voids and porosities. The annihilation
characteristics are determined by the local electronic
environment of the annihilation site. In the present work
we have used Doppler broadening spectroscopy (DBS)
2-3 gamma ratios of positronium (3y-PAS) and two
complementary DP-PAS techniques, to extract the
physical and chemical information concerning the
annihilation site. With these techniques, the 511keV
annihilation line is analyzed through characteristic
parameters [3,4] to extract information from the
transferred momentum of positron—electron pairs.

3y-PAS is based on the positron possibility of forming
positronium (Ps), the bound state with an electron, in
insulator materials. When pores are present in the
material, positrons are favorably trapped there and form
Ps and Ps in a pore loses energy by means of inelastic
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collisions with the walls and is not able to re-enter the
solid [14]. The Ps annihilation characteristics depend on
the pore size and on the chemical composition of the
pore surfaces [7,14,15]. When formed, Ps is the ideal
probe for porosity with pore size > 1 nm. Ps is formed in
two different states: para-positronium p-Ps (1| anti-
parallel spin configuration, formation probability 1/4),
ortho-positronium o0-Ps (11 parallel spin configuration,
formation probability 3/4). p-Ps annihilates mainly into
two y-rays by self-annihilation, while o-Ps trapped into a
void can annihilate into three y-rays by self-annihilation
with the bound electron or into two y-rays with an
electron of the void surface (pick-off annihilation). The
pick-off annihilation rate (4,,) is related to the void size
of the pores because of its dependence on the electron
density in the annihilation site [16-18]. The 3y energy
(E,) distribution of o-Ps decay ranges from zero to
511keV, while the 0-Ps pick-off and p-Ps decay are
confined around 511 keV. The 3y vs. 2y ratio is evaluated
with the R parameter, here defined as the ratio of the
counts in the 410keV < E, <500keV energy range and
the counts in the peak (|511-E,|<4.25keV). An increase
in the 3y annihilation contributes to the increase of R:
such an increase (due to a decrease in the pick-off
annihilation rate) indicates the presence of larger pores
in the samples, in the hypothesis of no chemical
variation on the walls of the pores. The scale of R can
be calibrated [19,20]. For details on the present
calibration see Ref. [11]. The R, parameter obtained in
this way is the fraction of positron forming Ps (Fps)
times the 3y annihilation probability [11,21]

Ja
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where 43, =(142.1 ns)~! is the o-Ps annihilation rate in
vacuum and /,, the pick-off annihilation rate.

DBS measurements have been utilized to extract
information about the distribution of open volumes in
the different layers of the samples and about the
chemical environment on the wall of the pores. With
DBS the 511 keV annihilation peak is usually character-
ized by the two parameters S and W that are normalized
to the Si bulk value Sy, (S,,=S/Sy) and Wy, (W,,= W/ W)
of the substrate. The S,, parameter, defined as the ratio
between the counts in a central area of the peak
(I511-E,[<0.85keV) and the counts in the total area
of the peak (|511—E,|<4.25keV), represents the frac-
tion of positron annihilating with low-momentum
electrons. The S, value increases when positrons
annihilate in open volume defects and/or when Ps
annihilate by 2y or by pick-off. The W, parameter,
defined as the ratio between the counts in the wing
regions of the peak (1.6keV<|511-E,|<4keV) and the
counts in the total area of the peak, represents the
fraction of positron annihilating with high-momentum
electrons. Simultaneous analysis of S, and W, values

with the S,(E) vs. W,(E) curves provides information
about the chemical species at the annihilation site
[14,22].

Micro-Raman spectra were excited at room tempera-
ture in backscattering geometry by the 488.0 nm line of
an Ar” jon laser. A high Numerical Aperture
(N.A.=0.95) 100 x objective was used both to inject
and focus the laser beam onto the film surface and to
collect the scattered light. The power density of laser
beam at the film surface of the order of 10°W cm ™2 was
kept with the purpose of avoiding unwanted heating
effects. The radiation scattered from the film as well as
from the underlying Si substrate was filtered by a double
monochromator (Jobin—Yvon, model Ramanor HG2-S,
1 m focal length), equipped with holographic gratings
(2000 grovesmm™"). The signal was detected by a
standard photon—counting system, thermoelectrically
cooled at about -35°C. Unpolarized spectra were
carried out in the region between 400 and 1800 cm™"
with the aim to detect the scattering from carbon
inclusions, if present as separated phase within the
SiCOH layer.

3. Results and discussion

The open volume structure of the studied SIOCH
samples can be described by the analysis of the S, vs. E
curves presented in Fig. 1(a). The upper scale in Fig. 1(a)
reports the mean positron implantation depth evaluated
according to the relation z=(40/p) E'®, with z in nm
when the density p and the positron implantation energy
E are expressed in gem™ and keV, respectively. The
scale was evaluated with the density of the as-produced
sample. The data fitting is obtained by means of a
procedure (VEPFIT program [23]) based on the solution
of the stationary positron diffusion equation. The as-
prepared sample is found to be composed of four layers.
The first one extends up to 45 nm, has a constant low S,
value and is associated to the SIOCH part of the film, of
interest in N, + He plasma treatment. The second layer,
from 45 to 310nm, is the SiOCH film; here, the S,
parameter reaches a very high S, value (> 1.14), strong
indication of the presence of large voids. These large
voids, in the following, will be denoted as pores because
of their dimension (see below). The third layer is a very
thin (2 nm) interface between the SIOCH film and the Si
substrate due to the existence of a native silicon oxide on
the wafer surface before the film deposition. Finally, the
S, curve decreases towards the S, silicon bulk value.

The analysis points out that the treatment in N,
plasma produces the sealing of the open SiOCH
structure forming a capping layer that extends several
nanometers in depth below the surface. The S, value in
this capping layer does not change with thermal
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Fig. 1. (a) S, parameter and (b) R, parameter as a function of
positron implantation energy and as a function of depth (upper
axis).

treatment up to 900 °C, showing that the structure of the
capping is very stable.

The S, value in the SIOCH film does not change with
thermal treatment up to 500 °C. A small decrease of S, is
observed at 600 °C, and a more perceptible decrease at
700 °C. The stronger effect is at 800 and 900 °C, where
the S, parameter reaches 0.96. This decrease is
associated with a decrease of the volume of pores
[5,11,21].

The detection of the o-Ps 3y decay, reflected in the R,
parameter (Fig. 1(b)), clearly shows the presence of
pores in the SIOCH film. In the capping layer, the rise of
the R, parameter from about zero at 45nm to a high
value at the surface is only due to the fact that positrons
after diffusing to the surface have enough energy to pick
an electron and to escape in the vacuum as Ps atoms.
From 45 nm to the film/substrate interface, R, increases
reaching its maximum value of about 7% around
140nm depth, then the 3y decay probability tends
towards zero in the bulk silicon. A lower bound for
the sizes of the pores can be estimated by Eq. (1)
assuming that implanted and diffused positrons in the
SiOCH film have 100% probability (Fps) to form Ps, and

remembering that A,, can be directly related to the pore
size with models [16—18]. We obtain that the diameter of
pores in the present as-prepared SiOCH samples is
larger than 1.3-1.4nm, assuming a spherical shape.
From 400 °C there is a decrease in the R,, values. This
decrease is stronger at 600 °C. An increase, probably due
to a chemical modification of the pore walls, is observed
at 700 °C. Finally, at 800 and 900°C, R, decreases
drastically, pointing out a strong decrease in the
porosity of the samples.

3y-PAS technique allows determining if pores are
interconnected by studying the out diffusion of formed
Ps: if the pores are interconnected, Ps can in fact find a
path through a channel of connected pores toward the
vacuum surface [15]. In our samples, due to the capping
layer that seals the surface, it is not possible to have any
indication about pore connectivity. Experimentally, the
porosity is seen as closed.

Micro-Raman spectra are shown in Fig. 2. Raman
signal of as-produced film, the spectrum of which is not
shown in the figure, originates entirely from the Si
substrate, and consists of the c-Si peak at 520 cm™ !, with
no appreciable contribution from the SiCOH layer, due
to both the scarce Raman scattering efficiency of
carbon-doped silicon dioxide and the reduced thickness
of the film. Likewise, no Raman scattering from the
SiCOH material is observed in the spectra of samples
thermally treated up to 500 °C. In the spectra of the
sample treated at 500 °C, two weak but clearly shaped
bands appear in the region between 1200 and 1700 cm™".
They are typical of sp>hybridized carbon forms. The
first band (D peak) is centered at about 1350 cm ™. The
second band (G peak) is centered at about 1580cm™",
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Fig. 2. Room temperature micro-Raman spectra of samples
after annealing in vacuum at 500, 700, 800 and 900 °C.
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the position of which is typical of disordered graphite.
Therefore, the D and G bands have to be related to an
appreciable formation of sp? carbon clusters in the
SiOCH film. These two bands occur in the same position
and show similar relative intensities in the spectra of the
samples thermally treated at 700 °C. Finally, in samples
treated at 800 and 900 °C they still peak at the same
energy but their intensity is relatively stronger, thus
suggesting that an important structural rearrangement,
with the formation of a remarkable amount of sp>
carbon inclusions has occurred in film annealed at these
temperatures.

The chemical environment, probed by positron
annihilating in the pores, changes as the samples are
thermally treated at temperatures higher than 500 °C. As
the hydrogen content diminishes with the thermal
treatments, the S, values decrease and the W, values
increase (see Fig. 3). The couple of values S,—W,, equal
to 0.96-1.2, reached in the samples treated at 800 and
900 °C, corresponds to annihilation in proximity of
oxygen and carbon [5,11].

Summarizing the above results we can draw a picture
of the microstructural evolution of the SiIOCH film
under thermal treatments. SiOCH is a silica-based
material in which Si-O bonds are partially substituted
by -CHj groups. The structure is that of long chains with
different degrees of cross-linking [2,9]. In our material,
the formed pores have sizes bigger than 1.3nm in
diameter and, probably, their walls are mainly decorated
by hydrogen. This structure is quite stable with thermal
treatments up to 500 °C, where the early step of carbon
agglomeration occurs. At 600 °C the small decrease of
the S, values and of 3y annihilation can be probably
associated to the release of weakly bonded H (Si-H
bonds break starting from 400 °C): the effects on S, and
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Fig. 3. S,(E)-W,(E) plot for the as-produced and annealed
SiIOCH samples. Arrows indicate increasing depth. S,—W,
values, characterizing the chemical environment probed by
positrons in the pore, are encircled and denoted by the
hydrogen content of samples.

R, is consistent with an increase of positron annihilation
with O and C electrons. The out diffusion of 50% and
75% of H at 700 and 800-900 °C, respectively, is due to
the strong C-H bond break which also leaves free C-
bonds at the walls of the pores. These carbon atoms can
then give rise to C-C bonds forming the carbon
inclusions observed by the Raman spectroscopy. At
temperature higher than 600 °C, Si—C bonds are also
expected to be unstable producing free C atoms that can
contribute to the formation of carbon inclusions. The
consequence of the above two effects is that porosity of
treated samples changes both in dimensions and in
chemical structure. Many pores can reduce their size, or
even disappear, due to the C-C connection and C
agglomeration; the remaining pores have walls more rich
in O and C due to the H loss. This view is consistent with
3y-PAS and DBS measurements [Figs. 1 and 3], as
described. FTIR measurements [6] show that a signal
due to Si-C bonds also remains after thermal treat-
ments: this finding does not exclude that the C inclusion
maintains some degree of connection with the matrix.

4. Conclusions

The microstructural evolution of SiOCH films as a
function of thermal treatments was studied by two
complementary non-destructive techniques (Raman
spectroscopy and PAS). It was possible to give a
description of the change in porosity (size and chemical
structure) associated to the release of H and to the
presence of carbon inclusions within the composite
matrix of the film. The formation of carbon agglomer-
ates and the decrease of pore concentration as a function
of thermal treatments may cause a shrinkage of the film
structure. It must be very interesting to gain experi-
mental evidence by direct measurements.
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