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ABSTRACT

Porous organosilicate materials produced by plasma enhanced chemical vapor deposition
are the leading candidates for back-end-of-line dielectric insulators for IC manufacturing at
45nm design features and beyond. The properties of porous organosilicate glass films of
dielectric constant k=2.50 + 0.05 formed using diethoxymethylsilane and five different porogen
precursors with an ultraviolet post treatment are reported. By varying the porogen precursor
type pore sizes of 1-2 nm (equivalent spherical diameter) and porosities in the range of 24-31%
were measured. While there were no observable trends in pore size with the molecular volume
or plasma reactivity of the porogen precursor, modulus values ranged from 6.6 to 10.8 GPa.
Porous films with the highest mechanical properties were found to have the highest matrix
dielectric constant, highest network connectivity (lowest methyl content), and highest density.
Within this process space, maximizing the network connectivity of the film was found to be
more important to mechanical properties than lowering the total porosity. In effect, the choice
of porogen precursor dictates the film morphology through its impact on the organosilicate glass
matrix and pore size.

INTRODUCTION

Materials with increasingly lower dielectric constant values are needed for future generation
integrated circuits (ICs) in order to continue to enhance signal propagation. Current state of the
art IC production uses organosilicate glasses (OSGs) with dielectric constant (k) values on the
order of 3.0. Dense OSG materials, however, are inherently limited to k values > 2.7 [1-3]. To
achieve k values of < 2.5 alternative materials, processing, or a combination of both must be
used.

The introduction of porosity is one commonly used technique to reduce dielectric constant,
where the degree of reduction depends largely upon the film porosity. While porous materials
inherently suffer from inferior mechanical properties relative to their non-porous predecessors,
post-treatment processes such as UV and e-beam can dramatically improve the integratibility of
these materials. It is known that a variety of organosilane / organosiloxane precursors can be
used to produce OSG films by chemical vapor deposition (CVD) with acceptable mechanical
properties [1, 2, 4-7]. It has been shown in previous studies [1, 8] the benefits of
diethoxymethylsilane (DEMS™ ILD precursor) as a precursor for interlayer/intermetal dielectric
films in providing an excellent balance of electrical and mechanical properties for a methyl-
doped silicate glass. Porous OSG materials produced by plasma enhanced chemical vapor
deposition have arisen as the leading candidates for back-end-of-line dielectric insulators for
45nm generation IC manufacturing. The PDEMS™ ILD process [9] utilizes an OSG precursor
and an organic porogen precursor to deposit an OSG-organic composite film. The labile organic



material in the film functions as a porogen, occupying space within the matrix during the film
formation phase. The composite (aka. as-deposited) film may be treated with various post-
treatment processes such as thermal, visible/ultraviolet radiation, and electron beams to produce
pores and mechanically fortify the structure.

The interactions of subsequent process steps used in back-end-of-line (BEOL) processing of
interconnect structures with porous ILD materials is the focus of much study. Porous
organosilicate glasses produced from the combination of diethoxymethylsilane (DEMS® ILD
precursor) and organic porogen precursors have been shown to produce films with k values < 2.0
with monodisperse porosity centered around 1.5-1.7 nm in diameter [10]. It will be shown how
the porogen precursor can impact film properties, pore size, and the morphology of the film, and
the potential relevance this has on the integration of these films into interconnect structures.

EXPERIMENTAL

All depositions were performed on an Applied Materials Precision 5000 in a 200mm DxZ
chamber fitted with a TEOS—oxide process kit. Temperature, pressure, chemical flow,
electrode spacing, carrier gas flow and type, and plasma power were optimized for each
formulation in attempts to achieve the best combination of electrical and mechanical properties.
For the films tested here the process window for all depositions involving porogen precursors
were 275-300 °C, 8 torr, 0.35” gap between the substrate and showerhead/electrode, 200 sccm
CO; carrier, 0-25 sccm oxygen, 600-750 Watts rf (single frequency, 13.56 MHz), and total
chemical flow 700-900 mg/min. The ratio of diethoxymethylsilane to porogen precursor (aka.
formulation) used for each deposition was tailored to achieve the desired final dielectric constant
value.

All as-deposited PDEMS” films employing porogen precursors were treated by exposure to
a Fusion H+ ultraviolet lamp (model I-600) in order to render them porous. Exposures were
performed with the Fusion lamp system retrofitted onto an Applied P-5000 DxL chamber; the
chamber was modified by replacing the standard lid with a synthetic silica window to allow for
transmission of radiation. The bulb was positioned in the reflector to provide collimated UV
light with an approximate exposure region of 2 x 10”.  The UV bulb was cycled horizontally
across the surface of the film at a rate of approximately 10 seconds per cycle with the wafer held
at approximately 400 °C and vacuum ambient. All films were treated with essentially identical
cure process conditions.

Refractive index and thickness were determined using a SCI FilmTek 2000 spectroscopic
reflectometer. Electrical tests were performed using a mercury probe on low resistivity wafers
(< .02 ohm-cm) of =450 nm film thickness. Mechanical properties were determined using an
MTS model SA-2 nanoindentor on films greater than 500 nm thickness and according to
manufacturer procedure for depth sampling. X-ray photoelectron spectroscopy (XPS) for
atomic stoichiometry was collected in high resolution mode after Ar beam sputtering to remove a
100A surface layer; analysis was performed either using a Kratos Axis NOVA XPS spectrometer
or using a Physical Electronics 5S000LS ESCA spectrometer. Transmission IR data were
collected for films deposited on 8-12 ohm-cm substrates using a Thermo Nicolet 750 at 4 cm’™
resolution with a nitrogen purged cell. Background contributions from the silicon substrate

* For the purposes of this paper, the term ‘PDEMS films’ designates those films which were deposited using a
porogen precursor and an OSG matrix precursor, where the porogen is subsequently removed by UV treatment.
The term ‘DEMS films’ designates those films which were deposited using only an OSG matrix precursor and UV
post treatment was not used.



were subtracted for each IR spectrum, and the data were normalized to one micron thickness for
comparison. Specular x-ray reflectivity (XRR) data were measured on a PANalytical MRD
instrument with CuKal radiation in a ®-20, triple axis configuration. XRR data analysis was
performed with PANalytical X'Pert Reflectivity software using film stoichiometry determined by

XPS and estimating hydrogen content. Positron annihilation lifetime spectroscopy (PALS)
was performed at the University of Michigan [11, 12]. Depth profiles were collected using
select positron beam energies of 0.55, 1.2, 3.2, and 4.2 keV, and spectra were fit assuming a
spherical pore shape. Ellipsometric porosimetry (EP) was performed at SOPRA on their GES5
spectroscopic ellipsometer with toluene as the absorptive [13]. Total porosity and pore size
distribution were calculated from the isotherm of toluene adsorption using Kelvin and Dubinin-
Radushkevitch equations.

RESULTS
Film Properties

The materials properties and pore morphologies as determined by PALS and EP for PDEMS
films produced from five different porogen precursors (aka. formulations) having dielectric
constant values of 2.50 + .05 are shown in Table L.

Table I. Film properties and morphology for five different PDEMS® ILD formulations relative
to a DEMS® ILD film.

Porogen k Modulus | Density | Pore Diam *| Pore Diam **| Interconnection | % Porosity **
Precursor (GPa) (g/ce) (nm) (nm) Length (nm) *
none 3.20 17.7 1.42 - - - 0

1 2.49 6.6 1.11 1.27 1.8 40 30.5

2 2.46 7.8 1.18 1.30 1.8 30 29.8

3 2.48 7.1 1.16 1.66 1.8 5 24.3

4 2.49 7.9 1.16 1.34 1.4 35 27.7

5 2.53 10.8 1.25 1.30 1.6 25 29.0

*-PALS **-EP

In order to test the hypothesis that pore size is related to the molecular volume of the
porogen precursor, pore sizes determined from PALS and EP were compared to the molecular
volume of the porogen precursor molecule estimated from its molecular weight and liquid
density: v=M/p. The number of porogen precursor molecules per pore ranges from 4 to 10 by
this estimation. These results do not correlate with the molecular volume of the porogen
precursor or with the chemical nature of the porogen precursor (ie. degree of unsaturation’,
boiling point, etc...). In contrast, for a spin-on process, where the porogen may be introduced
as a polymer or pre-made porogen, a relationship between porogen precursor volume and final
pore size might be expected. Although there is no clear pore size trend for these CVD films, it
can conclude that the pores must be formed by a species larger than one porogen precursor
molecule. It is likely that the pores are due to clusters of molecules, which could be formed
either in the plasma phase, on the film surface, or even in the bulk of the film during the cure
stage (akin to an Ostwald Ripening effect).

* The degree of unsaturation of a hydrocarbon molecule is denoted as one half of the number of hydrogens that the
molecule is deficient when compared to a fully saturated hydrocarbon as defined by the general empirical formula
CnH(2n+2)-



The amount of porogen precursor needed in the reaction phase to introduce sufficient
porosity into the post-treated film will depend on the ability of the porogen precursor or
subsequent species produced in the film formation process to become incorporated into the film.
For this study, the ratio of DEMS to porogen precursor varied from 3:2 to 1:4, where higher
ratios were needed in cases where the relative reactivity of the porogen precursor is higher. The
propensity of organic materials to react in a plasma and the rate of film formation has been
studied and shown generally to be inversely related to the hydrogen yield from the molecule
[14]. Reactivity in the plasma appears to be a necessary attribute of the porogen precursor, but
not sufficient by itself to define an effective porogen precursor. The nature of the porogen
material incorporated into the composite film has a significant impact upon the process
conditions required to produce a porous film. It has been shown previously [10] for a given
porogen precursor that a relationship exists between the concentration of the porogen precursor
used in the formulation and the final porosity of the film. However, in general there appears to
be little ability to alter pore size through variations in process conditions. Within the current
sensitivity of pore size measurements pore size appears to be an inherent property of the porogen
precursor. This suggests that the concentration of porogen precursor in the chemical feed
affects mainly the number density of porogen species produced in the process and therefore the
total porosity of the film, but has little effect upon the nature of the individual porogen species
produced or the average pore size.

Film Structure and Dielectric Constant

A range of porosity values (24-31%) were determined by EP despite having similar
dielectric constants for the various porous films. As process conditions did not vary
significantly for the depositions (ie. the power density [14] was within £10% of average for all
depositions, the type of porogen precursor used appears to have a direct impact upon the
formation of the OSG network. To understand the impact of porogen precursor type on the
dielectric constant of the matrix, the infrared spectra and dielectric constants for PDEMS films
from different porogen precursors were compared to that obtained for DEMS only films. The
dielectric constant of a porous material is approximated by the Maxwell or Maxwell-Garnett [15]
relationship for the case where the low dielectric constant phase is vacuum (k=1):
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ksoiia s the dielectric constant of the solid phase, @ is the volume fraction of vacuum (aka. the
porosity), and (1-¢) is the volume fraction of the OSG matrix. This equation has been found,
by comparison to both experiment and finite-element simulations, to describe many porous
materials reasonably well. Using the measured dielectric constant for the porous film, and
porosity values determined by EP, the dielectric constant of the matrix of the porous films were
calculated. 1In Figure 1 the calculated matrix dielectric constant is plotted against the integrated



IR area ratios of the Si-CHj species to the network area ratio”. ~ Extrapolating Figure 1 to x=0
yields a dielectric constant value of 3.9, consistent with an undoped silica glass matrix. There
is a range of dielectric constant determined for the matrices of various porous films that reflects
the differing levels of porosity. Atomic compositions determined by XPS show close
agreement between porous films with matrix dielectric constants determined to be ~ 3.2 and that
of the DEMS® ILD film shown in Table I. It can be observed from Figure 1 that the matrix
dielectric constants for the porous materials satisfy the same trend as the dense materials.

These results indicate that the porogen precursor plays a role in modifying the deposition process
and the dielectric constant of the OSG network deposited by this process.
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Figure 1. Calculated matrix dielectric constants for PDEMS films (solid squares) and
measured dielectric constants for DEMS-only films (hollow circles) versus Si-CH3 : network
area ratios determined by FT-IR.

Film Structure and Mechanical Strength

It is well known that both degree of porosity and concentration of methyl groups impact the
mechanical properties of organosilicate glasses [1,9,16]. The mechanical robustness of porous
ILD films is one of the primary considerations in producing a material suitable for current BEOL
interconnect schemes. We attempt to quantify the impact of both porosity and methyl group
concentration on the observed diminution in mechanical properties, and show that porogen type
can have a major impact upon the film properties.

Nanoindentation has arisen as the standard method of choice to provide surrogate tests of
the mechanical strength of a film and its potential to withstand the rigors of integration. The
agreement between mechanical properties determined by nanoindentation and EP ranged from
less than 5% (Porogen 1, 5) to approximately 50% (Porogen 4). For the analysis shown here
we exclusively use nanoindentation data to assess film property-composition/morphology trends.

In this study there was a wide range of film densities observed despite producing similar
dielectric constant values. For PDEMS films the modulus determined by nanoindentation is
linearly related to the film density determined by X-ray reflectivity, as shown in Figure 2. As

* The range of ~1300-1255 cm™ was used for the Si-CH; absorption, and in the range of 1255 — 975 cm™ for the
network absorption. The integrated network area in the infrared is assumed to be primarily composed of various
Si-O contributions [17].



shown previously, the film modulus, and therefore its density, are determined largely by the
connectivity or methyl content of the network [1].
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Figure 2. Mechanical properties versus density for DEMS and PDEMS films after UV cure.
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The porosity dependence of modulus for many materials has been successfully modeled
with simple power-law expressions: E(@) = E(¢=0)*(1-¢)", where 2 <n <4 [17]. The glass-
forming tendencies and mechanical properties of network solids in general have been described
via “rigidity theory” [18]. In these and related works, the elastic modulus is related
quantitatively to the average coordination number of the atoms in a solid; the more connected is
the solid, the higher the mechanical properties. In a manner similar to Boolchand et al. [19] we
derive a hardness index for doped silicates of formula SiO,Tx where T is a terminal group such
as -CHj; and y = 2-x/2.  The hardness index is given by the formula :
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where (Si-CHs/network) is the area ratio from FT-IR and a is a scaling factor to covert these area
ratios to the actual ratios of methyl and oxygen species, respectively. In the idealized rigidity
theory, there is a transition from soft materials to rigid materials as / rises above zero, or in this
case as the methyl:oxygen ratio falls below 2/3. A positive hardness index basically expresses
an excess of bond stretching + bond bending constraints over the degrees of freedom of the
network system. Boolchand et al. [19] suggest that the elastic modulus is proportional to A:

E(h) = E(h=1)*h over the range 0 < h < 1 (4)
Combining this expression with that for the porosity dependence we find

E(gh) = Bo*h*(1-¢)" , where Eo = E(4=0, h=1) (5)



captures the dependence of modulus on both porosity and the decreasing connectivity of the
network as the concentration of terminal Si-CHj3 species rises.

Using a, n, and E, as flexible parameters the expression was fit to a series of data including
numerous films produced from diethoxymethylsilane without porogen precursor and the 5
different porogen precursor formulations used in this study. The three lines for three different
porosities shown in Figure 3 are all produced from the same set of parameters using equation 5.
The data for the porous materials generally fall between the lines for 25% and 30% porosity
which encompass their experimentally determined porosities. The resulting fit parameters are
in reasonable agreement with values expected for these materials : E, of 56 GPa is in the range
reported for CVD TEOS oxides, n of 3.6 is in the range found for other similar materials, and the
a parameter (17.8) reasonably correlates the Si-CHs/network ratios from FT-IR with atomic
ratios for methyl groups and oxygen. Thus major trends in material modulus are captured by
the simple combined expression which does not include secondary dependencies on other
variables such as partial replacement of bridging oxygen with bridging methylene (eg. -CH»-)
groups. This data suggests that superior mechanical strength is obtained for porous films from
matrices with higher matrix dielectric constant values (eg. reduced methyl concentrations). The
mechanical properties for the porous materials are consistent with the network portion of the
porous materials being very similar to the dense material, and this is consistent with similar
observations on trends in dielectric constant mentioned previously.

dense DEMS

Modulus (GPa)
&

0 0.01 0.02 0.03 0.04
Si-CH3/network area ratio

Figure 3. Measured modulus for PDEMS films (solid squares) and DEMS-only films (hollow
circles) versus Si-CHs : network area ratios determined by FT-IR. Lines correspond to different
porosities as calculated from equation 5.

Molecular simulations were used to assess the expected impact of pore size on mechanical
properties. An amorphous SiO, matrix was created via annealing of an initially random system
of Si and O atoms in an approximately 2.5nm cube with periodic boundary conditions. This
system was annealed in a series of constant temperature, constant pressure (NPT) molecular
dynamics simulations. To study porous systems, either one or one or two roughly spherical
pores were created in the matrix by removal of Si and O atoms, termination of any dangling
bonds with hydrogen, and further annealing. Since the detailed structure of the amorphous



system varies by location, two arbitrary positions for the single pores were studied. Pore sizes
introduced to the matrix were kept consistent with actual pore sizes observed in this study. A
series of NPT molecular dynamics simulations were conducted at different isotropic pressures in
order to determine the Bulk Modulus, which is reasonably proportional to Young’s Modulus.

To assess the impact of pore size, similar systems were created except they contained two pores
instead of one.

Figure 4 shows that for this model the modulus decreases with porosity as ~ (1-¢)° which is
somewhat more rapid than most oxides with macro porosity and significantly faster than that
predicted by the upper bound of Hashin-Shtrickmann theory [20]. The simulation indicates that
that there is no impact of pore location suggesting that the detailed local structure of the matrix is
not critical. It also indicates that replacing one pore with two smaller pores shows no change in
the relationship between modulus and porosity. This provides evidence that pore size at these
dimensions is not expected to greatly impact the mechanical properties of the film, consistent
with effective medium theories. This is in agreement with experimental evidence which does
not indicate any systematic trend in the measured modulus of the films with pore size.
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Figure 4. Molecular dynamics simulations of the effect of porosity and pore size on modulus.

Pore size and Interconnectivity
The relationships between pore size, total porosity, and pore interconnectivity are

important for understanding the morphology of porous materials and how they interact with
BEOL processes. By increasing the amount of a discrete minority phase in a continuum, the
volume fraction of the minority phase will eventually reach a certain threshold number density
such that percolatoin is reached. It is assumed that this phenomenon holds true for PDEMS
films where pore interconnectivity has implications towards compatibility with subsequent
processing steps.

For many kinds of two-phase systems the percolation threshold occurs near ¢ ~ 0.16 [21].
The system of sticky or adhesive spheres is well-studied [22] and exhibits percolation thresholds
which satisfy ~0.1 < ¢. < ~0.2, depending on the value of a “stickiness” parameter. A
percolation threshold value of ~ 0.2 was determined experimentally for thermodynamically
phase-separated spin-on low k materials [23]. For impenetrable spherical inclusions in an ideal




continuous matrix the maximum possible threshold is the volume fraction of a closest-packed
lattice (CPL), 0. = 0.7405. Here we model the limit of disconnected porosity for our systems by
considering pores arranged in a CPL and taking into account a minimum separation between
spheres which is set by physical and chemical properties of silicates. The wall thickness to pore
diameter ratio is set by the basic geometrical expressions:
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where t and D are as shown in Figure 5, and @nax=0.7405 (eg. where t=0 for a CPL). Equation
7 gives porosity as a function of t/D and we can further relate porosity to dielectric constant
using the Maxwell relationship (eqn. 5). In Figure 6 we plot dielectric constant as a function of
t for three different pore diameters (0.5, 1.0, 2.0 nm) assuming a matrix dielectric constant, Kjid
=3.2. In the figure, systems with a dielectric constant above a given line may have isolated
pores, while those below the line would be expected to show interconnectivity. The point at
which this occurs can be calculated for this system assuming the minimal wall thickness possible
for an intact physical barrier between pores to be in the range of 0.5 nm (eg. the dimensions of a
Si0y4 tetrahedral structure) to 0.6nm (eg. the width of a double-six-ring cage in the zeolite
faujasite).

Figure 5. Pictorial description of dimensions used for equations 6 & 7

It can be clearly seen from Figure 6 how strongly the percolation threshold depends upon
pore size for this model. For different pore sizes the plot defines the point at which a minimum
given wall thickness (t) can be sustained; above each curve the porosity can be maintained
without breaching a given minimum wall thickness. For a pore 2 nm in diameter the model
predicts that pores could remain discrete up to a pore volume fraction of about 0.38 when t=0.5
nm. This corresponds to a porous film with a dielectric constant close to 2.2 having a matrix
dielectric constant of 3.2. For pores 1 nm diameter the transition is reached at much lower pore
volume fractions, around 0.22. This is a manifestation of the relationship that pore volume has
with pore size; volume is proportional to the cube of the pore radius and for a given porosity so
that the number density of pores increases by a factor of 8 when the pore size is reduced by half.

The model therefore suggests that even when pores are arranged on a CPL, which is the
configuration that will produce the highest degree of discrete porosity, that interconnections



between pores will be observed at volume fractions exceeding only ~0.3 for typical pore sizes
found in this study. The analysis of pore morphology using this model indicates that for a fixed
dielectric constant, increasingly smaller pore dimensions lead to a transition from discretely
dispersed pores within an OSG continuum (cf. Swiss cheese) to a homogeneous, low-density
OSG matrix (cf. steel wool).
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Figure 6. Modeling of percolation threshold for porous organosilicate glasses

The experimental data from PDEMS films shows average pore interconnection length that
depends on both pore size and total porosity (Figure 7). As percent porosity increases from 24
to 30.5%, the average pore interconnectivity determined by PALS also increases from 5 to 40

nm. This is expected behavior; as the number density of pores increases the pores will be closer
in proximity.
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Figure 7. Pore size and porosity versus interconnection length determined by PALS



Figure 7 also plots mean pore size determined by PALS as a function of average pore
interconnectivity. As predicted in the previous paragraph, the interconnectivity between pores
is larger for a smaller pore size. It is important to note, however, that pore size and total porosity
are changing at the same time for these PDEMS films, therefore it is difficult to separate the two
effects and their contributions to interconnectivity.

We find the PALS and EP data to be very complimentary. For example, PALS is able to
provide a measure of film uniformity with depth whereas EP is capable of providing quantitative
measures of total porosity. Samples tested in this study showed very uniform depth profiles as
indicted by uniform density depth profiles by XRR, pore size and positronium formation with
depth of implantation, and film composition by dynamic SIMS. The consistency between
porosities determined by EP and film property analysis suggests that the toluene probe used for
EP provides an accurate measure of porosity in these films. However, the PALS method
measures interconnectivity lengths on the order of nanometers. It is unclear whether there is
significant permeability by the toluene probe used in the EP experiments through the thin OSG
walls produced in these structures. The presence of interconnected pores in the film is not
inconsistent with PALS data which provides an effective distance measurement for half of the
implanted positronium to effectively diffuse out of the film. Even for PALS interconnectivity
values of as low as 5 nm there was still observed measurable positronium escaping to vacuum
from depths of over 100nm. The measure of interconnectivity provided by PALS may reflect
the degree of tortuousness of the film’s pore morphology rather than the actual pore
interconnectivity. Based on the data it is expected that these films have some measure of
interconnected pores at dielectric constants of 2.5.

CONCLUSIONS

Porous OSG materials produced by the PDEMS™ ILD process [4,9] are the leading
candidates for back-end-of-line dielectric insulators for 45nm generation IC manufacturing and
beyond. In this paper the impact of porogen precursor type on film properties, porosity, and
pore size and morphology are examined. The porogen precursor can be used to tailor pore size;
perhaps more unexpectedly, it also plays a role in the structure of the OSG network produced.
The result is that porous films with similar dielectric constant values can be produced with varied
mechanical properties and pore morphologies. The type of porogen precursor is found to have a
significant impact on the methyl content of the OSG network. For a given dielectric constant it
is possible to minimize the porosity by reducing the dielectric constant of the matrix for the
porous films; these same factors, however, also appear to negatively impact the mechanical
strength of the film. Pore size and porosity, and therefore methyl content of the OSG network,
are the major factors affecting the interconnectivity of pores in these materials. At a fixed
dielectric constant, minimizing the porosity and maximizing pore size are means by which pore
interconnectivity can be minimized. Understanding the significance of pore morphology will be
critical for successful optimization and integration of porous OSG materials for steps for back-
end-of-line IC manufacturing.
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