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1.1 Introduction

From a historical point of view, the search for new low-k and ultra-low-k materials has
always been dictated by industrial needs, resulting in a strong connection between funda-
mental research and technology. Although a variety of potential candidates has been
reported in the literature during the past decade, integration is the deciding factor driving
the selection of the most promising materials for a given technology node [1]. For instance,
the industry flirted briefly with organic polymers [2—7]. Besides the anticipated thermal
stability challenges, this class of materials, known to be tough and crack-resistant, had
other issues, such as softness, large coefficient of thermal expansions (CTE) and delami-
nation. While most of these problems were mitigated by material reengineering and chip
redesign, solutions occurred too late, relegating the organic polymers to possible hybrid
build applications [8]. For the new low-k materials, it was expected that their electrical
and mechanical properties would be comparable to those of silicon dioxide [9, 10], the
insulating material of reference for the quite conservative semiconductor industry.
Chemical modification of the silicon network, first by introduction of fluorine and eventu-
ally by the addition of carbon, was then adopted as the lower risk path to introducing
low-k materials in the back-end-of-the-line (BEOL) [1]. At that time, silicates and
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organosilicates emerged as the dominant candidates. They can be deposited by both
spin-on and chemical vapor deposition (CVD) processes. However, the final thin-film
properties are in large part dictated by the chemical structure of the deposited film, a result
of both the precursor or resin chemistry and the deposition process. From before 1997
until now (Figure 1.1), plasma-enhanced chemical vapor deposition (PECVD) has been
the method of choice for depositing silicon dioxide (Si0O,), fluorine-doped oxides (F-SiO,),
carbon-doped oxides (SiCOH: elementally descriptive but not representing the stoichiom-
etry) and porous carbon-doped oxides (p-SiCOH). As illustrated in Figure 1.1, PECVD
SiCOH materials were successfully implemented in IBM microprocessors: at the 90 nm
(k=3.0) and 65nm (k = 2.7) technology nodes in 2004 and 2006, respectively. PECVD
materials containing additional porosity (p-SiCOH) appeared for the first time in high-
volume manufacturing in 2008 (Figure 1.1).

Interestingly, the real IBM technology node/dielectric constant relationship differs
significantly from the targets proposed by the NTRS in 1997. This shows the danger of
predicting dielectric targets based solely on engineering designs when new materials
are not readily available. The challenges in designing dielectric insulators that meet all
the BEOL requirements (electrical, thermal and mechanical) have been the source of
many publications over the last 15 years [1]. Among them, many excellent reviews have
been published, addressing the different aspects of these dielectric materials: physical
properties [7, 11-13], integration requirements and challenges [14, 15], characteriza-
tion [9, 16—19] and chemistry [1]. For advanced and future technologies, the addition of
porosity at levels necessary to obtain dielectric constants of 2.4 and beyond has exacer-
bated already known integration issues [14]. In particular, the processing induced dam-
age and the decrease in material mechanical properties present serious concerns for the
reliability of these advanced structures. In this chapter, we will first define the main
integration challenges currently encountered. Then we will discuss proposed solutions
to these issues by both alternative processing approaches and development of advanced
novel materials.
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Figure 1.1 Timeline for IBM volume manufacturing of CMOS microprocessors from 1997 to
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1.2 Integration Challenges

The design of low-k dielectric materials with the requisite properties needed for implemen-
tation into modern semiconductor manufacturing processes is an extremely challenging
task. In large part, this is a consequence of trying to adapt SiO,-based processes to carbon
containing low-k dielectric materials with or without additional porosity. Whereas the intro-
duction of carbon into the inorganic network can provide an initial lowering of the dielectric
constant, addition of porosity is required to achieve ultra-low-k (ULK) performance.

The introduction of carbon and the addition of porosity serve merely in the process of
lowering the dielectric constant and nothing more. However, along with this single benefi-
cial attribute come two major drawbacks. Firstly, the increased, accessible surface area of
the porous network constitutes a new weakness with regard to plasma-induced damage and
wet chemistry processes. Secondly, the decrease in network connectivity as compared to
silica and the reduction of density strongly impact the dielectric insulator mechanical
properties.

The comparative relationship of the interlayer-dielectric (ILD) mechanical properties
and ILD process-induced damage as a function of porosity and materials chemistry is pre-
sented in Figure 1.2. It should be mentioned that these trends are qualitative in nature only.
Nevertheless, they clearly demonstrate the ever-growing challenges in successfully build-
ing advanced semiconductor structures with increased performance and good reliability.

The process-induced damage is primarily reflected in deterioration of the dielectric con-
stant, leakage current and breakdown voltage. It can also affect the mechanical properties
of the integrated structure, although these are more dependent on the initial materials
characteristics. The Young’s modulus (E), hardness (H) and adhesive/cohesive fracture
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Figure 1.2 Comparative relationship of ILD mechanical properties and ILD process-induced
damage as a function of porosity and materials chemistry
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resistance (G) of future ultra-low-k materials have reached a level where the mechanical
integrity of the device is of major concern.

1.2.1 Process-Induced Damage

In order to identify and better visualize key integration issues as encountered in a typical
dual damascene (DD) ‘via-first’ approach [20], the reader is referred to Figure 1.3. Here
the critical integration areas are arranged in alphabetical order, following a sequence that
might be encountered in a typical process flow. For the sake of simplification, the integra-
tion processes are further broken down into pre- and post-metallization steps.

In the pre-metallization portion of the ‘via-first’ integration approach, the first prob-
lem areas encountered are a result of the introduction of new interfaces. As with many
interfaces, adhesion at such boundary layers is of tremendous importance. The first inter-
face results from the ILD deposition on a capping layer, which serves to protect the
underlying copper metal (see Figure 1.3 (a)). Capping layers composed of SiN , SiCXNy
and SiC_are commonly employed and present surface chemistries considerably different
from those based on SiO_[21-25]. Coupled with the fact that adhesive properties scale
inversely with porosity [26, 27], this combination may lead to severe delamination during
chemical-mechanical polishing (CMP) and chip—package interaction (CPI). To prevent
such a catastrophic failure, the capping layer surfaces are modified by plasma treatment

Pre-metallization -~ Post-metallization

&

Figure 1.3 Simple, two-layer dual-damascene cross-section illustrating various process-
related problem areas before and after metallization: (a) adhesion failure, (b) ILD plasma
damage, (c) sidewall ILD damage from via-etch and PR strip, (d) OPL penetration during
via-fill, (e) LBR and pitting from uneven etch front, (f) sidewall ILD damage from line etch
and PR strip, (g) exacerbated LBR and pitting due to cap-open, (h) discontinuous barrier
layer due to large, interconnected pores, (i) ILD damage from CMF, (j) Cu pre-clean/cap
deposition plasma damage
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or, as in the case of CVD-deposited porous ILDs, by employing a gradient layer at the
interface [28]. Dense ILD is deposited at the immediate cap/ILD interface, ensuring good
adhesion by eliminating the effect of porosity and then continuously increasing the
porosity of the ILD until the target k is reached. Other new interfaces are created during
hardmask deposition, which usually consists of two layers, HM1 and HM?2, vide infra
[29-31]. The function of the hardmask is to prevent direct contact of the photoresist (PR)
with the ILD in order to eliminate the absorption of basic species, such as atmospheric
amines, by the highly porous ILD, which leads to poisoning of the highly sensitive chem-
ically amplified photoresists [32-34]. An additional function of the hardmask is to allow
for PR rework.

The PR rework process typically involves the use of O, plasmas, requiring the use of
SiO, as a hardmask (HM2). However, since SiO, plasma deposition processes severely
damage porous, low-k ILDs, an intermediate layer (HM1) is deposited prior to the SiO,
layer. For HM 1, plasma deposition conditions are selected that are considerably less dam-
aging to the porous ILD, yet provide sufficient adhesion during ensuing CMP processes
(Figure 1.3 (a) and (b)) [35].

Next, via-structures are lithographically patterned and etched into the porous ILD
employing C F -based plasmas [36]. These etch processes, initially developed for SiO, or
other dense materials, tend to damage the via-sidewalls (Figure 1.3 (c)) [37-39]. By care-
fully balancing the polymerization and etch reactions of the plasma process, less damag-
ing etch processes are possible. However, plasma damage to the via-sidewall is not limited
to the etch step. In fact, the majority of the sidewall damage can be attributed to the strip
(ash) of the remaining photoresist. Whereas the etch plasma damage to the via-sidewall is
primarily confined to the surface, a PR plasma strip may induce damage that extends far
into the bulk of the ILD and is a function of the overall porosity, pore size and pore inter-
connectivity.

Following patterning of the via-structure, the line level has to be lithographically
defined. In order to allow for uniform coverage of the photoresist on top of the via-
structures, the topography has to be planarized. This leveling of the topography is achieved
in the so-called via-fill step employing a low molecular weight organic planarizing layer
(OPL) [40-42]. The low molecular weight allows for high solids content formulations
with correspondingly low viscosities, providing for the ability to fill narrow spaces and to
planarize. This ability to fill narrow spaces may present a drawback for porous ILDs with
larger and interconnected pores. Here, the OPL may actually penetrate into the ILD
(Figure 1.3 (d)). Furthermore, since OPL polymers are generally polydisperse, the pene-
tration problem is exacerbated by the lowest molecular weight species from the low end
of the molecular weight distribution. The issue of OPL penetration is just starting to
emerge as k values are driven to ever lower values. Hopefully, solutions to this problem
can be found in a new generation of OPL candidates with properly chosen molecular
weight characteristics, by designing high-porosity materials with small, nonintercon-
nected pores or by pore sealing approaches.

Once the structure has been planarized using an OPL, deposition of a low-temperature
plasma-deposited oxide layer follows, which allows rework of the PR deposited in the
next step. PR deposition is then followed by lithographic patterning and etching the line
levels into the ILD, leaving a small plug of OPL at the bottom of the via-structure. This
protects the bottom capping layer and is subsequently removed during the PR strip.
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However, since the line does not extend all the way to the bottom of the ILD layer, line
bottom roughness (LBR) due to a nonhomogeneous etch front may be observed (see
Figure 1.3 (e)) [43].

The LBR can then be further exacerbated along with additional sidewall damage to both
the line and via, as shown in Figure 1.3 (c), (e) and (f), from the PR strip/OPL clean-out
step, which typically requires oxidative plasma conditions. LBR appears to be strongly
affected by ILD porosity and pore interconnectivity, even leading to pitting of the line bot-
tom at high porosity levels.

Once the line/via-structures have been defined, another etch step is required to open the
capping layer, allowing for the eventual connection of the new line/via level to the underly-
ing metal level. The nature of the cap material dictates plasma etch conditions of this cap-
open step, which are even more aggressive, thus exposing the line bottom to further damage
(see Figure 1.3 (g) ) [44]. In order to mitigate the plasma damage and to remove any plasma
residues from the various exposed surfaces, wet-clean processes using dilute HF (DHF) are
often employed [45-47]. This treatment ensures good contact between the via and the
underlying copper metal as well as removing hydrophilic sidewall damage resulting from
the various process plasmas. In the case where sidewall damage was very severe, the wet-
clean process can potentially remove so much material as to significantly change the criti-
cal dimensions of the line/via-structures.

After the line/via-structures have been defined and the via bottom has been opened to the
underlying metal layer, metallization is performed. The metallization portion of the process
consists of two steps:

1. barrier layer deposition and
2. Cu plating.

The barrier is generally a bilayer consisting of a metal nitride and a barrier metal to protect
the ILD from Cu migration/penetration and typical examples are TaN/Ta and TiN/Ti. The
function of the metal nitride is to provide excellent adhesion to the ILD, whereas the bar-
rier metal provides an optimum interface to the Cu. For maximum effectiveness, this bar-
rier layer needs to be continuous and without defects and pinholes. For highly porous
ILDs, this requires the use of relatively thick barrier layers to seal off the pores, preventing
Cu intrusion into the ILD, as shown in Figure 1.3 (h) [48, 49]. However, as line and via
dimensions shrink in accordance with future technology nodes, thinner barrier layers are
needed to maintain or improve electrical performance. This requirement presents a major
challenge for highly porous materials and may, in fact, limit the extendibility of porous
ILDs to dielectric constants >2.0. Next, copper is deposited into the patterned dual-
damascene structure and the Cu overburden including the bilayer hardmask is polished
back to the ILD using chemical mechanical polishing (CMP). Here, high mechanical
forces and the chemical nature of the CMP slurry may adversely affect the stack in the
form of adhesive failure at the various interfaces, cohesive failure of the ILD [50-52] and
adversely impacting the electrical properties [53] (see Figure 1.3 (i) ). Proper selection of
the CMP slurries in addition to low down-force CMP processes can significantly mitigate
these problems.

Finally, the last step in the dual-damascene process involves the deposition of a capping
layer to protect the oxidatively sensitive Cu metallurgy, so that the entire process sequence
can be repeated over and over again.
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1.2.2 Mechanical Properties

For traditional PECVD and spin-on materials, the mechanical strength of ultra-low-k films
decreases as the dielectric constant is reduced. Consequently, their stiffness and resistance
to cohesive or adhesive fracture is strongly affected. In addition, the number of ULK levels
usually increases from one technology node to the next to minimize the BEOL RC e On
the other hand, the stiffness of controlled-collapsed-chip-connection (C4) solders has
increased with the switch to lead-free materials and ceramic carriers have been replaced by
organic substrates (with a higher coefficient of thermal expansion (CTE) and lower Young’s
modulus). Altogether, more thermomechanical stress is applied to the BEOL levels whereas
the overall fracture resistance of the structure has been reduced. This conflicting trend in
chip—package materials is summarized in Table 1.1 [54, 55].

It is very interesting to note in Table 1.1 that the preferred evolution of BEOL and pack-
aging characteristics is the mirror image to what is currently developed in the semiconduc-
tor industry. It is then not surprising that critical reliability issues have been encountered
during chip—package interaction (CPI) [56, 57]. Indeed, the thermal deformation of the
packaging structure is directly coupled into the BEOL interconnects, creating large stresses
at the ultra-low-k levels that can induce materials fracture and/or delamination [58]. A good
example of such a failure is presented in Figure 1.4 and is known as the ‘white bump’ issue.
These ‘white bumps’ are observed by acoustic wave spectroscopy (Figure 1.4(a)) after the
chip join reflow processing once the flip-chip ball interconnects have solidified [58].
The presence of these ‘white spots’ indicates that fracture (adhesive or cohesive) occurred

Table 1.1 Conflicting trend in chip—package material

BEOL Packaging Substrate flexibility
ULKYoung’s  ULK cohesive ~ ULK levels  C4 stiffness
modulus strength

Preferred ) ) ) { )

Reality { { T ) )

Figure 1.4 (a) Acoustic wave spectroscopy image of white bumps. (b) Cross-section of a
white bump
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underneath the solder ball, usually at the ULK levels (Figure 1.4(b)). It has also been
observed that these ‘white bumps’ were generated during the thermal testing of packaged
dies (microprocessors must pass a thousand cycles from sub 0 °C to greater than 100 °C).

Since this failure mechanism is only observed after packaging and thermal testing the
cycle of trial and error can be long and expensive. At the same time, new materials are also
introduced in the BEOL and at the packaging level for each technology node. Consequently,
the identification of the main factors involved with CPI failures in Cu/low-k interconnects
is a daunting task. In that regard, finite element based modeling coupled with fracture
mechanics has been of great help in pinpointing these determining factors. Early on, it was
found using three-dimensional (3D) finite element analysis based on a multilevel submod-
eling approach that for a stand-alone chip, the energy release rate (ERR) induced during
processing was lower than the critical ERR for interfacial delamination obtained from a
four-point bend test [59]. After the die is assembled in a flip-chip package, a significant
increase of this ERR was obtained for the interconnect structure interfaces parallel to the
die surface. In a two-metal layer interconnect structure, the ERR was shown to increase
rapidly when the modulus of the ILD is lower than 10 GPa [60]. In a more complex struc-
ture, the interface exposed to the highest ERR varies as a function of the materials (TEOS,
low-k and ULK) used at each interconnect level [60]. For a full interconnect structure based
on the 65 nm technology node, the ERR increased with increasing crack length. A similar
observation has been made by different authors, confirming that the crack feeds from the
energy supplied by the package until a steady state is reached [61].

The packaging challenges for ultra-low dielectric materials may be summarized as
follows [62]:

— die separation process = dicing,

underfill selection for ULK and bump protection,

— lead-free bump, with higher stress on ULK levels and
— fine-pitch bump application.

If not addressed, the mechanical issues for BEOL interconnect and packaging will lead to
more and more difficulties in successfully passing reliability testing when moving from
one technology node to the next. Traditionally seen as two independent sectors, BEOL and
packaging must now face the same challenge and a common effort of these two communi-
ties is required, i.e. wafer design/manufacturing needs to integrate packaging into the total
solution. We believe that opportunities will emerge from a combination of new gentler
integration processes, toughening post-treatments, development of stiffer and more crack-
resistant advanced ULK materials, implementation of more compliant packaging materials
and novel BEOL and packaging designs [55, 62].

1.3 Processing Approaches to Existing Integration Issues

Considering all the integration challenges described in the previous section, the semicon-
ductor industry was faced with two choices:

— develop new processing/engineering solutions or
— design advanced dielectric materials.
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Obviously, for a conservative industry, the former represented the more prudent and readily
implementable approach. Therefore, much of the initial attention was focused on this area.

In general, these processing/engineering solutions can be divided into three distinct
categories:

1. Post-deposition treatments to enhance the physical properties of highly porous dielectric
materials.

2. Prevention or repair of plasma-induced processing damage.

3. Use of multilayer structures comprised of an organic dielectric and an organosilicate.

1.3.1 Post-deposition Treatments

The deposition of organosilicate-based dielectric materials, as practiced in the semicon-
ductor industry, typically involves a thermally activated process either during or imme-
diately following the deposition step. The thermal portion of this process step is dictated
by the need to decompose the thermally labile pore generator (porogen) and to ensure
optimum network formation. Both requirements are favored by high curing tempera-
tures, typically in excess of 400 °C. Network formation and hence mechanical properties
greatly benefit from high curing temperatures, as shown by laser spike annealing studies
of spin-on organosilicate films [63]. Keeping in mind that for microelectronic applica-
tions, temperatures of 400—-425 °C are considered an upper limit and curing times are
only on the order of several minutes, dielectric films are most likely to be undercured
and network formation is not optimized. Although this may not have presented a prob-
lem for dense dielectric materials, it is significantly more critical for highly porous coat-
ings with commensurately lower modulus and hardness values. In order to address these
weaknesses, thermally assisted e-beam and ultraviolet (UV) curing processes were audi-
tioned. The goal was to facilitate the complete porogen removal at temperatures <400 °C
and to boost mechanical properties as a result of the known hardening effect of these
treatments [64—69].

Of the two radiation processes, e-beam treatments were investigated first, but when it
was found that UV irradiation was nearly as effective in promoting complete porogen
decomposition and mechanical properties enhancement, the former was dropped due to
perceived detrimental effects to the front-end devices [70]. Overall, both processes are
similar in that optimum results are generally obtained at 400 °C with exposures typically
ranging from 3 to 10 minutes [71-73], the primary difference being that e-beam exposure
appears to be more directional as compared to broadband UV exposure [67]. Furthermore,
both treatments are equally effective in promoting porogen decomposition at400 °C [67, 68].
For example, XPS data obtained for porogen containing PECVD organosilicate films as a
function of UV exposure at 400 °C indicates a rapid decrease in the C/Si ratio during the
first 10 minutes of UV exposure, followed by a significantly lower rate of carbon loss [74].
The initial rapid carbon loss was attributed to porogen decomposition, while the slower
change in C concentration was associated with other carbon depleting changes, vide infra.
However, completeness of the porogen decomposition is not always readily assessable
and the presence of porogen residues can persist even after an extended thermally assisted
UV cure [75].
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For the remainder of this discussion the main focus will be on UV post-deposition treat-
ment, unless there is a specific call for e-beam examples. In addition, primary consideration
will be given to broadband UV radiation (A = 200-400 nm) over monochromatic UV radia-
tion (A <200nm) due to the fact that the former is better suited for porogen removal and
mechanical enhancement [76], less damaging to the dielectric material [77], less prone to
standing wave effects [78, 79] and the preferred spectral range of presently used manufac-
turing tools.

Spectroscopic examination by Fourier transform infrared (FTIR) and *Si-NMR of orga-
nosilicates exposed to thermally assisted radiation treatments provides a relatively consist-
ent picture of the structural changes taking place. The main observed structural change is
an increase in the network connectivity via additional condensation reactions. This is most
clearly demonstrated when comparing the *Si-NMR spectra of pristine and UV-treated
films, which exhibit an increase in Q (Si bonded to four oxygens) and 7 (Si bonded to three
oxygens) moieties of 7% and 4 %, respectively, after UV exposure [72]. The increase in
T and Q occurs at the expense of D (Si bonded to two oxygens) and the complete disappear-
ance of M (Si bonded to one oxygen) structural units. In addition, there is a decrease in
T and D structural units with pendant silanol groups. The overall effect is an increase in the
degree of condensation, i.e. the degree of cross-linking or network connectivity. Similar
and consistent observations were reported by other groups [67, 80]. Complimentary FTIR
studies provided additional information and subtleties not apparent from the nuclear mag-
netic resonance (NMR) experiments. Thus, radiation treated films exhibit a definite change
in the Si—O-Si bond arrangement reflected in the 1200—1000cm™ spectral range. There is
a definite decrease in the 1140cm™ absorption (assigned to the Si—O-Si cage network
structure or large bond angle structure) and a concomitant increase in the absorption at
1040cm™" (assigned to the Si—O-Si small bond angle structure and suboxide). It is not
certain whether this structural rearrangement in the Si—~O-Si backbone structure results in
an overall increase in network connectivity, but the more stable (140-144° bond angle)
bonding configuration is expected to increase the overall rigidity of the network and hence
Young’s modulus. Along with these major structural changes, there are smaller observed
differences, such as small decreases in the Si—~CH, absorptions at 2975 cm™,2910cm™ and
1275 cm™ and the appearance of Si—H absorptions at 2240 and 2180cm™. Based on these
observations it is possible to postulate a series of potential reactions that would account for
the spectroscopic data as shown in Figure 1.5. Of these reactions, those represented by
pathways (a) to (c) are consistent with experimental observations, with pathway (a) being
the most dominant and the other two playing a lesser role. Pathways (d) and (e) lead to
carbon-bridged Si-network structures. Although reactions (d) and (e) cannot be totally
ruled out, there is a strong possibility that these may arise from residual porogen fragments
left in the organosilicate matrix [67, 81]. Finally, reaction pathway (f) has been proposed
based on the observed production of Si—H bonds in both UV and e-beam treated organo-
silicate samples [67, 68, 81]. This reaction is more predominant in e-beam treated samples.
However, the relative amount of Si—H formation during UV or e-beam exposure is hard to
quantify since this moiety is rather reactive and could be readily consumed by reaction
pathway (c). Nevertheless, the presence of residual Si—H bonds is not desirable and presents
another reason why broadband UV exposure, with little or no Si—H formation, is preferred.

With an understanding of the underlying structural changes accompanying UV or
e-beam exposure of organosilicates, it is now possible to elucidate the observed changes in
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Figure 1.5 Possible structural modifications iinduced by e-beam or UV exposure of
organosilicate materials

mechanical properties. In general, broadband UV exposure at 400 °C and exposure times
on the order of less than 10 minutes lead to a dramatic improvement in Young’s modulus
(40-50 % increase) while typically slightly lowering the dielectric constant [68, 71, 72, 79].
However, treatment of multistack structures appears less effective and dictates the treat-
ment of individual layers for optimum results [71]. As shown in Figure 1.5, reactions (a) to
(c) increase network connectivity, increasing E while consuming pendant Si—~OH groups,
which leads to a decrease in k due to lower polarizability of the matrix and less propensity
to absorb atmospheric moisture. Futhermore, the organosilicate bond rearrangement of UV
exposed samples contributes to additional stiffening of the matrix and a concomitant
increase in E. This contribution, although not obvious, was elegantly demonstrated by
comparing a PECVD organosilicate resin, resin A, with a thermally cured spin-on organo-
silicate resin, resin B [82]. Resin A, prior to UV exposure, was characterized by low net-
work connectivity, i.e. the presence of significant Si—-OH groups. UV cure of this resin
exhibited a significant increase in Q groups of the Si-NMR spectrum and little or no Si—-O—
Si bond rearrangement as reflected in the FTIR spectrum. In contrast, resin B showed high
network connectivity, as reflected by the lack of M and D groups in the Si-NMR spectrum.
This was not completely unexpected since this resin had been subjected to an initial ther-
mal cure. UV exposure of resin B yielded little or no increase in Q groups, but a noticeable
decrease in the large-angle Si—O-Si structure was evident from the FTIR spectrum. Given
that both materials exhibited a similar improvement in Young’s modulus, the connection
between mechanical enhancement by an increase in network connectivity and/or Si—-O-Si
bond rearrangement could be made. Furthermore, a decrease of Poisson’s ratio as a func-
tion of UV cure for organosilicate films suggests that increases in the shear modulus dom-
inate over increases in the bulk and/or compressive modulus [82].

Besides the improvement in the stiffness of UV-treated organosilicate materials, the
impact of UV curing on the fracture energy was also studied. In this connection, it was
shown that while adhesive fracture energies at the top interface can improve by as much as
200 %, cohesive fracture energies and bottom adhesive fracture energies improve at best by
20 %. This suggests a depth dependence of the UV cure. Indeed, studies using monochro-
matic UV radiation, where the depth dependence is significantly more severe, indicate UV
light interference, which forms a standing wave during the curing process [78, 79]. While
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underlying layers of transparent SiN can mitigate this effect and increase the adhesive
fracture energy at the bottom interface, UV absorbing spacers such as SiCN negated the
beneficial effects of UV irradiation at both interfaces [83]. The lack or presence of contri-
butions by thermally assisted UV treatment on the cohesive strength may in fact be due to
differences in the nature of the dielectric material and/or the degree of initial network con-
nectivity. Thus, comparison of two distinctly different organosilicates, subjected to identi-
cal UV treatment, indicated that cohesive strength is primarily affected by the Si—-O-Si
large-angle bond rearrangement [82]. Furthermore, there seems to be no significant change
in the threshold or subcritical crack growth velocity although the underlying reasons are
still being debated [73, 81, 84].

To summarize, thermally assisted broadband UV treatment of organosilicates is very
effective in facilitating porogen removal, minimizing the thermal budget and increasing
Young’s modulus. This enhancement of the mechanical properties is a prerequisite in being
able to go to higher porosities (lower k values) and in turn extending the technology to
future device generations. It should be noted that along with the beneficial effects of such
post-deposition treatments on the dielectric insulator there might also be less understood
implications with respect to underlying structures, such as capping layers, etc. Obviously,
more studies are necessary in this area.

1.3.2 Prevention or Repair of Plasma-Induced Processing Damage

As the dielectric constant of the ILD is pushed to lower values, larger and highly intercon-
nected pores are created, raising the following concerns:

— access of reactive plasmas deeper into the ILD,
— OPL penetration into the ILD and
— noncontinuous barrier layer coverage at the sidewall leading to metal intrusion.

Of course, the majority of these problems could be addressed by generating the porosity
after the DD structure build is completed. This has been proposed in a ‘solids first’ or
‘porosity last” approach [85-89]. In these schemes the porosity is created either after etch
(PEBO) or after Cu CMP (PCBO), the latter requiring the use of a permeable cap.
Furthermore, the PCBO approach is more desirable based on the fact that it protects from
plasma damage, minimizes liner discontinuities and eliminates metal intrusion. Either way,
considerable improvements in reliability and downscaling of the metal barrier could be real-
ized. However, these advantages are in the least partially negated by large ILD shrinkage
(=~ 10 %) upon porogen burn-out. As a result, this approach has not been pursued any further.
Another alternative is to seal the surface of the porous interfaces. This approach addresses
barrier metal coverage and prevention of metal intrusion, but has no effect in mitigating
plasma damage. Nevertheless, two potential pathways have been explored. The first path-
way interposes a thin, continuous layer between the porous ILD and the barrier metal [90, 91].
This material could be deposited by various means and both organic and inorganic candi-
dates have been proposed [25, 48, 49, 92-95]. Furthermore, since this material contributes
to the overall dielectric constant, candidates with relatively low k values are preferred.
Potential drawbacks to this approach present themselves in the introduction of new
material interfaces and the need to remove the additional material at the via bottom. Thus,
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the former could give rise to interfacial adhesion issues, while the latter could adversely
affect the cap-open step to establish metal contact.

The second pathway to pore sealing is by plasma modification. Proper selection of a
suitable plasma may densify the outermost surface of the via and line sidewalls, enabling
deposition of thin, continuous barrier layers [96—101]. As it turns out, this approach is fea-
sible for microporous dielectric materials, i.e. small pores with little or no interconnectiv-
ity, but fails for mesoporous materials. Due to the high interconnectivity of mesoporous
materials, plasma modification is not merely restricted to the surface but penetrates deep
into the bulk of the material. Here dielectric damage appears to dominate with only limited
pore-sealing success.

Whereas these two modifications address the issue of smooth sidewalls for optimum
barrier metal deposition, they do not consider the plasma damage to the ILD from etch and
strip processes. Although strip (resist removal) damage can be minimized with the use of
hardmasks (the lithographic pattern is first transferred to the hardmask, which allows a PR
strip without exposing the ILD) [29, 30, 102-105], plasma damage arising from the actual
ILD etch cannot be neglected. This damage manifests itself in the form of oxidative degra-
dation of the ILD and as a result produces silica-based oxides and hydroxides at the exposed
surfaces. The presence of the latter is particularly detrimental to the dielectric constant due
to its propensity to absorb moisture. In addition, the effect of the oxidative ILD damage on
the mechanical properties is still uncertain.

Given that plasma damage is hard to prevent, the alternative is to repair this damage. In
this respect, two techniques have emerged. The first technique tries to make use of a hydro-
gen plasma treatment, which converts the damaged layer to a denser layer of Si—H rich
material [106—109]. In addition, the porous matrix material may experience rearrangement
of the Si bonds to include formation of Si(CH,),, SiOCH, and Si—~C bonds, while also suf-
fering from a reduction in the Si-CH, bonds [110, 111]. Of course, the extent of plasma
damage is dependent on the specific plasma conditions [112].

The second process utilizes reactive silylating agents to convert hydrophilic Si-OH groups
into hydrophobic derivatives [113—119]. This reaction is best accomplished with highly reac-
tive chlorosilanes, but the corrosive nature of the by-product HCI and the potential to intro-
duce chloride ions makes them poor candidates. Much more suitable silylating agents are
silylamines, such as hexamethyldisilazane and dialkylaminotrimethylsilane, which only gen-
erate nonhalogen containing by-products. Here, the difficulty lies in the delivery of these
reagents in order to maximize the penetration into the porous dielectric resin. Although sol-
vent mediated treatments have been proposed, only supercritical CO, (SCO2) or gas-phase
treatments are of practical value [120-122]. Gas-phase silylation is particularly attractive
since this restoration process uses a neat reagent at elevated temperatures, greatly amplifying
the reactivity of the nonhalogen containing candidates. However, even in the best of situations,
the silylation process cannot fully restore the damage ILD to its previous virgin state [113].

1.3.3 Multilayer Structures
Finally, plasma damage can be mitigated by the presence of high carbon content materi-

als. This observation was utilized in hybrid integration approaches, which utilize a two-
layer ILD comprised of an organosilicate layer at the via level and an organic polymer
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layer at the trench level [8, 123—-125]. Although this approach limits plasma damage
mainly to the via level (top and sidewall surfaces), it complicates the integration approach.
Thus, since most organic polymers, e.g. polyarylenes or poly(arylene ethers), are depos-
ited by spin-on techniques and the majority of organosilicate materials are prepared by
PECVD, two distinctly different deposition tool sets would be required. Furthermore, the
introduction of new interfaces, as mentioned previously for pore sealing using thin lin-
ers, may significantly affect interfacial adhesion. One novel integration approach com-
bines both hybrid integration (useful for minimizing ILD damage at the trench level) and
a new concept referred to as ‘effective porogen control’ (ECB) [126]. The latter is
achieved by limiting the amount of porogen decomposition of the porous SiCOH layer,
i.e. the via level, to less than 70 %. The remaining porogen effectively increases the car-
bon content of this layer protecting the via level. The remaining porogen is partially
removed during the plasma processing steps (trench level), followed by a thermal cure
after a complete DD build.

1.4 Material Advances to Overcome Current Limitations

In the search for improved mechanical properties of highly porous materials, two candi-
dates have emerged over the past few years. The first type, strictly spin-on, is based on the
superior mechanical properties of crystalline zeolites. The second type of material relies on
maintaining a highly connected network by introducing carbon as a bridging group in
between the silicon atoms. Initially developed for spin-on materials, the latter strategy has
been also recently adopted by the PECVD community. Carbon-bridged CVD precursors
have appeared to replace current materials for the 32 nm technology node and beyond.

1.4.1 Silica Zeolites

Zeolites (derived from the Greek words zeo (to boil) and lithos (stone)) are microporous
crystalline materials that consist of open aluminosilicate frameworks derived from [SiO,]*
and [AIO 4]5‘ tetrahedra linked to form cages, channels or cavities of various sizes [127].
The negatively charged frameworks are balanced by positively charged cations of appro-
priate size located at various positions in the lattice. Because of their well-defined micro-
pores and the presence of acidic sites inside the pores, zeolites have been successfully
employed for a diverse range of applications: ion exchange, separations and catalysis (oil
refining, petrochemistry, organic synthesis) [128]. While pure-silica zeolites, silicalite-1
(similar to ZSM-5) [129] and silicalite-2 (similar to ZSM-11) [130], were synthesized for
the first time at the end of the 1970s, it is not until recently that these materials have
received some attention from semiconductor manufacturers as potential low-k dielectrics.
Since silicon is tetravalent, pure-silica zeolites (PSZs) do not contain framework charges
and consequently no cations, which would be detrimental for electronic applications, are
present. Due to their dense crystalline structure, better mechanical properties are expected
[131], and since their pore size (<2nm) is significantly smaller than integrated circuit (IC)
features, the problem of electrical breakdown should be mitigated by the absence of any
randomly occurring large pores.
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The first films made of silica zeolites were obtained following two strategies [132]:

(a) in situ crystallization in a Teflon-lined Parr autoclave (165 °C, 2h) of a solution com-
posed of 0.32 TPAOH/TEOS/165H,0 and
(b) spin-coating of a silicalite nanocrystals containing solution [132-134].

Independent of the method used to grow silicalite films, a post-synthesis thermal treatment
at 450 °C for 2 hours is applied to remove the tetrapropylammonium hydroxide (TPAOH)
template.

In the case of in situ crystallized films, thicknesses vary from 200 to 500nm, and chemical
mechanical polishing (CMP) needs to be performed initially to smooth the surface. These films
possess excellent mechanical properties with E = 30-40 GPa (nanoindentation) for dielectric
constants ranging from 2.7 to 3.1. The effect of water adsorption on the k value of silicalite films
was examined by exposing the sample to air at 60 % relative humidity. The k value increases
from 2.7 to 3.3 after an exposure time of 30h (k= 3.5 after several days). This observation is in
good agreement with an ellipsometric porosimetry (EP) study using water as an adsorbent,
reporting that the in situ crystallized film’s hydrophilicity increases with aging [135].

On the other hand, silicalite spin-on films present lower dielectric constants (k=1.8-2.1)
due to the additional porosity gained from internanocrystal packing voids [132]. A uniform
interparticle pore size of 17 nm and an interparticle pore volume of 0.40cm® g™' were meas-
ured by N, adsorption experiments performed on bulk samples. While beneficial in terms
of the dielectric constant, the presence of larger mesopores is not only of concern for prac-
tical applications but also affects the adhesive properties of these films, leading to failure
during CMP [136]. To address this issue, a brief secondary growth of silicalite nanocrystals
can be applied, resulting in the loss of the interstitial porosity, an increase of the dielectric
constant to a value of 3.0 and restoration of the adhesive properties observed for the in situ
crystallized films. This second silicalite growth can be avoided by using an amorphous
silica containing silicalite nanocrystals solution. Here, the mesopore size is reduced from
17 to 2.3-2.6nm, resulting in a film with better mechanical properties (E = 16-18 GPa by
nanoindentation) and a dielectric constant of 2.3 [137]. Positronium annihilation fifetime
spectroscopy (PALS) was used in this case to confirm the presence of micropores (0.55 nm)
duetothezeoliteframework,inadditiontoopen/interconnectedmesopores(2.3—2.6 nm) [ 138].
Unfortunately the film is quite hydrophilic, as shown by an increase in the dielectric con-
stant from 2.3 to 3.9 within 1h of exposure to ambient air at 50-60 % relative humidity. To
render the film hydrophobic, vapor-phase silylation was conducted. After silylation, a die-
lectric constant of 2.1 was obtained; this value changes slightly over time upon exposure to
air. Interestingly, this post-curing treatment step can be eliminated if the silylation is per-
formed during the zeolite synthesis and/or during calcination of the template [139].

In order to achieve a tunable k value in an even lower range on the MFI (zeolite with a
two-dimensional 10-ring pore structure and pore size of 5.5A) low-k material, incorporation
of nanosized voids using y-cyclodextrin as a porogen was explored [140]. By introducing
5-15 wt % of y-cyclodextrin, controllable interparticle porosity ranging from 2.71 to 3.29nm
was created. The dielectric constant decreases in relation to the amount of porogen used.
A value of 1.8 is obtained for a 15wt % porogen loading, while the mechanical properties
for this film remain excellent (E = 14.3 GPa by nanoindentation). Unfortunately, all of the
cyclodextrin containing films required heating to 450 °C for 9 h to ensure full decomposition
of the porogens (cyclodextrin and TPAOH), making this process unsuitable for integration.
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Because all the films above are composed of a mixture of amorphous silica and silicalite
nanocrystals, not only the overall ratio of one silica component versus the other (in other
words the total level of film crystallinity) [141] but also the nature of the zeolite (MFI or
MEL, zeolites with a two-dimensional 10-ring pore structure) [142] influence the dielectric
properties of the material. Using a two-stage hydrothermal synthesis method, the yield of
nanocrystals for a given particle size can be increased in the solution used for film prepara-
tion. A direct effect is observed on the dielectric constant of the films with higher crystal-
linity, leading to lower k values [141, 142]. At the same relative level of crystallinity,
changing the nature of the zeolite nanocrystals from MFI to MEL also results in a lower
dielectric constant. The authors point out that a lower & value is expected because MEL has
a lower framework density (FD) than MFI [142]. Since different sizes of nanocrystals are
used in this study and the total porous volume of the films is different, it is not clear
whether this result can be directly correlated to the nature of the zeolite or if it is governed
by other parameters such as the size of the nanocrystals, mesoporous volume and number
of residual silanols. Without silylation, and independent of the level of crystallinity, the
synthesized films are still highly hydrophilic.

While this strategy initially looks very attractive, it is worth noting that the longer the
second crystallization stage (i.e. higher crystallinity), the lower the mechanical properties
[143, 144] and the bigger the interstitial voids [143, 145]. The mechanical properties
decrease with increasing crystallinity because there is less amorphous silica to ensure the
homogeneity of the film and also because the interstitial volume and size increase as well [ 143].
Regarding the last point, it was clearly shown that for silicalite films the pore size and dis-
tribution evolve as a function of the crystallization time [143, 145]. For crystallization times
less than 3—4 days, pores at 0.55nm (from silicalite) and at 2-5nm are detected. At longer
crystallization times, additional pores in the range of tens of nanometers are formed [143,
145]. Furthermore, it has been demonstrated that an increase of crystallinity is accompanied
by a growth of the nanocrystal size and a reduction in the relative amount of amorphous
silica [146]. It is most likely that these two parameters have a direct effect on the size of the
voids. In that regard, Liu et al. have developed an ‘evaporation-assisted two-stage synthesis
that apparently limits the formation of 40-80nm zeolite nanoparticles in solution leading to
low-k films with improved properties’ [147]. They have reported that small MEL nanocrys-
tals (e.g. 14nm) could be obtained in a 63 % yield using this strategy. Unfortunately, spin-
coating of the above formulation leads to low-k films containing pores as wide as 50nm, as
evidenced by a comparative study conducted by a different group [148].

Remarkably, it was recently discovered that crystallization can also occur during the
annealing of the spin-on films in a new process called ‘on-wafer crystallization’ [149]. The
formation of big particles in solution is prevented by the absence of any hydrothermal treat-
ment. After anneal and silylation, the film has a dielectric constant of 1.8, a Young’s modu-
lus of 16.8 GPa and an average pore size diameter centered around 6 nm. While smaller, the
pores are still too big to envision a trouble-free integration of these materials.

Another approach to decrease the pore size diameter of PSZ low-k films was developed
by Eslava et al. [150]. They have shown that UV curing (5min at 425 °C under an inert
atmosphere) of silica zeolite as-synthesized films leads to the formation of mesopores in
the 2-8 nm range. For comparison, the calcined film only contains much larger pores in the
10-50nm range. In addition, the UV-assisted curing not only increases the hydrophobicity
of the porous zeolite film by condensation of silanols but also through grafting of the
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desorbing organic template fragment, an unexpected result. The film has a dielectric con-
stant of 2.16 and a Young’s modulus of 10.7 GPa. While the mesopores are again too big for
application as a low-k dielectric material, UV curing appears as a novel path to the design
of PSZ films with the desired mechanical, electrical and pore size distribution properties.
In a more recent publication, post-deposition UV curing was combined with two silylation
steps using 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS) [151]. The film modulus
improved from 4.2 to 10GPa after the complete treatment, for a dielectric constant
k=2.18. It is worth noting that no pore size distribution was reported in this paper [151].

A different strategy to address the water adsorption in PSZ films is to synthesize organic-
functionalized PSZ MFI films (OF PSZ) [152]. Incorporation of Si—-Me groups in the zeo-
lite framework was achieved through addition of MeSi(OMe), to the synthesis solution of
MEFI nanoparticles. Upon exposure to ambient air for 1h, the dielectric constant of the OF
PSZ film increased from 2.25 to 2.74 (20 %), compared to a 70 % increase for the nonfunc-
tionalized film (10% after silylation). Other organic groups, different from Si-Me,
3,3,3-trifluoropropyltrimethoxysilane (C6) or 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(C14), have also been used to functionalize PSZ MFI and PSZ MEL [153]. In this case, the
quantity of water adsorbed, while reduced, is still significant. The amount of organic groups
incorporated, initially low to preserve the crystalline structure, is reduced even further after
calcination due to partial decomposition, possibly explaining why higher hydrophobicity is
not achieved. Interestingly, OF PSZ films have also been mixed with an organosilicate
(50% MTES/50% TEOS) containing F127, a triblock porogen of the Pluronics® family
[154]. No post-calcination silylation is necessary when the amount of OF PSZ is kept
below 20 %. However, the Young’s modulus value and the pore size distribution reported in
this paper [154] are questionable.

In the case of OF PSZ films, it has been clearly shown that the introduction of Si-Me
groups significantly increases the hydrophobicity of the film but also affects its level of
crystallinity [155]. The authors mimicked the synthesis of silicalite using the following
solution composition: 0.5MTMS/0.5TEOS/5H,0/0.2TPAOH [155]. The film is amorphous
and has been named ZLK (zeolite-inspired low-k). This film is microporous (no pores big-
ger than 2nm) and has a dielectric constant of 2.2 that only increases by 0.5 % upon expo-
sure to ambient air. The Young’s modulus was measured by nanoindentation and is in the
6—7 GPa range.

As of today, the major drawbacks associated with the preparation of zeolite films, such
as, big nanoparticles, hydrophilicity and the presence of big mesopores, have not been fully
solved. For these reasons the use of silicalite films as future low-k materials in semiconduc-
tor manufacturing does not seem realistic at this time. An exception are ZLK films, which
exhibit the expected properties to warrant some integration work. Nevertheless, their prop-
erties are similar to those reported for oxycarbosilane materials [1], which are prepared by
nonhydrothermal synthesis and are easily scalable.

1.4.2 Hybrid Organic-Inorganic: Oxycarbosilanes
The observation that incorporation of organic moieties into sol-gel glasses can reduce their

brittleness [156—-160] has drawn the attention of the semiconductor industry. However, in
order to be viable candidates for application in the BEOL, the silicon precursors to these
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Figure 1.6 Carbon-bridged alkoxysilane precursors used in the preparation of spin-on
porous low-k films (R = OMe, OFt)

hybrid materials should be low cost, commercially available or readily prepared on a large
scale. For these reasons, the choice has been limited to simple alkoxysilane molecules
containing a carbon bridge between the silicon atoms (Figure 1.6). These hybrid organic—
inorganic materials are known in the literature under different names: bridged polysilsesqui-
oxanes [161, 162], oxycarbosilanes [1, 7, 163—-165] and carbosiloxanes [166]. Similarly to
traditional organosilicates, they are stable up to 425-450°C in an inert atmosphere and
incorporation of a certain level of porosity is necessary to achieve k values below 2.4.
Although the physical properties of the porous films are in part dependent on the type of
porogen used, the chemical nature of the hybrid network is more important [1]. In this
regard, the mechanical properties vary significantly for materials prepared in the presence
of a coprecursor (e.g. MTMS) rather than from the single monomer.

Different authors have studied the properties of porous thin films prepared from MTMS/
BTASM [167] or MTMS/BTASE [168—171] mixtures with a porogen. Unfortunately, full
characterization, i.e. dielectric constant, Young’s modulus and pore size distribution, was not
reported for a given composition. Nevertheless, it was observed that at a dielectric constant of
~2.3, the Young’s modulus doubles when the MTMS/BTASE ratio is increased from 100:10
to 100:90 [169]. This result is in good agreement with a study on neat films showing the sig-
nificant impact on the Young’s modulus of adding 10 to 100 mol % of BTASE to MTMS [172].
Still, the addition of porosity to MTMS/BTASE copolymers leads to an important decrease of
the mechanical properties, even at low porogen loadings. This is due to the power law decay
of the modulus as a function of porosity, typically observed for organosilicates [1].

BTASM, BTASE, BTESEN and TDESC have also been mixed with TEOS (or TMOS)
and a surfactant to produce periodic mesoporous organosilicate low-k films [13, 173—-175].
Materials with a dielectric constant in the 2.0 range were easily accessible using the
above strategy. However, the question remains whether a controlled and reproducible
level of pore organization over a very large surface is possible in a manufacturing envi-
ronment. Indeed, differences in pore organization across the wafer would result in material
properties variability and lack of etch uniformity. As of today, no integration data have
been reported for these materials and therefore their potential is still difficult to assess.
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Figure 1.7 Young's modulus for Me-OCS and Et-OCS as a function of density

Our strategy to prepare hybrid organic—inorganic low-k films focused on two aspects:
(a) compatibility of the sol-gel chemistry and solution deposition with semiconductor
requirements and (b) use of oxycarbosilane precursors (BTASM or BTASE) in their neat
form. Compared to previous studies, we have developed a process that is compatible with
current integration requirements, i.e. the surfactant has to be nonionic and thermally
decomposed (extraction by solvent washing was avoided), high-quality films without
defects can be spin-coated on 8 in and 12 in wafers (low boiling alcohols cannot be used as
a solvent), halogenated acids like HCl need to be replaced by HNO, to prevent chloride ion
contamination and, finally, sol solutions should be stable for at least one month at room
temperature. Regarding the sol-gel chemistry, we have demonstrated that hydrolysis con-
ditions for oxycarbosilane precursors need to be precisely controlled in order to obtain
high-quality films with the targeted electrical and mechanical properties. Under acidic con-
ditions, a stoichiometric amount of water or higher is preferred to favor the formation of
higher molecular weight polymers and consequently eliminate volatilization of low molec-
ular weight oligomers and cyclics during the baking stage. Furthermore, the stability of
30wt % oxycarbosilane solutions in 1-methoxy-2-propanol containing a poly(alkylene
oxide)-based porogen, water and a catalytic acid was studied over time until the onset of
gel formation. At room temperature the prepared formulations were stable for at least one
month before a gel is formed. Under optimized conditions, we also found that the
poly(alkylene oxide) porogens used needed to contain an ethylene oxide chain of at least
10 units to ensure good compatibility of the polymer with the oxycarbosilane matrix. The
mechanical properties for oxycarbosilane films of varying porosity generated using either
Pluronic 123® (<(CH,-CH,-0),~(CH,-CH—~(CH,)-CH,). ~(CH,-CH-O), -) or Brij 35°
(C,H,,(O-CH,~CH,),,OH) were also investigated and are presented in Figure 1.7. Me-OCS
and Et-OCS are used here to designate the thermally cured films obtained from BTASM
and BTASE, respectively. The Young’s modulus decreases linearly with decreasing density
(i.e. increasing porosity), which is a unique characteristic of coadditive-free oxycarbosi-
lanes [164, 165]. This result contrasts with SSQ—porogen mixtures where the decay in
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modulus is exponential. At a dielectric constant of 2.0, the Young’s modulus values by
SAWS are ~ 5 and ~ 6 GPa for Et-OCS and Me-OCS, respectively.

The modulus values obtained for thermally cured oxycarbosilane films are by far the
largest of any we have observed for porous films generated using the sacrificial porogen
route. Similarly, the fracture energies of the oxycarbosilane films are also considerably
higher than their CDO and MSSQ counterparts. At a dielectric constant of 2.0, G (cohesive)
is 2.8J m™ as compared to 1.5 and 1.3J m for both CDO and MSSQ [164]. Interestingly,
recent computational modeling has established fundamental scaling laws for the elastic and
fracture properties of hybrid glasses [176]. They have found that for ethane-bridged glasses,
the bulk modulus scales as (p — 0.6)'°* and the fracture energy scales as (p — 0.55), with p
being the network connectivity. In other words, while Si-Me groups provide significant
benefits such as plasma resistance and hydrophobicity, they are detrimental to the mechan-
ical properties because they lower the overall connectivity of the network.

Another strategy to prepare porous carbon-bridging containing materials was recently
developed by Rathore et al. [166]. Their approach is based on the sol-gel processing of
hyperbranched polycarbosiloxanes (HBPCSO). These polymers contain different silicon
microenvironments corresponding to [O, Si(CH,) ], with x = 1-4. This constitutes a major
difference from Me-OCS where the nominal structure is only composed of [O,SiCH,]
units. Films with dielectric constants ranging from 3.0 to ~ 1.8 were obtained using Pluronic
123® as a porogen. Over this entire range, Young’s moduli obtained for HBPCSO films are
largely superior to the MSSQ samples (prepared under similar conditions), but slightly
inferior to Me-OCS samples. This observation confirms that silicates containing carbon-
bridging groups belong to a different class of materials when considering the mechanical
properties of porous low-k dielectrics.

Finally, PECVD films prepared from carbon-bridged precursors have also recently
emerged to replace current materials at the 32nm technology node and below [177, 178].
While the generic formula is still proprietary, it is believed that these precursors are based
on a methane-bridged (MB) structure. They are typically used in combination with DEMS
(diethoxymethylsilane) and BCHD (bicyclohexadiene) to prepare porous films using UV
curing and which exhibit k values ranging from 2.2 — 2.4 [177, 178]. Interestingly, films
prepared from the MB precursor had slightly lower mechanical properties but their poros-
ity was significantly modified. Indeed, at the same dielectric constant, the proportion of
ultramicropores (< 10A) versus supermicropores (10-20A) increases for MB-containing
films. These films present a higher resistance to the plasma-induced damage observed dur-
ing nanofabrication [179]. Knowing that the MB-containing films also possess a higher
carbon content, we believed that their superior resistance to plasma-induced damage is the
combination of this characteristic and their remarkable porous structure.

1.5 Conclusion

It is definitely an interesting time in the field of low-k materials as materials chemistry and
process engineering need to come together to facilitate the successful implementation of
k <2.4 dielectrics in future technology nodes. Obviously, similar progress is also required
for other BEOL materials such as dielectric caps, hardmasks, liners, metallurgy, etc.



Low-k Materials: Recent Advances 23

The main challenges for ultra-low-k materials are associated with their usually poor
mechanical properties and their highly interconnected porous network. The introduction of
UV curing in manufacturing has permitted the first generation of k = 2.4 PECVD materials
to achieve sufficient mechanical properties to be integrated. Beyond this dielectric con-
stant, it is anticipated that new PECVD precursors will have to be implemented in order to
satisfy the BEOL mechanical requirements. In that regard, spin-on silicalites, ZLK and
oxycarbosilanes offer a significant advantage as their mechanical properties are equivalent
or superior to manufactured PECVD k = 2.4 materials, at a k <2.2. Among them, oxycar-
bosilane materials seem to be the most advanced in terms of development. Nevertheless,
successful integration at the most aggressive ground rules needs to be demonstrated for
these spin-on candidates to attract the full attention of the semiconductor industry. Electrical
and mechanical reliability of these structures will be under scrutiny as the effect of plasma-
induced damage and pre-clean treatments will become worse with increasing porosity.
Toward this goal, it is incumbent that gentler plasma processes and process damage repair
need to play a significant role. In the future, the solution might also arise from the combina-
tion of these new materials with new and innovative integration schemes [180].
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