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As demand for lower power and higher performance nano-electronic products increases, the semiconductor
industry must adopt insulating materials with progressively lower dielectric constants (i.e. low-k) in order to
minimize capacitive related power losses in integrated circuits. However in addition to a lower dielectric
constant, low-k materials typically exhibit many other reduced material properties that have limited the ability
of the semiconductor industry to implement them. In this article, we demonstrate that the reduced material
properties exhibited by low-k materials can be understood based on bond constraint and percolation theory.
Using a-SiC:H as a case study material, we utilize nuclear reaction analysis, Rutherford backscattering, nuclear
magnetic resonance and transmission Fourier transform infra-red spectroscopy measurements to determine
the average coordination (〈r〉) for these materials. Correlations of 〈r〉 to Young's modulus, hardness, thermal
conductivity, resistivity, refractive index, intrinsic stress, mass density and porosity show that an extremely
wide range inmaterial properties (in some cases several orders ofmagnitude) can be achieved through reducing
〈r〉 via the controlled incorporation of terminal Si\Hx and C\Hx groups. We also demonstrate that the critical
point at 〈r〉 ≤ 2.4 predicted by constraint theory exists in this material system and places limitations on the
range of properties that can be achieved for future low-k a-SiC:H materials.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Materials with low dielectric constants (i.e. low-k) are becoming
increasingly important to the semiconductor micro/nano-electronics
industry as it strives to maintain Moore's law [1,2]. Low-k materials
were initially of primary importance for replacing SiO2 as the interlayer
dielectric (ILD) in metal interconnect structures as a means to reduce
parasitic capacitive power losses and resistance–capacitance (RC)
delays [3]. However, low-k materials are also needed to replace the
relatively higher k a-SiN:H etch stop, Cu capping, and passivation layers
utilized inmetal interconnects [4–6]. At the transistor level, there is also
1 971 214 7811.
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a strong motivation to employ low-kmaterials in order to reduce para-
sitic capacitances resulting from trench isolation and sidewall spacer
materials that have relatively high values of dielectric constant [7].

Unfortunately, low-k dielectric materials in addition to exhibiting
reduced dielectric constants also exhibit reduced values for many
other important material properties including Young's modulus
[1,2,8–10], fracture toughness [9,10], breakdown field [11,12], thermal
conductivity [13,14], and thermal stability [15]. This combined with
the introduction of nano-porosity to achieve ultra low-k materials
(k b 2.5) has made the implementation of low-k materials in micro/
nano-electronic products extremely challenging [16,17]. These difficul-
ties have caused the roadmap for the introductionof increasingly lower-
k ILDmaterials forecasted by the International Technology Roadmap for
Semiconductors (ITRS) to be pushed out numerous times [18]. It has
also caused some corporations to consider more exotic and expensive
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low-k alternatives such as selective air gap formation [19] and pore-
stuffing [20]. For these reasons, a greater understanding of the interplay
between the structure and properties of low-k materials is needed.

In this regard, many of the phenomena observed with low-k mate-
rials can likely be understood through constraint and bond percolation
theory [21–26]. Constraint theory for two and three dimensionally
networkedmaterials basically considers thenumber of degrees of trans-
lational freedom and bond constraints (average coordination — 〈r〉) for
each atom and seeks to predict observed material properties for a
network of these atoms [27–35]. One interesting aspect of constraint
theory is the existence of a critical point or singularity where the
number of degrees of freedom equals the number of constraints
[21–26,36,37]. For materials where the number of constraints is less
than the available degrees of freedom, the system is under constrained
and considered “floppy” or “deformable” [38–40]. Conversely, if the
number of constraints is greater than the number of degrees of freedom,
the system is over constrained and considered “rigid” [38,39]. More
importantly, many of the material properties for under constrained
systems are predicted to be invariant with 〈r〉, while the material
properties for over constrained systems are predicted to increase with
increasing 〈r〉 [27–30]. The latter is essentially the result of network
bonding (rigidity) percolating through the system and in this regard is
also sometimes referred to as scaling theory [33,34].

Constraint theory and bond percolation concepts are directly applica-
ble to thematerial property challenges of low-k dielectrics. Typical low-k
materials are inorganic–organic SiO2 or SiC network materials that are
made “low-k” via the intentional incorporation of terminal hydrogen
and organic groups (typically methyl — CH3) [1,2]. The terminal groups
disrupt the network bonding and create free volume or “porosity” in
the material [41,42]. As the dielectric constant of the free volume is by
definition equal to one, this results in a reduction in the effective
dielectric constant of the material via volume averaging of the k of the
atomic network and the free volume/porosity. However, this also effec-
tively reduces the average network bonding (or connectivity = 〈r〉net)
of the material leading to a reduction in material properties such as
Young's modulus, hardness, and thermal conductivity [8–15,43,44].

Early in the development of constraint theory for covalently bonded
materials, it was predicted that optimum glass formingmaterials would
have compositions at or near the constraint critical point. Since then,
constraint theory has been applied to the study of numerous oxide
[21,45–47], chalcogenide [48–54], and metallic glasses [55] with great
success. However, constraint theory has been applied to the investiga-
tion of low-k materials in only a few cases [56–59]. These studies have
focused on interpreting the trends in mechanical properties observed
for organic–inorganic a-SiOC:H materials of interest for replacing SiO2

as the ILD material in Cu interconnect structures [1,2]. In the present
study, we have chosen low-k amorphous hydrogenated silicon carbide
(a-SiC:H) as a case studymaterial for investigating the role of constraint
theory and network bond percolation on the thermal, mechanical, elec-
trical, and optical properties of low-kmaterials.While carbon rich a-SiC:
H (polycarbosilanes) films have been previously considered for low-k
ILD applications [60,61], higher density a-SiC:H and related a-SiCN:H
materials are also of interest as potential replacements for a-SiNx:H as
low-k Cu capping, etch stop, andhardmask layers [62–68]. For these ap-
plications, it is also important to achieve the lowest possible dielectric
constant while maintaining acceptable thermal, mechanical, electrical,
and etch selectivity properties.

It is also important to note that due to good oxidation resistance,
biocompatibility, high elastic modulus and other excellent properties,
a-SiC:H and a-SiC are of interest as membrane/cantilever materials in
micro/nanoelectromechanical (MEM/NEM) device applications [69],
X-ray membrane materials [70], protective coatings for biocompatible
implants [71], and membranes for microfluidic devices [72]. The wide
band gap (2–3 eV) of a-SiC and a-SiC:H alsomakes thematerial of inter-
est as an amorphous semiconductor in microelectronic [73], optoelec-
tronic [74], and solar/photovoltaic applications [75]. In addition, a-SiC
and a-SiC:H offer the added flexibility of being able to tune the physical
properties of thesematerials via adjusting the Si/C stoichiometry and/or
the hydrogen content. The former allows the realization of materials
with properties spanning those of a-Si and a-C [76]. For the latter, we
will demonstrate here that controlled hydrogen incorporation allows
the preparation of a-SiC:H materials with a still wider range of proper-
ties that can be readily explained using constraint and bond percolation
theory.

The method by which 〈r〉 is manipulated in a-SiC:H also represents
an interesting contrast to other constraint theory and percolation stud-
ies of silicate and chalcogenide glasses where the average coordination
number has been primarily manipulated by controlling the concentra-
tion of two, three, and four fold bond forming constituents. For a-SiC:
H and other traditional low-kmaterials, coordination is manipulated in-
steadby inserting one fold terminal hydrogen and organic (CHx) groups.
In this regard, H and CH3 can be viewed as a “network modifier” in the
same way as Na+ and halides are respectively viewed as network
modifiers in silicate [21,47] and chalcogenide glasses [52].

In this study, we utilize nuclear reaction analysis (NRA), Rutherford
backscattering (RBS), nuclear magnetic resonance (NMR), and trans-
mission Fourier transform infra-red (FTIR) spectroscopy, to determine
〈r〉 and 〈r〉net in low-k a-SiC:H materials deposited by plasma enhanced
chemical vapor deposition (PECVD). We produce a range of average
network coordination numbers via manipulating the PECVD deposition
conditions to produce a-SiC:H materials with a range of hydrogen
content and C/Si stoichiometry. We correlate 〈r〉 to the a-SiC:H thermal,
mechanical, electrical, and optical properties determined by a host of
techniques including nano-indentation (NI), picosecond laser ultrason-
ics (PLU), time domain thermoreflectance (TDTR), spectroscopic
ellipsometry (SE), X-ray reflectivity (XRR), ellipsometric porosimetry
(EP), positronium annihilation lifetime spectroscopy (PALS) and Hg
probe capacitance–voltage (CV) and current–voltage (IV) measure-
ments.We demonstrate that the observed trends inmaterial properties
with hydrogen content can be easily understood using bond percola-
tion/constraint theory.We also demonstrate the existence of the critical
inflection point at 〈r〉 ≤ 2.4 predicted by constraint theory. Some exper-
imental evidence of a critical average coordination number has been
previously reported for a variety chalcogenide glass compositions
[39–41,48–53] and discussed in some investigations of a-Si:H [77,78]
a-C:H [79–81], and a-CFx materials [82,83]. However in these studies,
the focus has been primarily on bond/rigidity percolation and, to the
author's knowledge, the presence of a critical point in pure group IV
materials has yet to be clearly demonstrated experimentally. Knowl-
edge of a critical coordination number in a-SiC:H could prove useful in
further exploiting and refining the numerous properties available
from SiC based materials. Lastly, we discuss the implications that con-
straint theory places on the range of properties achievable for generic
inorganic–organic low-k materials.

2. Experimental

2.1. Film deposition

The details of the films and depositionmethods utilized in this study
have been previously described in detail [42–44,84,85]. Briefly, all a-SiC:
H films were deposited using standard commercially available parallel
plate capacitance PECVD tools. The films were deposited on double
side polished 300 mm diameter (100) Si substrates using various silane
and methlysilane like sources diluted in gases such as H2 or He. Most
films were deposited at temperatures on the order of 400 °C, however,
some lower density films were deposited at temperatures on the order
of 250 °C. For the lowest density film, a sacrificial organic porogen was
intentionally added to the deposition process to facilitate the creation
of significant levels of interconnected nano-pores in the a-SiC:H film.
In this case, the porogen was removed after deposition using an indus-
try standard electron beam cure [86]. The density/hydrogen content of
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the deposited films was further controlled by methods similar to those
described by others [8,64,87], which included adjusting the deposition
temperature and pressure, reactant/diluent ratio, and the amount of
applied high (13.56 MHz) and low (200–400 kHz) frequency power
to the plasma. To investigate a fully networked, 0% hydrogen SiC film,
an additional sample of single crystal 3C\SiC was obtained from the
research group of Prof. Saddow at the University of South Florida. This
sample consisted of a 500 nm thick 3C\SiC epilayer heteroepitaxially
grown by CVD on a single-side polished 50 mm diameter [100] Si
substrate [88].

2.2. Film characterization

The details of the FTIR, NRA–RBS, NMR, PLU, TDTR, NI, SE, Hg Probe,
XRR, EP, and PALS measurements have all been previously described in
detail and will briefly be mentioned here [8,42–44,89–109]. The
concentrations of all elements in the a-SiC:H films were determined
by elastic scattering and nuclear reaction methods using the Albany
Dynamitron Accelerator Laboratory [90]. The H analysis was performed
using the 15N nuclear reaction method. This method makes use of a
resonant nuclear reaction between 15N and H in the target material.
By measuring the number of characteristic gamma-rays from this reac-
tion versus beam energy, the H concentration versus depth in the target
is determined. The C and O contents were determined using deuteron
nuclear reactions. The samples were bombarded with a deuteron
beam at 1.2 MeV and the 12C(d,po) and 16O(d,po) nuclear reactions
were used to determine the C and O contents of the film (in atoms/
cm2) [91]. 2 MeV 4He Rutherford backscattering spectrometry (RBS)
was used to determine the Si contents [92]. With the film's absolute H,
C, O, and Si compositions, parameter free simulations of the full RBS
spectra were performed using the program RUMP [93]. These RUMP
simulations were then compared to the data providing a powerful
check that the film analysis was correct.

Since carbon may exist in a-SiC:H with both three (sp2) and four
(sp3) fold coordination, 13C and 29Si magic angle spinning (MAS)
NMR spectroscopy was performed. Powder samples (typically about
20–25 mg) were prepared for NMR characterization by removing the
a-SiC:H films from the silicon substrates with a razor blade. The spectra
were collected using a Varian Infinity Plus 400 spectrometer (9.4 T)
at 100.52 MHz for 13C and 79.42 MHz for 29Si. A 3.2 mm Varian/
Chemagnetics T3 MAS probe was used with spinning rates of 12 kHz
[96]. Spectra were collected with single pulse acquisition without
cross polarization, to ensure quantitative peak areas. For 13C, a pulse
length of 1.2 μs (45° RF tip angle) and a pulse delay of 60 s were used
to ensure that measured relative peak intensities were not affected by
differential relaxation. A spectrum was also collected with a 360 s
pulse delay for one sample and no significant intensity increase was
observed. Chemical shifts were referenced to tetramethylsilane (TMS)
at 0 ppm for both 13C and 29Si [97]. The 13C NMRdatawas specifically uti-
lized to differentiate hybridization of C atoms in the a-SiC:H films. The
percentage of sp2 to sp3 C atoms was determined by taking the ratio of
the area under the peaks corresponding to the two configurations [98].

The average coordination or connectivity 〈r〉 for the a-SiC:H films
was calculated using the NRA–RBS and NMR data according to the
following expression:

〈r〉 ¼ ð4½Si� þ 4½C� � %sp3 þ 3½C� � %sp2 þ 2½O� þ ½H�Þ=ð½Si� þ ½C�
þ ½O� þ ½H�Þ; ð1Þ

where [Si], [C], [O], and [H] signify the atomic concentration of Si, C, O,
and H in the a-SiC:H films. We have previously estimated the one
standard deviation accuracy for the individual atomic concentrations
to be ±5% [94]. Based on this, we believe that the uncertainty in the
calculated values for 〈r〉 is approximately ±0.05.

FTIR spectra were collected in transmission mode at room tem-
perature using both Nicolet Magna-IR 860 and Bio-Rad QS-3300
spectrometers [8]. Scans were made from 400 to 4000 cm−1 with a
resolution of 2 cm−1 and averaged over 64 scans. The intensity of the
various relevant absorption bands was determined by integrating the
peak area using Win-IR Pro software (ver. 2.5, Bio-Rad Laboratories).
More detailed analysis and curve fitting of the various absorption
bandswere performed utilizingOMNIC software (ver. 8.0, Thermo Fish-
er Scientific Inc.) [42]. Calibrated cross sections for the terminal CHx and
SiHx, network SiC, and impurity SiO absorption bands were utilized to
calculate the concentrations of [C\H], [Si\H], [Si\C], and [Si\O]
bonding in the a-SiC:H materials [94,95]. The concentrations of homo-
polar C\C and Si\Si bonds ([C\C] and [Si\Si] respectively) were
deduced from the combined NRA–RBS and FTIR measurements and
mass balance constraints.

Filmdensitieswere obtained frombothXRR andRBSmeasurements.
The XRR spectra were collected using both a Bede Fab200 Plus
(employing a Cu microbeam source and an asymmetric cut Ge crystal),
and a Siemens D5000 (employing a Cu line source and graphite
monochromator) [99]. The data was collected in the range of 0 to
9000–15,000 arcsecondswith approximately 20 arcsecond steps. Spec-
tra were acquired from both 25 and 500 nm a-SiC:H films and fitted
using the REFS™ software package (version 4.0, Bede). For the 25 nm
films, the XRR spectra were fitted by adjusting film thickness,
mass density, and surface/interface roughness. For 500 nm films, the
thickness was fixed at 500 nm and the spectra fitted by adjusting
mass density only. In both cases, excellent fits were obtained and the
fitted mass densities agreed to within ±5%.

Young's modulus and hardness were determined from nano-
indentation measurements on 2 micron thick films performed using a
Nano XP nanoindenter with a Berkovich diamond tip indenter [99].
Fifteen indents, spaced at 100 μm, were made on each sample using a
load range of 5–30 mN. Samples were loaded in continuous stiffness
mode. The hardness and modulus were calculated using a contact
depth range of 200–400 nm for hardness and 50–150 nm for modulus
to avoid substrate interactions. A Poisson's ratio of 0.25 was assumed.
Young's modulus for the a-SiC:H films was additionally determined by
contact resonance atomic force microscopy (CR-AFM) measurements
that have been previously reported [100].

The longitudinal sound velocity νL of the a-SiC:H films wasmeasured
by PLU [98,99], and the thermal conductivity κ was measured by TDTR
[101]. Both techniques require a thin (40–80 nm) film of aluminum to
be deposited on top of the thin film of interest. This was accomplished
in this study by e-beam evaporation. PLU and TDTR are ultrafast pump-
probe measurements, and use short laser pulses (less than 100 fs)
from a Ti:sapphire oscillator operating at a repetition rate of 76 MHz.
Young's modulus for the a-SiC:H films was determined from the PLU
sound velocity measurements using relationships that have been previ-
ously described [101]. Similarly, thermal conductivity was determined
from the TDTRmeasurements by monitoring and modeling the temper-
ature dependent change in reflectivity of the Al/a-SiC:H sample as heat
dissipated from the Al film into the a-SiC:H dielectric [102].

The low frequency dielectric constant (k) of these materials was
determined bymetal-insulator-semiconductor (MIS) CVmeasurements
using a Hg prober at 100 kHz [103]. Leakage currents/resistivities were
determined by separate IVmeasurements performed using the sameHg
Probe system. Film thickness and refractive index were measured
using a J. A. Woollam variable angle Spectroscopic Ellipsometer
(VASE) [104,105]. Refractive index (RI) values are reported at a wave-
length of 673 nm. Intrinsic film stress was calculated using Stoney's
formula [106] and the optically determined film thickness and wafer
curvature measured using a laser deflection method [99].

The percent porosity and pore interconnectivity for the films inves-
tigated were determined by ellipsometric porosimetry [107] using a
vacuum system equipped with a separate spectroscopic ellipsometer
to measure changes in the optical properties of the porous materials
upon exposure to the vapor of various different solvents. The pore size
of the a-SiC:H films was additionally examined with positronium



Table 1
Summary of a-SiC:H mass density and atomic composition determined by NRA–RBS measurements and 13C sp2/sp3 ratio from NMR.

Film Dielectric constant “k” NRA–RBS density (g/cm3) % C
(±5%)

% Si
(±5%)

% O
(±5%)

% H
(±5%)

NMR 13C
sp2/sp3

3CSiC 9.7 3.21 50 50 0 0 –

SiC:H-14 7.2 ± 0.2 2.5 ± 0.1 36.3 37.1 0.3 26.3 –

SiC:H-13 6.9 ± 0.2 2.3 ± 0.1 34.7 33.9 0.2 31.2 –

SiC:H-12 6.8 ± 0.2 2.2 ± 0.1 34.5 32.4 0.5 32.7 –

SiC:H-11 6.5 ± 0.2 2.0 ± 0.1 33.2 31.5 0.1 35.1 –

SiC:H-10 6.2 ± 0.2 1.9 ± 0.1 31.7 30.8 1.1 36.3 –

SiC:H-9 5.8 ± 0.2 1.85 ± 0.1 29.1 28.2 2.7 40.0 –

SiC:H-8 5.2 ± 0.15 1.75 ± 0.1 27.0 25.1 5.9 41.9 –

SiC:H-7 4.8 ± 0.15 1.6 ± 0.1 28.5 22.2 4.1 45.3 –

SiC:H-6 4.4 ± 0.15 1.4 ± 0.1 24.0 20.5 5.9 49.7 –

SiC:H-5 4 ± 0.1 1.3 ± 0.1 23.1 21.5 9.2 46.1 –

SiC:H-4 3.7 ± 0.1 1.2 ± 0.1 14.8 14.8 12.6 57.8 –

SiC:H-3 3.6 ± 0.1 1.2 ± 0.1 14.8 14.8 12.4 58.0 –

SiCx:H-2 3.2 ± 0.1 1.1 ± 0.1 30.2 10.6 9.6 49.6 1.3
SiCx:H-1 2.8 ± 0.1 1.0 ± 0.1 30.5 6.0 5.6 57.9 1.5
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annihilation lifetime spectroscopy using an electrostatically focused
beam of positrons. Details of such beam-PALS measurements have
been previously described elsewhere [108,109]. Briefly, PALS spectra
with ~107 events were acquired at room temperature with a channel
plate start-fast plastic scintillator stop lifetime systemwith a time reso-
lution of 500 ps. Positron beam implantation energies from 0.7 to
5.2 keV are used to probe pore interconnectivity and to search for any
depth related heterogeneity. None was detected in the films reported
herein so PALS results are presented for 3.2 keV beam energy where
mean implantation depth is around 100 nm. The fitted average positro-
nium lifetime is related to the average pore diameter, Dsph, assuming a
spherical pore model [108].
1.6
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Fig. 1. Percent hydrogen (%H) vs. average coordination number (〈r〉) determined by
NRA–RBS for the a-SiC:H films investigated in this study.
3. Results and discussion

3.1. NRA–RBS 〈r〉 and FTIR 〈r〉net

In Table 1, we summarize the low frequency dielectric constant, NRA–
RBS elemental composition, mass density, and the NMR 13C sp2/sp3 ratios
for the a-SiC:H films investigated in this study. As can be seen, k ranges
from 2.8 to 7.2 and the a-SiC:H films are largely stoichometric in terms
of C/Si ratios. However, the two lowest density films do exhibit significant
non-stoichiometry with C/Si ratios of 3–5. It should be noted that these
are the only two films for which NMR detected significant levels of sp2

related carbon. As would be expected, the dielectric constant and mass
density of the a-SiC:H films decrease steadily with increasing hydrogen
content. It can also be seen that as hydrogen content increases and mass
density decreases, the oxygen content in the films gradually increase.
The incorporation of oxygen in the a-SiC:H films is believed to occur
after the film deposition and on exposure to ambient conditions. As has
been shown previously, moisture permeation through a-SiC:H increases
as mass density decreases and becomes quite rapid once interconnected
porosity is observed to form [109].

The values of 〈r〉 determined by NRA–RBS and NMR for the a-SiC:H
films in this study are displayed in Fig. 1 as a function of percent hydro-
gen. As expected, 〈r〉 steadily decreases as hydrogen content increases.
At a hydrogen content of ~50%, 〈r〉 reaches the critical coordination
number (〈r〉c) of 2.4 predicted by constraint theory for four fold coordi-
nated group IV materials. However for materials containing one fold
coordinated (OFC) atoms, 〈r〉c is actually a function of the OFC content
as has been noted by Boolchand [110]. Specifically for the case of hydro-
gen as an OFC entity,

〈r〉�c ¼ 2:4−0:4XH; ð2Þ
where 〈r〉*c is the OFC modified critical coordination number and XH is
the fraction or percentage of hydrogen in the system. This OFCmodified
critical coordination number is also plotted in Fig. 1 for the a-SiC:H films
investigated in this study. As can be seen, the lowest density/highest
hydrogen content films fall below both 〈r〉c and 〈r〉*c.

We note that Mousseau et al. [111] have previously predicted that
the critical coordination for a-Si1 − xGex:Hy alloys and other hydroge-
nated group fourmaterials should occur at 62 atomic percent hydrogen.
Hydrogen contents exceeding this value were not achieved for any of
the films in this study. However in the Mousseau calculations, each Si
or Ge atom was limited to having no more than two hydrogen bonds
to prevent formation of terminal SiH3 or GeH3 species. Mousseau also
did not consider the presence of any other intermediate coordination
atoms. In our case, the highest hydrogen content films contain an abun-
dance of terminal CH3 groups and also include some lower coordination
oxygen impurities from environmental exposure [93]. These two
considerations result in 〈r〉*c being achieved at hydrogen contents
lower than predicted by Mousseau.

To facilitate a better understanding of the local structural changes
occurring as hydrogen content increases and 〈r〉 decreases, additional
quantitative FTIRmeasurements were performed to determine the con-
centration of all the significant chemical bonds in the a-SiC:H films
[94,95]. In Fig. 2, we display as a function of 〈r〉 the ratio of Si\C,
Si\H, Si\O, and Si\Si bond densities to the Si atomic density deter-
mined by FTIR. Fig. 3 displays similar information for carbon containing
bonds (C\Si, C\H, and C\C) normalized by the C atomic density. As
can be seen, Si\C bonding represents the largest proportion of network
bonds in the a-SiC:H materials, but decreases with 〈r〉 as hydrogen
content increases. This trend continues until 〈r〉 ≅ 2.4 where there is a



Fig. 3. a-SiC:H FTIR C bond concentrations (normalized to C content) vs. NRA–RBS 〈r〉.
Note: error bars excluded to more clearly illustrate observed trends.

71S.W. King et al. / Journal of Non-Crystalline Solids 379 (2013) 67–79
sudden shift in the relative proportion of different bonds that results in
homopolar Si\Si and C\C bonds becoming more significant than the
heteropolar Si\C bonding. This transition from predominantly Si\C
bonding to Si\Si and C\C bonding with increased hydrogenation has
been observed previously in free energy modeling by Efstathiadis
[112]. In this case, the sudden shift from heteropolar to homopolar
bonding was attributed to a thermodynamic instability for Si\C bond-
ing in the presence of hydrogen [112].

Also included in Figs. 2 and 3 is the sumof Si network forming bonds
(ΣSi-Net = [Si\C] + [Si\O] + [Si\Si]) and C network forming bonds
(ΣC-Net = [Si\C] + [C\C]) normalized by the Si and C atomic density
respectively. As shown in Fig. 2, ΣSi-Net/[Si] decreases from 4 for single
crystal 3C\SiC to 3.2 for a-SiC:H at 〈r〉 ≅ 2.6–2.9 as the hydrogen and
Si\H bond concentration increases. However below 〈r〉 = 2.6, the
Si\H bond concentration decreases and ΣSi-Net/[Si] increases again
to 3.6–3.7 while hydrogen content continues to increase. This is in
contrast to the behavior shown in Fig. 3 where ΣC-Net/[C] is observed
to steadily decrease with increasing hydrogen content and decreasing
〈r〉. This behavior is due to the preferential formation of C\H over
Si\H bonds as an increasing amount of hydrogen is incorporated into
a-SiC:H. As shown in Figs. 2 and 3, the concentration of Si\H bonds
decreases while C\H bonds continue to increase as the total hydrogen
content increases and 〈r〉 decreases below 2.6. The continued preferen-
tial incorporation of hydrogen as C\H entities leads to the eventual for-
mation of significant concentrations of terminal Si\CH3 bonds. These
terminal Si\CH3 bonds are included in the total Si\C bond density
presented in Fig. 2 both for initial clarity and due to complications
arising from overlap of the IR absorption bands for Si\C network and
terminal Si\CH3 bonds.

To better understand the degree of Si network connectivity, we note
that the Si\C and Si\CH3 IR absorption bands were deconvoluted in a
previous study. In Fig. 4, we show the ratio of terminal Si\CH3 bonds to
all Si\C bonds as a function of 〈r〉. As can be seen, the concentration of
terminal Si\CH3 bonds is low for high values of 〈r〉. Starting at
〈r〉 ≅ 2.6–2.7, however, the concentration of terminal Si\CH3 bonds in-
creases significantly. At this point, it should be noted that terminal
Si\SiH3 and C\CH3, bonds and higher order terminal Si\Si(CH3)3
and C\Si(CH3)3 entities are also likely to be present in the a-SiC:H
films to some degree. Unfortunately, it is difficult to directly determine
the concentration for many of these large terminal entities due to the
low IR absorption cross section of homopolar C\C and Si\Si bonds.
However, an indirect estimate of the concentration of terminal entities
with homopolar bonds can be gained by a detailed examination of the
C\H and Si\H absorption bands. Based on our previous quantitative
analysis of the C\H and Si\H absorption bands in these materials
[94,95], we also present in Fig. 4 estimates for the concentration of
terminal C\CH3, Si\SiH3, Si\Si(CH3)3, and C\Si(CH3)3 groups.
Fig. 2. a-SiC:H FTIR Si bond concentrations (normalized to Si content) vs. NRA–RBS 〈r〉.
Note: error bars excluded to more clearly illustrate observed trends.
After consideration of all the possible terminal bondingmodes in the
a-SiC:H films, it is now possible to provide an estimate of the individual
network connectivity for both the Si andC atoms in a-SiC:H. The average
network connectivity of C and Si (〈r〉C-net and 〈r〉Si-net respectively) were
estimated based on the FTIRmeasurements and the following relations:

〈r〉Si�net ¼ ðΣ½Si\X�All−½Si\X�termÞ=½Si�; ð3Þ

〈r〉C�net ¼ ðΣ½C\X�All−½C\X�termÞ=½C�; ð4Þ

where Σ[Si\X]All and [Si\X]term respectively represent the sum of all
silicon (or carbon) containing bonds and silicon containing terminal
bonds. These estimated values are shown in Fig. 5 where both 〈r〉Si-net
and 〈r〉C-net are displayed as a function of 〈r〉. As can be seen, 〈r〉Si-net
and 〈r〉C-net are close to the same for 〈r〉 N 2.4. However, at 〈r〉 ≤ ~2.4,
〈r〉Si-net and 〈r〉C-net start to diverge significantly with 〈r〉Si-net decreasing
to 2-2.2 while 〈r〉C-net ranges from 2 to 2.8. This is an indication that for
a-SiC:H filmswith 〈r〉 b 2.4, the C\C bonds are likely the dominant net-
work bonds. Also note that the error bars for 〈r〉Si,C increase from±0.05
for 〈r〉net N 2.4 (not shown for clarity) to 0.1–0.2 for 〈r〉net b 2.4. These
error bars represent a one standard deviation confidence interval and
the increased error bars for 〈r〉net b 2.4 is a direct result of additional
sources of errors arising due to the complications of distinguishing be-
tween the various heteropolar and homopolar networks and terminal
bonding modes mentioned above.
Fig. 4. Estimated a-SiC:H terminal Si\CH3, Si\SiH3, C\CH3, Si\Si(CH3)3, and C\Si(CH3)3
bond concentrations (normalized to Si content) based on quantitative FTIR measurements.



Fig. 5. Estimated a-SiC:H Si and C network connectivity (〈r〉net) and plucked network
connectivity 〈r〉′ vs. NRA–RBS 〈r〉. Fig. 6. a-SiC:H Young's modulus as determined by NI, PLU and CR-AFM vs. NRA–RBS 〈r〉.
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Lastly, we note for completeness that for some studies authors have
preferred to consider a “plucked” network connectivity (〈r〉′) where the
contribution of the terminal OFC species are removed or “plucked” from
the system [110]. The advantage of considering network connectivity in
this fashion is that the critical coordination will in all cases be constant
at 〈r〉c = 2.4. For materials containing OFC species such as hydrogen,
〈r〉′ have been shown to be dependent on the hydrogen content
according to the relation:

〈r〉′ ¼ ð〈r〉−2XHÞ=ð1−XHÞ: ð5Þ

Unfortunately, this expression does not consider the possibility of
terminal SiH3, CH3, OH, and larger Si(CH3)3 groups that we have just
shown are present in significant quantities for the highest hydrogen
content a-SiC:H films investigated in this study. However, factoring
these additional terminal entities into the above expression would
require the same detailed FTIR analysis we just described. In this case,
it is interesting to compare the values of 〈r〉′ calculated using Eq. (5)
to the values of 〈r〉Si,C previously described. As shown in Fig. 5, 〈r〉′ and
〈r〉Si,C generally have similar values for 〈r〉 N 2.4. However at 〈r〉 b 2.4,
〈r〉Si and 〈r〉C diverge and 〈r〉′ interestingly starts to represent the aver-
age value of the two.

After having considered several different accounting methods for
describing the overall connectivity of the a-SiC:H films described in
this study, we will focus on average coordination number 〈r〉 going for-
ward. While 〈r〉C,Si and 〈r〉′ may ideally be a more accurate representa-
tion of the a-SiC:H network connectivity and allow comparison to a
constant critical coordination number, the error bars for these values
are substantially larger due to complications in distinguishing between
Si\C network bonds and terminal Si\C bonds such as Si\CH3 and
Si\(CH3)3.
Fig. 7. a-SiC:H nanoindentation hardness and intrinsic film stress vs. NRA–RBS 〈r〉.
3.2. Mechanical properties

Fig. 6 displays as a function of 〈r〉 the values of Young's Modulus for
the a-SiC:H films in this study determined by prior NI, CR-AFM, and PLU
measurements [100,102]. As shown, Young'sModulus decreases steadi-
ly with decreasing coordination. At 〈r〉 ≅ 2.3, an inflection point is
observed and relatively no change in Young's modulus is detected for
further reductions in 〈r〉. This result is consistent with predictions by
constraint theory where the elastic constants of group IV, chalcogenide
and other materials have been predicted to trend to zero and become
invariant with 〈r〉 values ≤ 2.4. Fig. 7 displays similar trends for the
a-SiC:H hardness determined by nanoindentation measurements. As
for Young's modulus, the hardness for the a-SiC:H films was also
observed to decrease steadily with 〈r〉 and become invariant below 〈r〉
values of ~2.3.

In addition to a critical coordination number, constraint theory also
predicts the elastic constants (cii) of a material should increase with
〈r〉 above 〈r〉c to the power of 1.5 (i.e. cii ∝ (〈r〉 − 〈r〉c)1.5) [27,30]. To
test for this specific exponent dependence, we display in Fig. 8 the
nanoindentation Young's modulus (E) from Fig. 6 plotted to the 2/3
power. As can be seen, a linear relationship between E2/3 and 〈r〉 is ob-
served with linear regression analysis indicating an R2 value of 0.99. A
similar linear dependence between hardness2/3 and 〈r〉 was also ob-
served but with a slightly lower R2 value of 0.93. In this regard, it is im-
portant to note that the depleted network bond analysis by Franzblau
has shown that the exact exponent can range from 1.35 to 1.89 and de-
pends on the strength ratio of the bond bending and bond stretching
forces [30]. Also the numerical simulations by both He [27] and
Franzblau [30] are for an anisotropic crystalline diamond lattice which
is in contrast to the amorphous and isotropic a-SiC:H films investigated
in this study.

The above results are in contrast to numerous investigations of rigid-
ity percolation in a variety of chalcogenide glass compositions. An early
investigation of the C11 and C44 elastic moduli for Ge–As–Se glasses by
Halfpap did claim to observe an inflection point at 〈r〉 = 2.4 [113].
However, several later investigations of the same ternary and other
chalcogenide systems have shown a smooth variation in elastic con-
stants and hardness across the predicted critical coordination number
[49–51,114–118]. Instead, critical points at 〈r〉 = 1.8–2.0 [116,118]
and 2.6–2.7 [132–136] have been observed for the elastic constants
and hardness of a variety of binary and ternary chalcogenide glasses.



Fig. 8. a-SiC:H (Young's modulus)2/3 vs. NRA–RBS 〈r〉.

Fig. 9. (Young's modulus)2/3 vs. 〈r〉 for a-C:H, ta-C:H, ta-C, and DLC films reported in the
literature.
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For the former case, Swiler has attributed the singularity at 〈r〉 = 2.0 to
rigidity percolation in 10 atom long Se chains [116]. In the later case, the
critical point has been attributed to chemical ormedium range ordering
effects resulting from achieving the stoichiometric composition of ther-
modynamic equilibrium chalcogenide compounds [119–123]. As there
are no known thermodynamic equilibrium compounds between SiC
and H, no critical points are expected at 〈r〉 = 2.6–2.7 in the elastic
properties of a-SiC:H. However, as we will show later, an inflection
point at 〈r〉 = 2.8 does surprisingly show up in the thermal properties
of a-SiC:H films.

The initial results reported by Halfpap have since been attributed by
Tatsumisago and others to the unintentional (and initially undetected)
presence of oxygen impurities in the Ge–As–Se glasses [115]. For the
a-SiC:H films investigated here, oxygen impurities were also observed
in the films, particularly as 〈r〉 decreases. As stated previously, the oxy-
gen impurities are believed to be due to ambient exposure and ingress
diffusion of moisture [109]. In contrast to Halfpap though, the presence
and valence of these oxygen impurities are directly factored into our
calculation of 〈r〉. Also as oxygen concentrations in the a-SiC:H films
are comparable on both immediate sides of 〈r〉c, we do not believe the
oxygen impurities in this case are responsible for the observed inflec-
tion point in Young's modulus and hardness.

The lack of an observed inflection point in elastic constants and
hardness at the theoretical predicted critical coordination number
〈r〉c = 2.4 for chalcogenides has been attributed to a lack of consider-
ation of so called “weak forces” in the initial analysis. The original
simulation by He and Thorpe considered only strong covalent bond
stretching and bending forceswhich unrealistically predicted the elastic
constants of a material should go to zero at 〈r〉 b 2.4 [27]. Later simula-
tions by Cai and Thorpe also included “weak” diangular and inter chain
van der Waal type forces [124]. The inclusion of these forces was found
to stabilize the lattice and result in more realistic finite elastic constant
values for 〈r〉 ≤ 2.4. More importantly though, these additional forces
also resulted in the singularity at 〈r〉 = 2.4 being completely washed
out. However as Cai notes, the appearance of the predicted singularity
at 〈r〉 b 2.4 is directly related to the strength of the “weak forces” con-
sidered. Therefore, it is possible the absolute or relative strength of
these weak forces in a-SiC:H is reduced in comparison to chalcogenide
glasses. In this regard, we note that Cai selected a bond bending (β) to
bond stretching (α) force constant ratio of 0.3 which is representative
of chalcogenide materials and well reproduced the observed experi-
mental trends in elastic moduli and phonon density of states for
GexSe1 − x alloys [124]. However, the β/α ratio for SiC is substantially
higher (0.54) [125] due to significantly larger bond bending force
constants. Therefore, it is possible that the stronger bond bending forces
relative to theweak vanderWaal type forces allow the critical coordina-
tion singularity to be more apparent in the elastic properties of a-SiC:H.
To further investigate the influence of bond stiffness on the presence
of a critical coordination number in the elastic properties of materials,
we have examined literature studies of pure group IV amorphousmate-
rials such as C, Si or Ge. While there have been a few relevant investiga-
tions for a-Si:H, a-SixGe1 − x:H, and a-CFx alloys [77,82,111], a more
compelling and complete data set can be formed from the investigations
correlating the elastic properties of organic polymers, and a variety of
amorphous carbon (a-C:H) and diamond like carbon (DLC) thin films
to hydrogen content, mass density, and sp2/sp3 ratios from which 〈r〉
can be directly calculated if not directly reported [127–134]. In Fig. 9,
we present a summary of Young's moduli (plotted as E2/3 vs. 〈r〉) for a
variety of amorphous and amorphous hydrogenated carbon films re-
ported in the literature. As can be seen, the data strongly indicates the
presence of a critical point in the vicinity of 〈r〉 ≅ 2.2 similar to our ob-
servations for a-SiC:H. Linear regression analysis of the combined data
points in Fig. 9, indicates an x-intercept of 2.2 with R2 = 0.82.
Boolchand has shown similar trends in reported hardness data for a-C:
H films [110]. Since the C\C bonds in diamond are known to have ex-
tremely high stiffness and aβ/α ratio of 0.655 [126], the observed singu-
larity at 〈r〉 ≅ 2.2 is consistent with our assertion that experimental
observation of a critical coordination may be possible for materials
with higher elastic force constants relative to weak van der Waal
types forces.

For completeness, we do note that Feng [135] and Nakamura [136]
have indirectly observed a stiffness threshold at 〈r〉 = 2.4–2.46 in
GexSe1 − x glasses by monitoring changes in the frequency of optical
modes in Raman scattering measurements. Most recently, Wang et al.
have also reported to observe two transitions at 〈r〉 = 2.45 and 2.65 in
the shear and compressive elastic moduli of Ge–As–Se glasses using ul-
trasonic pulse interferometry [137]. Unfortunately for the latter, no ex-
planation was provided by the authors for why the transition at 2.45
was observed and not in the numerous previous studies.

Constraint theory and bond percolation concepts have been previ-
ously applied to the interpretation of mechanical properties for other
low-k materials prepared by similar PECVD routes including a-SiOC:H
[56–59], a-SiCN:H [138,139] and a-CFx [82,83] low-k dielectrics. For
these low-k dielectrics, 〈r〉 was likewise manipulated by intentionally
varying the concentration of terminal hydrogen, fluorine and organic
groups during either the film deposition [56,82,138] or by post
deposition annealing treatments [56,58]. In many of these studies
[56–58,82,138,139], the authors have observed a singularity in the vi-
cinity of 〈r〉 = 2.3–2.46 for Young's modulus or hardness. These results
are consistentwith the results of this study and those reported in the lit-
erature for a-C:H/DLC films. However as Si\O and Si\N bonds in SiO2

and Si3N4 have significantly smaller β/α ratios (0.1–0.18) [140–143],
this either indicates the magnitude of van der Waal type forces is
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Fig. 10. a-SiC:H thermal conductivity and electrical resistivity vs. NRA–RBS 〈r〉.
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reduced in these dielectrics or the presence of network (or terminal)
Si\C bonding in these materials plays a significant role in allowing
the singularity at 〈r〉c to be observed. It also suggests that bond homoge-
neity may also be important. For the present study and the results for
a-C:H, a-CFx, a-SiOC:H, and a-SiCN:H, the primary network bonding
remains the same due to 〈r〉 being reduced by insertion of terminal H,
F or CHx groups. For the chalcogenides, 〈r〉 is modified by varying the
proportion of two, three, and four fold coordinated atoms. This also
causes the composition and the related force constants of the network
bonds to change with 〈r〉. Such bond heterogeneity could be an addi-
tional reason for 〈r〉c not being observed in the elastic constants and
hardness of chalcogenide materials.

Switching to another mechanical related material property, we
show included in Fig. 7 the a-SiC:H intrinsic film stress as a function of
〈r〉. As illustrated, the a-SiC:H films exhibit a large compressive stress
that decreases with decreasing 〈r〉. At 〈r〉 ≅ 2.6–2.7, a near neutral stress
is achieved and the a-SiC:H film stress becomes weakly tensile and
invariant at lower values of 〈r〉. This is somewhat consistent with the
ability of the a-SiC:H network to support larger stresses as rigidity
percolates through the system with increasing 〈r〉. The inflection point
at 〈r〉 ≅ 2.6–2.7 instead of 〈r〉 = 2.4 is also suggestive of the presence
of an intermediate isostatically rigid or “Boolchand” phase [122,123].
However, we caution that the observed stress dependence on 〈r〉 may
be an artifact of the specific PECVDprocess conditions utilized to deposit
the films with varying hydrogen content. Specifically, low hydrogen
content films were primarily achieved by employing increasing
amounts of ion bombardment through the application of increased
amounts of low frequency (200–400 kHz) RF power [144]. The in-
creased ion bombardment leads to both film densification/decreased
hydrogen content and increasingly larger amounts of compressive
intrinsic film stress along with increased 〈r〉 [42]. Thus, the magnitude
of the stress generated in the a-SiC:H films during deposition is both
an indication of rigidity percolating through the system and the specific
process conditions utilized to deposit and impart stress to the film. This
may explain why the difference in the inflection point for Young's
modulus versus stress is significantly larger than what has been previ-
ously reported for chalcogenide glasses where intermediate phases
have been proven to exist. For chalcogenide glasses, the difference in
average coordination for the onset of floppy versus rigid isostatic phases
(Δ〈r〉) is on the order of 0.1–0.2 [123]. In this study, the difference in the
observed Δ〈r〉 for Young's modulus and intrinsic stress is larger at
0.3–0.4.

The above discussion does explain why a tensile stress is observed
for the 3C\SiC on Si epilayer film [88]. In this case, the epilayer film
was deposited at higher temperatures by CVD and ion bombardment
was accordingly absent. The resulting stress in the epilayer film is there-
fore primarily a result of the mismatch in lattice constant and thermal
expansion coefficient between the Si substrate and the 3C\SiC epilayer
[145]. Similarly, the tensile stress for the a-SiC:H filmswith 〈r〉 b 2.6 are
also likely a result of a mismatch in thermal expansion coefficient with
the Si substrate due to a decreased compressive stress component from
ion bombardment. We also note that Khakani has previously observed
highly compressive PECVD a-SiC:H films to become tensile with simple
annealing and some hydrogen loss [146].

A similar dependence of film stress on hydrogen content, ion
bombardment, and 〈r〉 has also been observed in a-C:H andDLC films de-
posited by a variety of methods [128]. In these cases, films with even
higher compressive stresses (2–5 GPa) have been observed and a direct
dependence between ion bombardment, stress, and hydrogen content
has been established [147,148]. Similar effects have also been observed
in PECVD deposition of SiO2, SiN:H, and SiON thin film materials [144].

Due to the large amount of stress shown in Fig. 7 for some of the
a-SiC:H films, we also note that Tang and Thorpe [149] have previously
shown for a 2D triangular lattice that the critical connectivity is a func-
tion of applied tension. Thus it is possible for 〈r〉c to be both a function of
hydrogen content (as shown in Eq. (2)), and the intrinsic film stress.
However for the films closest to the critical point, the tensile stress is
quite low (10–40 MPa). Therefore, we expect this effect to be minimal.
3.3. Thermal properties

Fig. 10 displays as a function of 〈r〉 the values of thermal conductivity
(κ) determined for the a-SiC:H films by TDTR measurements [101].
While thermal conductivity is generally observed to decrease with
decreasing 〈r〉, in the present study we find an inflection point at
〈r〉 = 2.4 and another at 〈r〉 ≅ 2.8. At lower values of 〈r〉 we find very
low thermal conductivities and above 〈r〉 = 2.8 we observe the
expected monotonic increase. We observe a general plateau in thermal
conductivity from 〈r〉 = 2.4–2.8.

Similar inflection points at 〈r〉 = 2.4 and 2.6–2.7 have been
observed for the thermal diffusivity of a variety of binary and ternary
chalcogenide glasses [149–154] (it should be noted that thermal diffu-
sivity (α) is directly related to thermal conductivity through the relation
α = κ/ρCpwhere ρ is themass density and Cp is the heat capacity of the
material). For the chalcogenides, the inflection point in thermal diffusiv-
ity at 〈r〉 = 2.4 has been attributed to the same rigidity percolation
transition as discussed in the previous section [150,151]. Similarly, the
inflection point in thermal diffusivity at 〈r〉 ≅ 2.67 observed in some
ternary chalcogenide glasses has been attributed to the medium range
chemical ordering effects discussed previously and perhaps the forma-
tion of a 2D layered glass structure [152–156].

For the a-SiC:H films investigated in this study, it is tempting to
attribute the plateau in thermal conductivity at 〈r〉 = 2.4–2.8 to similar
medium range ordering effects as observed in chalcogenide glasses.
Though if present, such an ordering mechanism must be different. As
mentioned previously, the ordering for chalcogenides is a result of
achieving a composition that matches that of a discrete thermodynamic
chemical compound. For a-SiC:H there are no known stoichiometric
compounds in the Si\C\H system beyond SiC. However, referring to
Fig. 2, we do note that Si\H bonding in the a-SiC:H films roughly
demonstrates a plateau in the region of 〈r〉 = 2.4–2.8 with sharp dips
on either side. The common plateaus in both Si\H bond density and
thermal conductivity in this region could be serendipitous, but could
also be related to some other type of medium range ordering. As noted
previously, the concentration of terminal Si\CH3 groups also starts to
become increasingly significant below 〈r〉 = 2.6. While completely
speculative, the thermal conductivity behavior from 〈r〉 =2.4–2.8
could be indicative of a transition from C\SiH2\C and Si\CH2\Si
bonding modes that exhibit some slight increased efficiency for propa-
gating phononmodes to terminal Si\CH3 species that are clearly ineffi-
cient for phonon propagation.

The inflection point in thermal conductivity at 〈r〉 = 2.4 is also in
agreementwith prior observations for chalcogenide and a-CFxmaterials
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[82,150,151]. However, the sharp drop in thermal conductivity at
〈r〉 ≅ 2.0 has not been previously reported to the authors' knowledge.
In this case, we believe the reduced thermal conductivity for the
films at 〈r〉 ≤ 2.0 is due to the formation of significant amounts of
interconnected porosity within the a-SiC:H films [109]. As we will
show later, the size and amount of free volume (or pores) in a-SiC:H
grow as 〈r〉 decreases. At 〈r〉 = 2.0, the concentration and diameter of
the free volume/pores reach a critical point where interconnected
porosity can form across the film and the thermal conductivity of the
film can be accurately described using a two phase effective medium
approximation [157]. More specifically, the reduced thermal conductiv-
ity for films at 〈r〉 ≤ 2.0 is the direct result of a second percolation pro-
cess in the films, the percolation of pore/free volume interconnectivity
instead of a bond percolation process. Based on these results, the critical
threshold for porosity appears to be in the vicinity of approximately 5–
10%.

For comparison, Fig. 11 shows as a function of 〈r〉 a summary of
reported thermal conductivity values for another series of organic
polymer, a-C:H, ta-C:H, ta-C, and DLC films where 〈r〉 was again com-
puted based on the provided hydrogen contents and sp3/sp2 ratios
[130,132,158–164]. In this case, we observe a sharp drop in thermal
conductivity from single crystalline diamond (〈r〉 = 4.0) to DLC
(〈r〉 = 3.6–3.8) similar to what we observe in Fig. 10 for the transition
from 3C\SiC (〈r〉 = 4.0) to a-SiC:H (〈r〉 = 3.2). However for DLC/a-C:
H, we see a gradual decrease in thermal conductivity from 〈r〉 = 3.6
down to 2.4 with no clear indications of a plateau near 〈r〉 = 2.4–2.8.
If such inflection points were to exist for a-C:H as observed in the
present study for a-SiC:H, it is certainly possible that it is simply lost
in the significant scatter of the reported data. However, saturation in
thermal conductivity below 〈r〉 = 2.4 is observed in the reported a-C:
H-DLC data that is consistent with expectations based on constraint
theory.

The influence of bond percolation on thermal conductivity has been
more clearly demonstrated by Ghossoub for a-CFx thin films [82]. In this
case, they observed a clear monotonic decrease in thermal conductivity
as 〈r〉 decreased from 3.3 to 2.7. Linear extrapolation of the thermal
conductivity data to the x-axis indicated a critical coordination number
of 2.46 in agreement with the classic constraint theory.

3.4. Electrical and optical properties

In Fig. 10, the electrical resistivity of the a-SiC:H films measured at
1 MV/cm is also displayed as a function of 〈r〉. In this case, the resistivity
of thefilms increaseswith decreasing coordination number and appears
to saturate at approximately 〈r〉 = 2.4–2.5. This is slightly higher than
the critical points observed previously for Young's modulus, hardness,
and thermal conductivity where an inflection point was observed to
Fig. 11. Thermal conductivity vs. 〈r〉 for a-C:H, ta-C:H, ta-C, and DLC films reported in the
literature.
occur closer to 〈r〉 ≅ 2.3–2.4. In this case, the saturation in resistance
at higher values of 〈r〉 could be an artifact of the resistance of the films
at 〈r〉 = 2.5–2.6 exceeding the impedance of the Hg prober utilized
for these measurements. However, measurements at higher fields
were the films were more conductive showed the same stabilization
in resistivity at 〈r〉 = 2.4–2.5.

Conductivity percolation has been previously examined both theo-
retically and experimentally in a number of cases [165–172]. Many
theoretical investigations have modeled conductivity as both a bond
and site percolation problem [173] by treating a material as an ordered
or random array of resistors and sought to predict the critical resistor
connectivity or density below which the system effectively represents
an open circuit [166–168]. Such depleted resistor network models
are analogous to the bond rigidity percolation analysis previously
discussed. As onewould perhaps expect, Monte Carlo simulations of de-
pleted resistor networks predict a critical resistor density of 39% for a di-
amond lattice that essentially equates to a critical point at 〈r〉 = 2.4
[39,166–168]. This is identical to the critical coordination predicted in
the rigidity percolation problem. However, experimental investigations
and tests of conductivity/resistivity percolation have focused primarily
on dopant impurity conduction in semiconductors and two phase
granular metal and nanoparticle conductor/insulator matrix systems.
Percolation in such conductor/insulator systems is more of a site perco-
lation problem andMonte Carlo simulations in this case predict a slight-
ly higher critical resistor density of 42.5% for a diamond lattice [36,167]
which equates to a slightly lower critical coordination of 2.3.

In the present study, we are working with a single phase dielectric
where one might initially expect conduction to be a bond percolation
problem. However, a previous analysis of the a-SiC:H IV measurements
indicates that electron transport through the filmswith 〈r〉 ≥ 2.4 is via a
Frenkel–Poole (FP) mechanism where electrons conduct through the
film via point defects or traps in the band gap of the dielectric [174].
In this regard, the observed conductivity percolation in a-SiC:H could
be viewed instead as a site percolation problem if electrons must con-
duct site to site through the point defects. In this case, our observation
of a critical point at 〈r〉 = 2.4–2.5 is further away from that predicted
by theory. However, we note that FP conduction is also an electric
field activated mechanism where the applied field lowers the barrier
height that electrons trapped in point defects must overcome in order
to transport through the film. So for an electron to move from one
point defect/trap to another there is both a proximity and energy
requirement. The additional energy requirement and constraint likely
contribute to the observed singularity in resistivity/conductivity for
the a-SiC:H films occurring at a slightly higher 〈r〉.

We do note that some general trends in the conductivity/resistivity
of a-C:H/DLC [128,175] films and chalcogenide glasses [176,177] have
been reported that could also be attributed to average coordination
and network connectivity. However in such studies, either insufficient
composition data exists to deduce the average coordination 〈r〉
[128,175] or an insufficient range in 〈r〉 was explored to allow a clear
identification of any singularities at 〈r〉c [176,177].

Fig. 12 displays both the low frequency dielectric constant (100 kHz)
and the high frequency optical dielectric constant (= RI2) as a function
of 〈r〉. Both the high and low frequency dielectric constants are observed
to decrease with decreasing coordination number with the low frequen-
cy dielectric constant ranging from a relatively high-k value of 9.7 for sin-
gle crystalline 3C\SiC down to comparatively low-k values of 2.8–3.2.
The low frequency dielectric constant values are also higher than the
high frequency dielectric constant by approximately a value of one for
most films. This is due to the fact that the low frequency dielectric con-
stant is a function of both electronic, ionic, and bond dipole configuration
terms whereas the high frequency dielectric constant is a function of
only electronic contributions [178]. If the bonding in Si\C was purely
covalent, the high and low frequency dielectric constants would be
expected to be the same. However, Si\C bonding is partially ionic
[179], so there is a contribution to the low frequency dielectric constant



Fig. 12. a-SiC:H high frequency and low frequency dielectric constant vs. NRA–RBS 〈r〉. Fig. 13. a-SiC:H XRR mass density and EP % porosity vs. NRA–RBS 〈r〉.

Fig. 14. a-SiC:H PALS pore diameter vs. 〈r〉.
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that drops out at optical frequencies. For the two films where the low
and high frequency dielectric constants are within 0.35 of one another,
we note that these films are ~80% carbon and could therefore be consid-
ered to have increased covalent C\C bonding. The increased covalent
bonding decreases the ionic contribution and brings the low and high
frequency dielectric constants into close agreement with one another.

In Fig. 12, a possible inflection point in the vicinity of 〈r〉 ≅ 2.3 can be
noted for both the low and high frequency dielectric constants. While
there have been several reports of critical points in the dielectric
properties of two phase systems, to the author's knowledge, there
have been no such reports for single phase systems either theoretically
or experimentally. In fact, effective medium theory would predict a
smooth variation in optical properties across the Si\C\H phase dia-
gram [76]. Likewise, studies of the dielectric properties in chalcogenide
glasses have only shown singularities or inflections at values of 〈r〉 that
correspond to the composition of stoichiometric equilibrium phases
[180]. In this case, it is important to note that for two of the films at
〈r〉 b 2.4, there is a sudden change in stoichiometry from a C/Si ratio of
~1 to a C/Si ratio of N3. Even excluding those two films, there is still a
discontinuity in dielectric constant vs. 〈r〉 at 〈r〉 b 2.4. As we will show
next, the observed inflection point in dielectric properties is likely the
result of the appearance of a second phase (i.e. interconnected porosity)
in the a-SiC:H film at 〈r〉 b 2.4.

3.5. Other physical properties

Fig. 13 displays theXRRmass density and the EP % porosity as a func-
tion of 〈r〉. As with other properties, an inflection point at 〈r〉 ≅ 2.3 is
observed in both sets of data. Themass densitywas observed to become
less dependent on 〈r〉 for values b 2.4, whereas for 〈r〉 ≥ 2.4 no
interconnected porosity was detected by EP using toluene as a diffusing
solvent. This is consistentwith the trends observed in the dielectric con-
stant data previously where k was observed to become comparatively
invariant at 〈r〉 b ≅2.3 and confirms the previous assertion that the
inflection point in k corresponds with the beginning of interconnected
porosity percolation in the a-SiC:H films. It also coincides with the
steep drop in thermal conductivity observed for the two a-SiC:H films
with 〈r〉 = 2.0.

However, PALS measurements by Zambov [181] have shown that
some level of nano-porosity likely exists in all of the a-SiC:H films inves-
tigated in the present study. For our samples, no positronium formation
was observed for the single crystal 3C\SiC sample and the highest den-
sity/〈r〉 a-SiC:H sample, but positronium formation was detected with
steadily increasing lifetimes as 〈r〉 decreased below 3.2. The average
pore sizes deduced from continuum fitting of the positronium lifetime
spectra are shown in Fig. 14. As can be seen, the deduced average pore
size increases from 0.3 nm to 0.85 nm with decreasing coordination
until 〈r〉 ≅ 2.4 is reached. Below 〈r〉 = 2.4 there is relatively little change
in the median pore diameter. The development and increase in
interconnected porosity detected by toluene EP are therefore likely a
result of either an increase in the total volume of pores or an increase
in the pore size distribution. The data in Figs. 13 and 14 confirm that
the trends observed in Fig. 12 for the a-SiC:H dielectric properties are
indeed due to the creation and eventual percolation of free volume/
porosity.
4. Constraint theory and bond percolation implications for future
low-k materials

As mentioned previously, prior applications of constraint theory
concepts to low-k dielectrics have focused solely on the impact of
bond percolation on mechanical properties such as Young's modulus,
hardness, and fracture energy/toughness [56–59]. As we have shown
above, network bond percolation has an underlying role in all material
properties including mechanical, thermal, electrical, and optical. In
almost all cases, decreasing 〈r〉 to reduce the dielectric constant results
in a rapid deterioration of the other material properties that is quite
sobering from a device standpoint. The only case observed here where
decreasing 〈r〉 works to one's advantage from an insulating dielectric
perspective is the observed increase in resistivity with decreased net-
work connectivity. Therefore, the above results clearly illustrate the
well known tradeoff in low-k dielectricswhere gains in reducing dielec-
tric constant are tempered by a reduction in other important material
properties [1,2]. However, they also highlight network connectivity
as an important fundamental underlying consideration. Although not
always clearly demonstrated or articulated, most of the claimed
improvements in low-k mechanical properties achieved via new
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precursors [182,183], post deposition annealing [57], and electron/UV
curing [86] are likely a result of increased network connectivity.

While constraint theory/bond percolation may seem to make the
challenge of achieving new low-k materials with improved properties
quite daunting, it does also provide some added insight for possible
future directions. Typically, the primary research goal for new low-k
materials is to achieve the lowest possible k with the highest possible
mechanical properties. Bond percolation theory clearly indicates that
the currentmethods for reducing k via incorporation of terminal hydro-
gen or organic groups will directly result in a corresponding reduction
in elastic constants and hardness of the material while one is above
〈r〉c. However, this can be tempered somewhat by intentionally incorpo-
ratingnetwork bondswith increased stiffness and/or bondswith similar
stiffness but lower polarizability. In this regard, it is perhaps not too sur-
prising that there have been several reports in the literature of attempts
to improve the mechanical properties of low-k SiOC:H dielectrics by
intentionally replacing Si\O\Si bonds with stiffer Si\C\Si bonds
[184,185].

As one goes below 〈r〉c, low-k mechanical properties, however,
should become invariant with further reductions in 〈r〉. Thus below
〈r〉c, it may be possible to achieve continued reductions in k while not
suffering continued reductions in mechanical properties. In this regard,
it is important to note that below 〈r〉c the elastic properties of a material
aremore dominated byweak van derWaal type forces. Thus in addition
to focusing on achieving improvements inmechanical properties via the
incorporation of stiffer network bonds (as in the replacement of
Si\O\Si with Si\C\Si bonds in low-k SiOC:H dielectrics noted
above), it may also be important to focus on means for increasing the
magnitude of weaker van der Waal types forces in low-k materials.
Along these lines, we note that the recent molecular dynamic simula-
tions by Li et al. [59] have shown that the presence of terminal CH3

versus OH groups can have a marked effect on the bulk and shear
modulus of low-k SiOC:H dielectrics with 〈r〉 in the range of 2.2–2.7.

It is also important to note that below 〈r〉c a material is under
constrained and from the perspective of constraint theory considered
“flexible” or “deformable” [23,25]. While mechanical properties such
as Young's modulus and hardness may be at a minimum, other impor-
tant mechanical properties such as fracture toughness may actually
increase and improve should the remaining network bonding have
enough flexibility to accommodate significant deformation. Thus, an-
other possible path for improving low-k dielectric mechanical proper-
ties could be the strategic inclusion of deformable C\C\C network
chains [84,98]. The unintentional [186] and intentional [187] incorpora-
tion of such C\C\C linkages has already been shown to dramatically
improve the fracture properties of low-k SiOC:H dielectrics.

While constraint theory predicts that material properties should re-
main invariant with 〈r〉 below 〈r〉c, Fig. 13 illustrates that there are addi-
tional considerations. Specifically, significant interconnected porosity
can start to form in thematerial and cause further significant reductions
in the dielectricmaterial properties. The data in Fig. 13 suggests that 〈r〉c
is also the critical point for a second type of percolation phenomena —

the percolation of interconnected nano-pores. However, the percolation
of interconnected porosity can also again result in significant deteriora-
tion ofmaterial properties. As shown in Fig. 10, a significant reduction in
thermal conductivity occurred once interconnected porosity was
formed. While not apparent in the Young's modulus and hardness
results presented here, percolation of interconnected porosity can also
lead to reductions in these properties once pores of significant size
and interconnectivity are formed. Factoring in both combined bond
and pore percolation, perhaps the optimum or most desirable network
connectivity for a material from a low-k perspective is the minimum
coordination at which interconnected porosity forms.

Lastly, it is interesting to look at the opposite of low-k materials,
i.e. high-k materials from a constraint theory and bond percolation
perspective. In this case, everything generally lines up in ones favor
in terms of mechanical, thermal, and optical properties except for
resistivity. In this case, we note that bond percolation theory and the
results presented in Fig. 10 illustrate that some significant gains in
resistivity/electrical leakage could perhaps be achieved if one is willing
to accept a reduction in dielectric constant to slightly reduce network
connectivity and perhaps passivate some point defects that are known
to limit high-k dielectric reliability [188].

5. Conclusions

Combined NRA, RBS, NMR and FTIR measurements have been
utilized to determine the average coordination (〈r〉) and network con-
nectivity (〈r〉net) for a series of PECVD a-SiC:H films. The changes in 〈r〉
have been correlated to the full mechanical, thermal, electrical, optical,
and physical properties for a-SiC:H. The results clearly show that the
observed variation in a-SiC:H properties can be fully explained by
constraint theory and bond percolation concepts. Most importantly,
singularities are observed in all thematerial properties close to the crit-
ical coordination predicted by constraint theory. These results highlight
the fact that bond percolation/network connectivity is an important
factor and underlying consideration for the optimization of all proper-
ties in future low-k and high-k materials.
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