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To enable the continued scaling of integrated circuits, the semiconductor
industry faces ongoing struggles to implement better low-dielectric-constant
(low-k) materials within the interconnect system. One of the biggest
challenges to integrating new dielectrics is overcoming the low-k death
curve—that is, the fatal falloff in mechanical properties associated with the
low material densities required to achieve low k values. It is shown that
amorphous hydrogenated boron carbide (a-BC:H) films exhibit Young’s
modulus (E) values between two and ten times greater than those of
state-of-the-art Si-based dielectric materials across a wide range of k values.
In particular, optimized a-BC:H films with moderate k values in the range
of 3–4, in addition to possessing outstanding stiffness (E ≈ 100–150 GPa),
simultaneously exhibit excellent electrical properties (leakage current of
<10–8 A cm–2 at 2 MV cm–1 and breakdown voltage of >5 MV cm–1). Films
in this range also demonstrate resistance to Cu diffusion to at least 600 °C,
as well as chemical stability and etch properties suitable for low-k diffusion
barrier/etch stop applications.
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1. Introduction

As the semiconductor industry strives to
achieve continued returns on Moore’s law,
resistance–capacitance (RC) delay in metal
interconnects remains a critical bottleneck
to improving computing performance.[1]
To support further increases in transistor
density, either conductor resistance or
dielectric capacitance must decrease.
Whereas copper has been the conductor
material of choice for interconnects since
the introduction of the dual damascene
process in the late 1990s, the pursuit of
new low-dielectric-constant (low-k) materials to replace traditional SiO2 (k ≈ 4.1)
has remained a priority outlined by the
International Technology Roadmap for
Semiconductors (ITRS) for over two decades.[2] That this problem is considered a
“Grand Challenge” is underscored by the
fact that ITRS target metrics for low-k performance continue to be pushed back, with “no existing longterm solutions.”[2,3] Several types of low-k dielectrics are sought,
including the bulk inter/intralayer dielectric (ILD), which has
the most stringent requirements on k, as well as dielectric diffusion barriers, etch stop layers, hard masks, and spacer layers,
which have more modest k requirements but additional performance metrics that must be met (Figure 1a).[4] Low-k materials
have steadily improved, with the most recent introduction of
porous SiOC:H variants (k = 2.4–2.7) for ILDs and SiC:H (k =
4.0–7.0) and SiCN:H (k = 4.5–5.8) as diffusion barrier materials; however, progress has been painstaking, with continuous
struggles to simultaneously maintain chemical, thermal, electrical, and mechanical reliability.[3] Indeed, the ostensibly inevitable falloff in mechanical properties with decreasing k, dubbed
the “low-k death curve,” is one of the key obstacles to further
improvements in ultra-low-k ILD materials.[5,6] The diffusion
barrier layers, for their part, contribute increasingly to the effective k of the interconnect structure, and lower k alternatives are
needed for further scaling.[2]
The strategy for designing a low-permittivity material is
three-pronged: decrease the atomic number (Z) of the constituents and consequently reduce electron density, reduce the
polarity of the bonds or functional groups, and/or reduce the
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total atom density.[7,8] Regarding the first strategy, there are few
elements that lie below Si and O on the periodic table from
which to draw. Of these, fluorine has played an important role
in the integration of SiOF, and continues to be explored as part
of novel low-k materials.[9,10] Further, while a large body of work
exists for carbon-based organics, these simply fail to hold up
to integration requirements—although the incorporation of
hydrocarbon within SiOC:H has been a key strategy in reducing
its permittivity. Notably unrepresented in low-k research are
boron-based materials, with boron being the fifth and one of
the lowest-Z elements on the periodic table. Despite being
notorious for their combination of low density and extreme
chemical, thermal, and mechanical stability, boron-rich solids
have merely received a passing acknowledgment in reviews of
low-k materials.[4,11,12] Some research on boron-rich materials
has in fact been reported, with impressive k values cited for
BN and BCN;[13–16] however, these materials have not gained
any serious traction, in part because of their chemical instability.[17,18] Herein we describe a novel and compelling boronrich alternative to silicon-based materials for interconnect dielectric applications: boron carbide (BC).
Unlike SiO2, which is made up of sp3 Si with bridging O
atoms, and unlike BN and BCN, which possess graphitic sp2
bonding—bonding modes representative of the vast majority of
covalent solids—boron carbide is based on a network of 12-vertex
icosahedral clusters (Figure 1b). Within this network, six-coordinate boron atoms are involved in unique intra-icosahedral three–
center two–electron bonds and inter-icosahedral two–center
two–electron bonds. A combination of very strong covalent
bonds and unique bonding modes leads to the extreme properties—including stiffness, hardness, melting point, and radiation
hardness—exhibited by this class of materials.[19,20]

Figure 1. a) A copper interconnect structure illustrating interlayer dielectric (ILD) and diffusion barrier/etch stop layers. b) An icosahedral orthocarborane (o-C2B10H12) molecular precursor and a hypothetical model
illustrating the local physical structure of a-BC:H (see ref. [25] for details
of model creation).
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Of the many methods that have been developed for depositing thin-film BC,[21,22] the plasma-enhanced chemical vapor
deposition (PECVD) of amorphous hydrogenated boron carbide
(a-BC:H) using a single-source ortho-carborane (o-C2B10H12)
precursor (Figure 1b) has demonstrated good success in fabricating device-quality films.[23,24] Importantly, the resulting
moderate-band-gap films (Eg ≈ 2–4 eV) are very insulating, with
electrical resistivity in the range of 1010–1015 Ω cm;[25] this is
not the case for more traditional polycrystalline/crystalline
bulk B4C or films grown by other techniques.[26–29] Although
k values as low as 2.4 have been reported in carborane-based
a-BC:H films,[30] a low dielectric constant alone is not sufficient,
and must be accompanied by adequate chemical, electrical, and
mechanical stability for a low-k material to be considered for
integration. We have investigated the suitability of a-BC:H for
low-k applications with the goal of not necessarily minimizing
k, but rather achieving the lowest k possible while simultaneously optimizing complementary performance metrics. We
show that, k for k, a-BC:H films possess extremely high stiffness and hardness relative to state-of-the-art low-k dielectric
materials, and that films with moderate k values (3–4) can be
deposited with optimal qualities suitable for applications with
stringent performance requirements such as metal-capping diffusion barrier/etch stop layers or dielectric-capping layers/nonsacrificial hard masks.

2. Results and Discussion
Carborane-based a-BC:H films have been grown by PECVD
with a wide range of densities and hydrogen concentrations,
spanning 0.8–2.3 g cm−3 and 45%–10%, respectively. The two
properties demonstrate a strong inverse correlation with one
another, as seen in Figure 2a. Permittivity [high (ε1) and low
(k) frequency dielectric constants] as well as stiffness [Young’s
modulus (E)] and hardness (H) also scale with density, with
k ranging from 2.7 to 7.6 (Figure 2b), E from 10 to 400 GPa
(Figure 2c), and H from 1 to 35 GPa (Figure S1, Supporting
Information).[25,30] The Young’s modulus versus density curve
demonstrates a plateau, characteristic of a rigidity percolation threshold, where—as predicted by topological constraint
theory—above a given average network coordination (here,
occurring at a density of ≈1.3 g cm−3), the solid is considered
“rigid,” while below this, the solid becomes “floppy.”[33,34]
Above the threshold density, a power law relationship, E ∝Dn,
holds, with n = 1.85 (Figure 2c, inset). This nearly quadratic
relationship is characteristic of cellular solids, and is similar
to that observed in porous silica.[5] The dielectric constant
versus density curve also shows a clear inflection point, where
the slope changes below ≈1.5 g cm−3. An inflection point is
additionally observed in the k – ε1 term, representing the difference between low- and high-frequency dielectric constants,
where this value consistently averages ≈0.5 above densities of
≈1.5 g cm−3, while below this density it increases to an average
of ≈1.5 at 0.8 g cm−3 (Figure 2b, inset). Whereas ε1 represents
the electronic contribution to the polarizability, the k – ε1 term
represents primarily ionic and orientation contributions.[7,8]
We might hypothesize that the increase in these contributions in lower-density films is due to an increase in polar OH
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Figure 2. Mechanical and dielectric properties of amorphous hydrogenated boron carbide films for low-k dielectric applications. a) The atomic concentration hydrogen (at% H) and density of a-BC:H span a wide range, and are inversely correlated to one another. b) The dielectric permittivity,
represented by high (ε1, 4.6 × 1014 Hz/1.96 eV) and low (k, 100 kHz) frequency dielectric constants, scales with density (or at% H), with an inflection
point at ≈1.5 g cm−3, below which the difference between k and ε1 increases on average (inset). c) The Young’s modulus (E) demonstrates a power
law relationship with density, of the form E ∝ D1.85 (inset), above 1.3 g cm−3, and demonstrates a plateau at ≈21 ± 9 GPa below this. d) The E versus
k death curve illustrates the improvement in mechanical properties for a-BC:H over representative state-of-the-art dielectric materials, SiOC:H, SiC:H,
and SiCN:H[31] (for clarity, only a-BC:H films with k – ε1 < 0.8 are shown). (/ = ref. [25], / = ref. [30], / = this work,  = this work,  = this work,
= refs. [32,33]).

bonds, other oxygen-containing bonds, or free H2O molecules;
however k – ε1 is not strongly correlated with oxygen content (Figure S2, Supporting Information). Another plausible
explanation is that the orientation contribution increases with
the “floppiness” of the polymer below the rigidity transition
threshold.[35]
Importantly, these a-BC:H films exhibit extremely high
stiffness and hardness, even at very low densities. This same
characteristic that has made BC so attractive for armor and
protective coatings translates to the appeal of a-BC:H for lowk dielectric applications. The superior mechanical properties
of a-BC:H are evident from the low-k death curve, illustrated
in Figure 2d for a-BC:H alongside representative Si-based
dielectrics. For higher density films (>1.3 g cm−3) above the
rigidity threshold, the Young’s modulus ranges from ≈2 to >10
times higher in a-BC:H films than in Si-based dielectrics for
any given value of k. For lower density films (<1.3 g cm−3), E
appears uncorrelated with density (Figure 2c, inset), and averages 21 ± 9 GPa. As such, despite the tendency toward higher
k values at these low densities due to a high k – ε1 contribution
(Figure 2b, inset), for even the lowest density films, we can project E values sufficiently high for integration. The E values for
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the low-density a-BC:H films are higher than in the majority of
SiOC:H-type dielectrics, which typically exhibit E values in the
range of 3–15 GPA for k values of 2–3.[3,6]
An essential issue in developing low-permittivity dielectrics
lies in establishing the low leakage current and high breakdown voltage needed for high-performance nanoelectronics.
For a-BC:H, which is a moderate-band-gap defect-containing
semi-insulator, leakage current is of particular concern. From
Figure 3a, we see that a-BC:H films in general are highly
insulating, and that electrical resistivity reaches a maximum
of ≈1015 Ω cm at ≈1.4 g cm−3, just above the critical density
defining the plateau in mechanical properties. Despite their
high-resistivity however, a-BC:H films grown in early studies
tended to be leaky. With a goal of simultaneously optimizing
dielectric, mechanical, and electrical properties, we looked to
previous process–parameter studies[30] to select trial growth
conditions for further study. Conditions were first selected from
two opposite growth regimes found to minimize k: low power/
low pressure and high power/high pressure. Second, since density is predominantly controlled by growth temperature, a moderate temperature range was emphasized to obtain films with
maximum insulating character, but more moderate k values. By
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systematically testing growth conditions within these ranges,
we have identified the high pressure/high power/moderate
temperature regime as that producing optimal films for
dielectric integration (Table S1, Supporting Information). As
expected, the resulting films lie in the moderate density range
(1.3–1.6 g cm−3), with k in the range of 3–4 and E in the range
of 100–150 GPa. Our optimal film (“A” or “Q32” in Table S1,
Supporting Information), with a stoichiometry of a-B4.7C:H3.8,
exhibits a leakage current, symmetric for both forward and
reverse bias (Figure S3, Supporting Information), equivalent to
that of state-of-the-art SiO2 and SiOC:H dielectrics (Figure 3b)
on the order of 10–9 A cm−2 at 2 MV cm−1, as well as a breakdown voltage of >5 MV cm−1. Film A also exhibits a k value of
3.3 ± 0.15 and an E value of 126 ± 5 GPa. Leakage current and
dielectric constant have been measured for ten independently
grown samples, and show very good reproducibility (Table S2
and Figure S3, Supporting Information).
In contrast to films grown with low pressure/low power
conditions, a-BC:H film A is stable in ambient conditions
over long periods of time, with no evidence of delamination or
deterioration of dielectric or electrical properties. Film A also
performs well in terms of other important mechanical and
thermal integration metrics. Films (≈500 nm) of a-BC:H A
on Si exhibit moderate compressive stress of −400 ± 100 MPa
(Figure S4, Supporting Information), and films (≈100 nm) of

Figure 3. Electrical properties of a-BC:H films. a) Electrical resistivity
exhibits a maximum value at thin-film densities of ≈1.4 g cm−3 ( = ref.
[25],  = ref. [30], ♦ = this work). b) a-BC:H film A demonstrates a breakdown
voltage exceeding 5 MV cm−1 and leakage current equivalent to or better
than Si-based dielectrics at 2 MV cm−1, and is shown here compared
to representative samples of industry-standard high-density SiCN:H
(k = 5.9), high-density SiOC:H (k = 3.0), and SiO2 (k = 4.4) dielectrics.
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a-BC:H A on Si/Ta/Cu exhibit an interface adhesion energy,
Gc, of 8.6 ± 3.3 J m−2. The thermal conductivity of the films
was determined to be 0.49 ± 0.04 W m−1 K−1 (Figure S5, Supporting Information), and the coefficient of thermal expansion
was measured to be 20 ± 4 ppm °C−1 (Figure S6, Supporting
Information). All of these metrics compare favorably with those
of current low-k ILD and diffusion barrier materials.[3,4,31,36]
Because optimal a-BC:H films lie in the moderate density and k range, they are ideally suited to dielectric barrier
layer applications. Thus, basic Cu diffusion barrier and etch
stop performance metrics were evaluated. Cu diffusion was
evaluated by X-ray diffraction analysis of Si/a-BC:H/Cu structures, where the observation of Cu3Si, known to form at 225
°C in barrier-less Cu/Si structures, is indicative of diffusion
(Figure 4a).[37] After thermal treatment of Si/a-BC:H/Cu test
structures for 1 h, no diffusion was observed for structures
containing moderate-density (film A, 1.5 g cm−3, 22 nm) or
high-density (2.4 g cm−3, 30 nm) a-BC:H barrier films for temperatures up to 600 °C (Figure 4b,c), which is comparable to
the performance of TaN Cu diffusion barriers.[38] In comparison, Cu diffusion was clearly observed in test structures containing low-density (1.0 g cm−3, 60 nm) a-BC:H barrier films
at 600 °C (Figure 4c). We note that control samples of Si/Cu
showed clear formation of Cu3Si, and that care was taken to
remove the native oxide layer from the Si substrate prior to
a-BC:H deposition, as SiO2 can also act as a diffusion barrier. The results for film A were additionally reproduced with
a higher signal-to-noise experiment to further confirm the
absence of Cu3Si peaks.
Wet and dry etch rates were evaluated by subjecting
moderate-density films to standard etch chemistries. Films
deposited on Si did not exhibit any etching (i.e., no change in
thickness) in a series of common wet etch solutions, including
1% KOH, 15% tetramethylammonium hydroxide, 30% H2O2,
0.5% HF, and buffered oxide etch for up to 60 min immersion time. Further, no change in FTIR spectra or ε1 values was
observed after wet etch treatment (Figure S7, Supporting Information). Films also exhibited no change in these properties
upon treatment with harsher conditions, including immersion
in concentrated acids (HCl, H2SO4, H3PO4) for >24 h. Thus,
not only do films maintain integrity in acidic and basic conditions, but they also demonstrate excellent resilience to aqueous/
humid environments in general. A series of films of similar
density to a-BC:H A (1.4–1.6 g cm−3) were tested in common
plasmas used for patterning oxide-based interlayer dielectrics
(CHF3-based) and nitride-based etch stop (ES) layers (CF4/O2based), and etch rates were determined to be in the range of
3–12 Å s−1 (average 7 Å s−1) for the ILD plasma and
60–180 Å s−1 (average 110 Å s−1) for the ES plasma. In comparison, SiOC:H dielectrics exhibit etch rates of 6–15 Å s−1 (on the
low end, <9 Å s−1, for nonporous films and on the high end,
>12 Å s−1, for porous films) in CHF3-based plasma and 1–10
Å s−1 in CF4/O2-based plasma, while SiCN:H dielectrics exhibit
etch rates of 3–6 Å s−1 in CHF3-based plasmas and of 40–50 Å
s−1 in CF4/O2-based plasmas.[4] Thus, the etch rates of a-BC:H
films are comparable to those of SiCN:H etch stop materials,
demonstrating a selectivity relative to porous SiOC:H ILD materials of on average 2:1 and up to 4:1 for the CHF3/ILD etch and
on average 20:1 for the CF4/O2/ES etch. Taking into account
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Figure 4. Cu diffusion analysis in Si/a-BC:H/Cu structures by X-ray diffraction. a) Thin a-BC:H films with a range of densities were deposited on Si
wafers cleaned by dilute HF, followed by Cu evaporation, thermal treatment, and XRD analysis. Control samples of both Si/Cu and Si/SiO2/Cu were
simultaneously prepared and analyzed. b) Diffraction patterns for samples treated at 400 °C. Cu3Si peaks are clearly observed in the Si/Cu control
sample, but absent in the Si/SiO2/Cu and Si/a-BC:H/Cu samples. c) Diffraction patterns for samples treated at 600 °C. Cu3Si peaks are again observed
in the Si/Cu control sample, and absent in all but the structure containing the low-density a-BC:H barrier film.

that etch rates can be tuned via modifications to film composition or etch chemistry, these results suggest that a-BC:H films
will be amenable to industry plasma-based patterning techniques, and may be suitable as etch stop layers.

3. Conclusions
In summary, a-BC:H proves to be a compelling potential
replacement for or complement to Si-based materials for low-k
dielectric applications, in particular barrier layers (see Table 1
for a comparison of key figures of merit). In comparison to
state-of-the-art SiCN:H diffusion barrier/etch stop materials,
moderate-density a-BC:H films exhibit a dramatically lower
k value (3.3 vs 4.8–5.8) and higher Young’s modulus, while
maintaining other properties required for integration: excellent
leakage current and breakdown voltage, excellent chemical stability, adequate adhesion, stress, thermal conductivity and coefficient of thermal expansion properties, and desirable plasma
etch rates. These films additionally demonstrate promising
Cu/H2O diffusion barrier properties, although more rigorous
electrical studies will ultimately be needed to prove out their
reliability.
Thin-film a-BC:H is also promising for low-k (2.5–3.0)
and potentially ultra-low-k (<2.5) interlayer dielectric applications. Although a high ionic/orientation polarization component tends to inflate k in low-density films, k values <3 and
as low as 2.4 have been demonstrated, with identified options
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for further improvement including decreasing oxygen content or stiffening the lattice. Because these films have been
grown without the express addition of pores, avenues for
further lowering k using techniques to intentionally incorporate additional porosity are still available. Importantly, for
even the lowest-density a-BC:H films, the Young’s modulus
remains at a steady value of 21 ± 9 GPa, higher than that of
typical porous SiOC:H films of equivalent k value. Despite
their appealing mechanical properties, however, low-density
a-BC:H films must be improved in terms of electrical properties and chemical stability to become true contenders for
integration. All of the films described here have been grown
with a single precursor and no additional processing (e.g.,
UV cure, thermal treatment), which is appealing from a processing efficiency standpoint. Further, the wide range of properties accessible by merely changing PECVD growth parameters begets the possibility of fabricating multilayer structures
fulfilling multiple functions (e.g., nonsacrificial hardmask,
diffusion barrier, ILD) simultaneously. Finally, the unique
chemistry of a-BC:H relative to Si-based material may render
it useful as a unique patterning layer as patterning schemes
become increasingly complex. Overall, a-BC:H demonstrates
genuine potential for solving some of the challenges facing
low-k dielectric innovation, and—extrapolating from the vast
progress made in the area of SiOC:H dielectrics over decades
of research—we project that the results shown here represent
merely the tip of the iceberg as to what may be possible for
this class of materials.
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Table 1. Low-k dielectric properties for a-BC:H in comparison to representative state-of-the-art interlayer dielectric (ILD) and etch stop (ES)/diffusion
barrier (DB) materials.
SiOC:H

SiCN:H

BC:H

ILD

ES/DB

ILD/ES/DB

2.2 – 3.2

4.8–5.8

3.3 ± 0.15

Density [g cm

0.9 – 1.3

1.7–2.2

1.5 ± 0.08

Young’s modulus [GPa]

3 – 15a)

40–100

126 ± 5

10–8 – 10–9

10–7–10–8

9 × 10–9 (±6 × 10–9)

Use
Dielectric constant (k)
−3]

Leakage current at 2 MV cm−1 [A cm−2]
Breakdown voltage [MV cm−1]
Adhesion energy [J m−2]
Stress [MPa]
Thermal conductivity [W

m−1

−1

K ]

Coefficient of thermal expansion [ppm °C−1]
CHF3 plasma etch rate [Å

s−1]

CF4/O2 plasma etch rate [Å s−1]
Reference

>6

4–6

>5

2 – 5b)

–

8.6 ± 3.3

b)

b)

–400 ± 100

0.01 – 0.4

0.6–0.8

0.49 ± 0.04

10 – 20

3–5

20 ± 4

6 – 15

3–6

3–12 (average 7)

1 – 10

40–50

60–180 (average 110)

Refs. [3,4,6,39–41]

Refs. [4,31,42]

this work

a)
Note that this represents the range for the majority of SiOC:H films, but that films with specially designed backbones have recently been reported with E of 25 GPa at k
of 3;[6] b)Highly variable.

4. Experimental Section
Amorphous hydrogenated boron carbide (a-BC:H) films were grown by
capacitively coupled PECVD using a single-source solid ortho-carborane
(o-C2B10H12) precursor and Ar process gas, as previously described.[25]
Growth conditions are summarized in Table S1 (Supporting
Information). A detailed description of a majority of the measurement
and analysis methods can be found in Nordell et al.[25] Unless otherwise
specified, thin-film characterization was done for a-BC:H films grown
on Si substrates. Atomic concentrations (%B, C, H, and O) and
thin-film density (D) were determined by nuclear reaction analysis
methods. Hardness (H) and Young’s modulus (E) were determined by
nanoindentation experiments. Thin-film thickness (d), index of refraction
(n), and extinction coefficient (κ) were determined by spectroscopic
ellipsometry. The real part of the high-frequency (4.6 × 1014 Hz/1.96 eV)
dielectric constant was calculated from the optical constants via ε1 =
n2 – κ2. The low-frequency (i.e., the total) dielectric constant (k) was
determined from 100 kHz capacitance–voltage (CV) measurements
on metal–insulator–semiconductor Hg/a-BC:H/Si heterostructures
acquired using an MDC mercury probe with a Keithley 590 CV analyzer.
The dielectric constant was calculated from the CV curve in the
accumulation region through the geometric capacitance relationship for
an MIS capacitor, k = Cd/ε0A, where ε0 is the permittivity of free space
and A is the area of the Hg contact. Current–voltage (IV) curves were
also obtained on the same MIS structures using a mercury probe with
Keithley 2400 source meter and 6485 picoammeter. Electrical resistivity
(ρ) was determined from the IV curve in the Ohmic regime (I ∝ V n; n ≈ 1)
from Ohm’s law, ρ = VA/Id. For all of the Hg probe measurements,
the contact area was determined via calibration to a standard SiO2 film
prior to each new set of measurements. Before measuring the a-BC:H
films, IV and CV measurements were completed on a set of Si-based
low-k dielectric standards and compared to measurements done on an
independent Hg probe tool at Intel, with very good consistency (Figure S8
and Table S3, Supporting Information). Thin-film stress measurements
were completed using optical profilometry, and film stress extracted
via Stoney’s equation based on the wafer curvature method. Interfacial
adhesion measurements were completed on Si/Ta/Cu/a-BC:H (≈100 nm)
structures using a four-point-bend test.[43] Thermal conductivity was
determined using time domain thermoreflectance.[33,44] The coefficient
of thermal expansion was measured using an X-ray reflectivity technique
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described previously.[36] The film was cycled between 30 and 300 °C, with
stabilization times at each point greater than 90 min. X-ray reflectivity
patterns were collected with a Bruker D8 Discover using an Anton
Parr hot stage attachment while flowing N2 gas to avoid oxidation
and aligning the film at each temperature. Thicknesses were modeled
using the BEDE Refs software package. Calculation of the coefficient of
thermal expansion was conducted with Poisson’s ratio estimated to be
0.25, which has been reported for other low-k materials, and is likely a
good first approximation for the film reported here.[36] For Cu diffusion
barrier studies, thin a-BC:H films were grown on Si substrates cleaned
in dilute hydrofluoric acid followed by a Marangoni dry. Copper layers
(≈50 nm) were then sputtered onto Si/a-BC:H structures, HF-cleaned
Si substrates, and Si substrates possessing a thermal oxide layer. The
samples were heat-treated in vacuum at 400 and 600 °C for 60 min, prior
to X-ray diffraction measurements with a Rigaku Miniflex diffractometer.
Wet etch studies were completed by immersing a-BC:H films on
Si substrates into a series of etch solutions for up to 60 min, and
monitoring thin film thickness and optical constants via ellipsometry as
well as infrared spectra before and after treatment. For dry etch studies,
a-BC:H/Si samples were masked off and treated with generic CHF3- and
CF4/O2-based plasmas, and etch rates determined by the change in
thickness as a function of etch time, as measured by ellipsometry. Data
for SiOC:H, SiC:H, and SiCN:H films reported here were obtained from
films grown and characterized as previously described.[31]

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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