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A longstanding challenge in ultralarge-scale integration has been the con-
tinued improvement in low-dielectric-constant (low-k) interlayer dielectric
materials and other specialized layers in back-end-of-the-line interconnect
fabrication. Modeled after the success of carbon-containing organosili-

cate materials, carbon-enriched amorphous hydrogenated boron carbide
(a-B,C:H,) films are grown by plasma-enhanced chemical vapor deposition
from ortho-carborane and methane. These films contain more extraicosahe-
dral sp? hydrocarbon groups than nonenriched a-B,C:H, films, as revealed by
FTIR and NMR spectroscopy, and also exhibit lower dielectric constants than
their nonenriched counterparts, notably due to low densities combined with
a low distortion and orientation contribution to the total polarizability. Films
with dielectric constant as low as 2.5 are reported with excellent electrical
stability (leakage current of 10° A cm=2 at 2 MV cm™' and breakdown voltage
of >6 MV cm™), good thermal conductivity of 0.31 £ 0.03 W m~' K", and
high projected Young’s modulus of 12 + 3 GPa. These properties rival those
of leading SiOC:H materials, and position a-B,C:H, as an important comple-
ment to traditional Si-based materials to meet the complex needs of next-

generation interconnect fabrication.

1. Introduction

As the microelectronics industry ventures into a nanoelec-
tronics era, with half-pitch values reaching <10 nm, it faces
challenges beyond mere component scaling. One of the
most significant of these involves the back-end interconnect
structures that support signal propagation between integrated

circuit components. Specifically, inad-
equate signal speed, power consumption,
and cross-talk metrics arising from con-
ductor resistance (R) and dielectric capaci-
tance (C) contributions are becoming
major progress Dbottlenecks.2  Aside
from considering replacements for Cu
as the conductor, the main thrust from
a materials standpoint hinges on imple-
menting novel low-dielectric-constant
(low-k) materials, which include both the
bulk interlayer dielectric (ILD) and special-
ized low-k layers such as etch stops and
diffusion barriers.’l However, because
candidate materials must not only meet
k requirements, but also a laundry list of
additional chemical, thermal, electrical,
and mechanical integration maetrics,
finding suitable low-k alternatives has
been extremely challenging.

Although many classes of materials
have been proposed as candidate low-k
solutions, the semiconductor industry has
not ventured far from its roots. In 2001,
the original interlayer dielectric material,
SiO, (k = 4.1), was replaced by a carbon-containing variant,
SiOC:H (k = 3.0). Fifteen years later, despite the original goals
set forth by the International Technology Roadmap for Semi-
conductors of achieving k values of <2 by 2012, the industry is
still using porous SiOC:H variants with k values of only 2.55.1
One of the reasons this materials science problem has proven
so challenging is because the very low densities required to
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achieve targeted k values inevitably lead to a dramatic falloff in
chemical and mechanical stability.’] While some researchers
continue to explore novel materials such as metal-organic
frameworks!® to address this issue, the industry has turned to
more exotic strategies to strengthen very-low-k solids, including
designer backbone engineering!’! and pore stuffing.[®*]

Beyond the basic low-density requirement, the ideal consti-
tutional framework for a low-k or low-permittivity material is
a covalent low-Z (Z = atomic number) solid. Of the possible
classes of materials not based on Si, a large amount of research
has been dedicated to carbon-based solids, but these have never
managed to make significant inroads.) Another seemingly
obvious class of materials with potential for low-k applications,
which has received minimal consideration, comprises the
boron-rich solids. We recently reported a class of low-k carbo-
rane-based amorphous hydrogenated boron carbide (a-B,C:H,)
films with markedly superior mechanical properties relative to
Si-based dielectrics.! For these films, however, optimal chem-
ical and electrical stability were only obtained in a moderate k
range of 3.0-3.5. While this combination of properties is ideal
for low-k etch stop or diffusion barrier applications, lower k
values are needed for bulk interlayer dielectric applications.

Based on the historical success of carbon incorporation into
silicon oxides, we hypothesized that the addition of carbon to
a-B,C:H, films might likewise lead to similar benefits. Herein
we describe carbon-enriched a-B,C:H, films, grown by plasma-
enhanced chemical vapor deposition (PECVD) using the solid-
state molecular precursor ortho-carborane (C,BoH;;) and
methane as an additional carbon source, with k values as low as
2.5 and an average Young’s modulus of 12 £ 3 GPa, mechani-
cally superior to the overwhelming majority of SiCO:H films
within a similar k range and on par with the best designer
SiCO:H films reported to date.”'!] With good performance for a
number of additional integration properties, including leakage
current of 10® A cm™ at 2 MV cm™}, breakdown voltage of
>6 MV cm™, and thermal conductivity of 0.31 £ 0.03 W m~! K},
these a-B,C:H, films make excellent candidates for next-genera-
tion low-k applications.

2. Results and Discussion

2.1. Chemical Composition and Local Physical Structure

Several series of carbon-enriched amorphous hydrogenated
boron carbide (a-B,C:H,) films were grown by plasma-enhanced
chemical vapor deposition from ortho-carborane and methane,
with base conditions chosen from among those known to
produce a-B,C:H, films with desirable low-k dielectric proper-
ties.'” For each series, the %CH, was varied within a range
of 2.5% and 50%. The growth conditions for the films, as well
as for control films grown without the addition of methane,
are summarized in Table 1, alongside a number of measured
properties.

With the addition of CH, as a reactive plasma gas, the
carbon content of the a-B,C:H, films increases significantly,
which corresponds to a decrease in the B/C ratio (Figure 1).
The atomic concentration of hydrogen tracks the carbon con-
tent, suggesting that carbon is being incorporated in the form
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of hydrocarbon, CH,,. Finally, the increase in carbon is associ-
ated with a decrease in density, which suggests that the addi-
tional hydrocarbon contributes to increased free volume within
the films.

It is noteworthy that the atomic concentration of oxygen
measured within the films was relatively high (9% on
average for the carbon-enriched films grown in this study)
compared to previously grown pure carborane-based films
(4% on averagel'13)). We might have predicted the opposite
result owing to the expected hydrophobicity of the hydrocarbon-
rich films." The oxygen may, however, have originated from
the methane gas itself (99.99%), despite our efforts to purify to
ppb level with O, and H,O filters. We have found in previous
work that the purity of the process gas is extremely impor-
tant in minimizing oxygen, and that transitioning from Ar
with <100 ppb O,/H,0 to Ar with <1 ppb O,/H,0 allowed for
average oxygen levels in the a-B,C:H, films to be reduced from
10-15% to <5%.012151 The higher oxygen concentration could
also have originated from postgrowth atmospheric oxidation
as a result of the lower density and increased porosity in these
films. Oxygen concentration does show a correlation with den-
sity (albeit weak, with R? = 0.4), and the two films with higher
than expected porosity (Q14 and R7, vide infra) both show
higher than average oxygen content for their specific density.

Amorphous hydrogenated boron carbide films grown from
pure ortho-carborane are hypothesized to be made up of car-
borane molecules cross-linked either directly to each other or
via extraicosahedral hydrocarbon linking groups, with varying
degrees of cross-linking and hydrogen saturation.l'21¢l To gain
a better understanding of the chemical nature of the added
carbon within these films, we performed FTIR and solid-state
NMR analysis on a series of samples grown with varying par-
tial flow rates of methane. In Figure 2a, we contrast the FTIR
spectrum of a film grown with no methane to those of films
grown with 5%, 10%, 25%, and 50% CH,. The spectra can
be divided into three regions: (A) the C—H stretch region
(2800-3200 cm™!), (B) the B—H stretch region (<2600 cm™}),[l7]
and (C) the region <1500 cm™, which includes icosahedral
vibration modes and a number of other modes (C—B stretch,
CH,, bending and rocking, etc.).

In the C—H stretch region (Figure 2b), the peak at
~3070 cm™! is assigned to the intraicosahedral C—H group
within the carborane molecule,'® and is the dominant peak for
the film grown without added CH,. Peaks between 2800 and
3000 cm™ are assigned to extraicosahedral hydrocarbon sp?
C—H stretching modes. With the addition of only 5% CH,, the
intensity of the peaks in this region increases significantly rela-
tive to that of the peak at 3070 cm™, going from an =1:1 ratio
between extraicosahedral:intraicosahedral C—H peaks to an
~3:1 ratio (Figure 3), thus corroborating a substantial increase
in extraicosahedral hydrocarbon. As methane is added to the
plasma in greater proportions, these peaks become even more
dominant, with the extraicosahedral:intraicosahedral C—H
peak ratio reaching =5:1 for the film grown with 50% CH,.

For the carbon-rich films grown with 5-10% CH,, four main
peaks can be observed in the extraicosahedral C—H stretch
region at =2955, 2905, 2875, and 2835 cm™!, with the spectral
envelope in the 2800-3000 cm™' range being fairly similar
to that for the films grown with no added CH,. For the films
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Figure 1. Chemical composition (at% C, B/C, and at% H), density (D),
and Young’s modulus (E) as a function of partial methane flow rate (0%,
2.5%, 10%, and 25%) for a-B,C:H, films grown at 250/275 °C, 40 W, 2
Torr, and 200 sccm total flow rate.

grown with 25-50% CH,, two additional peaks clearly appear
at =2920 and 2850 cm™!. The identity of the hydrocarbon peaks
within the 2800—3000 cm™! region is generally well-established,
with typical assignments being the sp> CH; asymmetric and
symmetric stretches at =2950 and 2870 cm™!, respectively, and
the sp? CH, asymmetric and symmetric stretches at 2920 and
2850 cm™!, respectively.'®2!l In the carbon-rich films grown
with 25-50% added methane, we distinctly observe all of
these peaks, and thus tentatively assign them to the standard
functional groups. It is noteworthy that the peaks assigned to
the CH, stretches are absent for the films grown with 5-10%
added methane. The origin of the peaks at 2905 and 2835 cm™,
which are observed in all of the spectra, is not clear. One pos-
sibility is that these represent the asymmetric and symmetric
sp® CH, stretches for bridging CH, bound—not to carbon—Dbut
rather to boron. Such an interpretation would imply that films
containing lower amounts of extraicosahedral hydrocarbon
would predominantly exhibit B—CH,—B linkages, but those
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Figure 2. FTIR spectra of a-B,C:H, films grown at 250 °C, 40 W, 2 Torr,
and 200 sccm total flow rate with varying partial CH,4 flow rates (0%, 5%,
10%, 25%, and 50%), including a) the full spectrum and b) expansions
of the C—H stretch region and c) the <1500 cm™' region.

containing higher amounts of extraicosahedral hydrocarbon
would exhibit a greater amount of the C—CH,—C type of link-
ages traditionally found in carbon-based materials.

To obtain a more quantitative idea of the changes within
the C—H stretch region, the spectra were deconvoluted using
Lorentzian functions after subtracting a linear baseline, as

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Deconvolution of the FTIR spectra of a-B,C:H, films in the C—H
stretch region from 2755 to 3150 cm™' for films grown with a) 0%, b) 5%,
c) 10%, d) 25%, and e) 50% partial CH, flow rate. Colored lines repre-
sent fitted peaks, dashed gray lines represent the summation of the fitted
peaks, and black lines represent the original data.

shown in Figure 3. For all of the spectra, the intraicosahedral
C—H peak at =3070 cm™ was fit to one peak. For the spectra
of films grown with 0-10% CH,, the extraicosahedral C—H
stretch region was best fit to four peaks. For the spectra of
films grown with 25-50% CH,, six peaks are clearly visible,
and six peaks yielded a good fit. We note that it is likely that,
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due to the complex chemical structure of the material, there are
more than four or six chemical environments for C—H bonds
in the solid (e.g., B—CH,—C in addition to C—CH,—C and
B—CH,—B, or CH; bound to B in addition to CH3 bound to C);
however, we prefer to consistently fit fewer peaks that may
represent more than one unique type of environment than to
inconsistently fit too many hypothetical peaks. The key obser-
vations from the deconvolution are as follows. First, the peak
clearly visible at =2850 cm™! in the carbon-rich films apparently
represents a minor contribution to the total intensity, despite it
appearing quite sharp, particularly for the spectrum of the film
grown with 25% CH, (Figure 3d). Second, both of the peaks
that appear in the spectra for the carbon-rich films (=2920 and
2850 cm™!), that we assign to sp® CH, asymmetric and sym-
metric stretches, respectively, increase in intensity for the film
grown at 25% CHy, but decrease in intensity for the film grown
at 50% CH,. By contrast, all of the other peaks in the spectra
continually increase in intensity relative to the intraicosahedral
C—H peak at 3070 cm™! with the addition of increasing CHy.
This could indicate that, as the films become more carbon-rich,
bridging C—CH,—C species are initially formed at lower C con-
centrations, but that higher amounts of CH; groups are formed
at the highest C concentrations. This interpretation would be
consistent with the behavior observed in SiC,:H films.[?223!

The region <1500 cm™ (Figure 2c) contains methyl and
methylene bending modes in the range of 1250-1500 cm™
and primarily icosahedron-based vibrational modes at
<1200 cmL.1% The most significant change in this region is
an increase in intensity of a sharp peak at 1315 cm™! accompa-
nied by the disappearance of a peak at 1265 cm™ in the more
carbon-rich films. Common assignments for sp®> CH,/CHj;
bending modes in hydrocarbons are sp> CH; asymmetric and
symmetric bending modes at =1470 and 1380 cm™!, respec-
tively, and sp> CH, bending modes at 1465 and 1300 cm*.[21
Although we cannot definitively identify the peak at 1315 cm™!
because the energies (and intensities) of the vibrational modes
depend strongly on chemical environment, we tentatively assign
this peak to an sp? CH, bend after Stuart.’!] This assignment
is supported by the typical identification of the CH, bending
mode for bridging Si—CH,—Si groups in organosilicate glasses
at a slightly higher wavenumber of =1350 cm,2224 although
again, a direct comparison cannot be made due to the differ-
ences between Si and B chemical environments. A number of
changes are additionally observed in the region <1200 cm™;
however, the spectra are complex and it is therefore difficult to
draw any definitive conclusions from this information. The lit-
erature on a-BC:H is generally inconsistent®?’ and does not
discuss the identification of hydrocarbons in this region per se.
It is, however, possible that some of the weak peaks that appear
for the methane-enriched films (e.g., at =900 and 750 cm™)
represent CH; rocking modes, as these are typically observed in
the 700900 cm™ region for organosilicates. 2224

Similarly to the FTIR spectra, the solid-state NMR spectra
reveal a clear increase in extraicosahedral hydrocarbon for films
grown with added CH, (Figure 4). Two major peaks in the
13C NMR spectrum have been previously assigned to intraico-
sahedral hydrogenated carbon (=60 ppm) and extraicosahedral
carbon (=0 ppm).'®l When no CH, is added, the intraicosahe-
dral C peak dominates, with a =2:1 area ratio, relative to the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. 1C solid-state NMR spectra of a-B,C:H, films grown at

250 °C, 40 W, 2 Torr, and 200 sccm total flow rate with varying partial
CH, flow rates.

Intensity (arb unit)

extraicosahedral region (—10 to 40 ppm). Upon addition of 5%
CH,, the two regions exhibit closer to a 1:1 area ratio, and the
relative intensity of the extraicosahedral hydrocarbon-based
region continues to increase with increasing CH,. Further,
with increasing CH,, the appearance of the extraicosahedral
hydrocarbon region changes. First, a peak at =12 ppm becomes
particularly clear for films grown with 10% and 25% CH,, and
second, a broad feature spanning ~20-40 ppm becomes more
pronounced, and is especially evident in the film grown with
50% CH,. Although we can confidently state that peaks in this
region originate from sp? hydrocarbon, peak assignments are
still tentative. Based on our previous work, in which we calcu-
lated the 13C chemical shifts of various carborane molecular
clusters,/'®l the dominant peak at =0 ppm can be assigned to
CH,, groups bound to carborane cages via boron (B—CH,—B,
B—CHyg;, or (B);—CH). The peak at =12 ppm can be assigned
to a CH; group bound to carbon rather than boron (C—CH,)
or a CH, group bound to only one boron atom (C—CH,—B).
Spectral intensity in the 20-40 ppm range likely indicates CH,
or possibly CH groups bound entirely to carbon.?®?°! Finally, a
weak peak at =130 ppm in the carbon-enriched films suggests
the presence of some sp?-based carbon.?$2°l Overall, the NMR
data suggest that with carbon enrichment of the a-B,C:H, films,
we are seeing, in addition to increased extraicosahedral CH,, in
general, a shift from CH,, groups bound to boron toward CH,,
groups bound to carbon.

The porosity of a subset of the films was investigated using
positron annihilation lifetime spectroscopy (PALS). The carbon-
enriched films were found to have pore sizes in the range of
0.6-0.7 nm, consistent with previous studies on pure carborane-
based a-B,C:H, films, which revealed that lower density films
(<1.5 g cm™3) exhibited pore diameters in this same range,/!213]
and that the IV product (positronium signal intensity X pore
volume) yielded a general inverse correlation with thin-film
density. Here, too, IV product generally tracks thin-film density:
film R13 with a density of 1.29 g cm™ has the lowest IV value
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of 0.67% nm? and film R11 with a density of 0.91 g cm™ has
the highest IV value of 1.77% nm?, while films R3 and R4 with
densities of 1.15 and 1.18 g cm™ in the middle of this range
have IV values of 1.42% and 0.89% nm?, respectively. In the
case of R3 and R4, where the densities are approximately the
same but the IV values differ, the higher IV value is correlated
with a lower k value. Two unusual PALS results can be noted
in Table 1. First, film R7 exhibits an atypical bimodal pore dis-
tribution. The reason for this is unclear, although we note that
this film also exhibits an unexpectedly low carbon content and
high oxygen content, which may suggest an unusual compo-
sition/structure. Second, film Q14 exhibits an unexpectedly
high pore diameter (0.79 nm) and high IV product (0.82) for
a high-density film (1.63 g cm™). Film Q14 also has an unex-
pectedly low Young’s modulus (we would expect it to be in the
range of 150-200 GPa for a film of this density based on trends
compiled from dozens of similar films),['% which may likewise
suggest that this film also possesses an unusual composition/
structure.

2.2. Dielectric Properties

Perhaps of greatest interest to the current study is the effect
of added carbon on the dielectric properties of the a-B,C:H,
films. The “dielectric constant,” k, equivalent to the relative
permittivity, €, relates to the polarizability of a material in the
presence of an electric field. This is a frequency-dependent
property that can be broken down into different mechanisms
that operate over different frequency ranges: (1) electronic
polarization (displacement of the electron cloud) occurs at high
(optical) frequencies, (2) distortion polarization (vibration of
bonds) occurs at moderate (infrared) frequencies, and (3) ori-
entation polarization (movement of permanent dipoles) occurs
at low (microwave/radiowave) frequencies. The low-frequency
response encompasses all three polarization mechanisms. We
have measured both high-frequency (10'* Hz) dielectric con-
stant (referred to here as &) and low-frequency (10° Hz) dielec-
tric constant (referred to here as k), where the low-frequency
measurement is taken as the total dielectric constant and thus
represents the sum of all three contributions. The difference
between the two measurements, k — &, thus represents the sum
of distortion and orientation polarization contributions.l3%:31l
We find that films grown with added CH,4 generally tend to
exhibit lower dielectric constants than those grown without.
However, the relationship between the partial flow rate of CH,
(and consequently total at% C) and the dielectric constant is not
necessarily smooth, as is evident from Figure 5, which summa-
rizes changes in k, €, and k — & for a series of carbon-enriched
films. Here, we see that & decreases to 2.4-2.5 for films grown
with >10% CH, (Figure 5a). However, while k decreases to a
minimum value of 2.7 at 10% CH,, it increases again with
higher flow rates of CH,, indicating that the k — & contribu-
tion does not necessarily track with &, but rather increases for
the films grown with the highest methane flows (Figure 5b).
Because the &, term represents the electronic polarization con-
tribution, we expect it to depend on the total electron density of
the material, and thus decrease as a function of lower-Z constit-
uents and lower atom density. Since B and C have comparable
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Figure 5. a) High-frequency (g;) and low-frequency (total, k) dielectric
constant as well as b) the difference between the two (k — &) for a-B,C:H,
films grown at 250/275 °C, 40 W, 2 Torr, and 200 sccm total flow rate with
varying CH, partial flow rates.

electron densities (and in fact B has a lower atomic number
than C), we would not expect an increase in C per se to lead to a
decrease in &. However, we would expect the increase in at% H
and decrease in atomic density associated with increasing at%
C to lead to a decrease in g;. Indeed, the observed change in &
closely mirrors the observed changes in at% H and density for
these films (see Figure 1). The k — &; term represents the sum of
ionic and orientation polarization contributions. We might pre-
dict these contributions to increase due to an increase in polar
oxygen-based bonds (e.g., OH); however, we find no significant
correlation between at% O and the magnitude of the k — &
term. In a previous publication,'” we discussed the proposed
existence of a rigidity transition in a-B,C:H, films, where below
a given density (=1.3 g cm™3), the film transitions from an over-
constrained “rigid” to an underconstrained “floppy” solid.[3>33l
Because the “floppy” network has a much greater number of
flexible modes, one might expect this to lead to greater distor-
tion and/or orientation polarization.** It may be the case that
for films with moderate carbon enrichment (2.5-10% CH,), the
density of the a-B,C:H, films can decrease below 1.3 g cm™
without a loss of rigidity due to the incorporation of network-
rigidifying CH, bridging groups (vs one-fold-coordinate ter-
minal hydrogen atoms), but for films with higher carbon
enrichment (25-50% CHy,), a greater increase in terminal CH;
groups again leads to underconstrained “floppy” films, conse-
quently leading to higher k — ¢, values in the case of the highest-
C-content films despite their low density. The importance of
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Figure 6. High- (g, 4.6 x 10" Hz/1.96 eV, open symbols) and low-
(k, 100 kHz, closed symbols) frequency dielectric constants as a function
of density for carbon-enriched (blue triangle symbols) versus nonenriched
(black symbols) amorphous hydrogenated boron carbide films (m/00 =
ref. [12], ®/0 = ref. [13], & /o = ref. [10], A /A = this work).

the type of carbon bonding in organosilicates (e.g., Si—CHj vs
Si—CH,—Si) has been routinely emphasized in the context of
enhancing mechanical strength for this class of materials;' in
amorphous boron carbide, the carbon bonding may also play
an important role in optimizing the dielectric properties.

Importantly, we have previously found that for pure carbo-
rane-based a-B,C:H, films, below densities of =1.5 gcm™, k— &
tended to be quite high.'% Thus even if very low &, values (<2.5)
could be achieved for low-density films, k inevitably remained
relatively high (>3), with the lowest measured value of k being
2.7 and the lowest average values being =3.0. With the addi-
tion of CH,, we are able to achieve not only lower &, values for
low-density films, but also significantly lower k — & values, and
thus achieve much lower overall k values. This result is compel-
lingly illustrated in Figure 6, which contrasts &; and k values
as a function of density for carbon-enriched and nonenriched
a-B,C:H, films. By enriching carborane-based a-B,C:H, films
with CH,, we are able to consistently obtain films with k < 3.0
and as low as 2.5.

2.3. Mechanical, Electrical, and Thermal Properties

As we have repeatedly emphasized in our work, obtaining low-
k values alone is not the goal, as a number of other properties
are critical for dielectric integration. One of these properties
is mechanical stability, for which Young’s modulus (E) is the
most commonly compared metric. Carborane-based a-B,C:H,
films have been previously demonstrated to exhibit extremely
high Young’s modulus for a given k value, significantly higher
than for traditional Si-based dielectrics.'” For films with k in
the range of =3.5-7.5, E was found to track linearly with k in
the range of =100-400 GPa. Importantly, even for low-den-
sity films where E might be predicted to fall off dramatically
with density, the Young's modulus was observed to plateau at
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Figure 7. a) Leakage current traces for a series of a-B,C:H, films grown at
250/275 °C, 40 W, 2 Torr, and 200 sccm total flow rate with varying CH,
partial flow rates (note that the limits of the J~E curves do not represent
breakdown but rather the highest electric field that could be applied for
a given thickness of film). b) Forward and reverse bias J-E curves for
a-B,C:H, film R11 demonstrating leakage current of 2 x 10° A cm™ at
2 MV cm™" and breakdown voltage of 26 MV cm™.

a relatively high value of 21 + 9 GPa for films with densities
in the range of 0.9-1.2 g cm™>. For the carbon-enriched films,
the Young’s modulus values were found to be lower than for
their nonenriched counterparts (Table 1), which is unsurprising
given the substitution of extremely strong boron-based bonds
with carbon-based bonds. However, they still exhibit a high
average value of 12 + 3 GPa for films with densities in the
range of 1.1-1.2 g cm™3, and we can extrapolate that this value
would hold for films with densities in the range of 0.9-1.1 g
cm™3 based on trends observed in the nonenriched films. For
very-low-k films with k in the range of 2.5-3.0, this represents
a Young’'s modulus higher than the majority of SiOC:H films,
and on par with the best designer films reported to date.”!1]
One of the deficiencies found in pure carborane-based
a-B,C:H, films was that the lowest-density films tended to
exhibit high leakage currents or low breakdown voltages
relative to moderate-density films.'¥ Through the addition
of methane, we are able to consistently grow lower-density,
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lower-k films with excellent electrical properties. In Figure 7a,
we show leakage current traces for a series of films grown with
similar conditions and varying flow rates of CH,. It is evident
that the carbon-enriched films—three out of four of which have
lower k values that the analogous nonenriched film—possess
leakage current values on the order of 108 A cm™ or lower at
2 MV cm™ The lowest-k films grown (k = 2.5), R8 and R11,
both demonstrate leakage current values of =1 x 107 A cm™
at 2 MV cm™, with breakdown voltage of >6 MV cm™!
(Figure 7Db), equivalent to the performance of state-of-the-
art SiOC:H dielectrics.'% Because the charge transport
mechanism(s) in a-B,C:H,, films are not well understood, we
cannot definitively speak to the role of methane incorporation
or carbon-enrichment on leakage current; however, one possi-
bility is that the addition of a reactive CH, plasma gas is able
to passivate defects in the films, which would otherwise likely
arise from dangling bonds created during the plasma-based
film growth.

While electrical conductivity should be low for ILD applica-
tions, thermal conductivity should be high. Carbon-enriched
a-B,C:H, films were found to have slightly lower thermal con-
ductivity values of on average 0.30 £ 0.03 W m~! K~! compared
to values of 0.50 £ 0.04 W m™! K™! for moderate-density non-
enriched films.'% This value is almost identical to, if slightly
higher than, those reported for SiOC:H-type dielectric films of
comparable density and k value.[335-37]

3. Conclusions

Toward the development of novel interconnect dielectric mate-
rials, carbon-enriched a-B,C:H, films were grown by PECVD
from ortho-carborane (0-C,B;oH;,) and methane. Key integra-
tion metrics for these films are summarized in Table 2 along-
side those for nonenriched films as well as for representative
state-of-the-art SiOC:H interlayer dielectric and SiCN:H etch
stop/diffusion barrier films. These carbon-enriched a-B,C:H,
films were shown to contain a significantly higher amount of
extraicosahedral relative to intraicosahedral hydrocarbon than
nonenriched a-B,C:H, films via both FTIR and solid-state
NMR spectroscopy. The extraicosahedral carbon was found
to be in the form of sp*> CH, and CHj species, with evidence
for two types of bridging CH, environments, C—CH,—C and
B—CH,—B. The carbon-enriched films were found to exhibit
not only lower high-frequency dielectric constant, &, but also
much lower total dielectric constants, k—as low as 2.5—than for
nonenriched films, where optimal films were obtained for low-
to-moderate methane partial flow rates in the range of 5-10%.
The low-k values were hypothesized to be due to a lower distor-
tion/orientation (k — &) contribution to the polarization at mod-
erate levels of carbon enrichment, which could originate from
an increase in network rigidity at low density due to the incor-
poration of bridging CH, groups. Low-density (1.1-1.2 g cm™3)
low-k carbon-enriched a-B,C:H, films were also shown to possess
a high average Young’s modulus of 12 + 3 GPa, excellent elec-
trical properties with a low leakage current of 10%-10~ A cm™
at 2 MV cm™ and high breakdown voltage of >6 MV c¢m™,
and good thermal conductivity of 0.30 £ 0.03 W m~! K~1. Com-
bined, these applied properties rival those of state-of-the-art
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Table 2. Low-k dielectric properties for carbon-enriched and nonenriched a-B,C:H, in com-
parison to representative state-of-the-art interlayer dielectric (ILD) and etch stop (ES)/diffu-

sion barrier (DB) materials.
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analysis methods.®¥ Hardness (H) and Young’s
modulus (E) were determined by nanoindentation
experiments.*#] Pore size was measured by PALS
on selected samples.[*l FTIR spectra were acquired

for films grown on Al foil with a Thermo Scientific

SiOC:H SICN:H BC:H BC:H

(C-enriched) Nicolet iS10 spectrometer using a Smart iTR

attenuated total reflectance sampling accessory. NMR

Use ILD ES/DB ILD/ES/DB ILD spectroscopy was performed on =20 mg samples of
Dielectric constant (k) 2.2-3.2 48-5.8 3.3+0.15 2.5 free-standing films isolated from Al foil using a dilute
Density [g cm?] 0.9-13 17222 154008 10401 (25%) HC! soluti'on to dissolve the subs‘trate. Spectra
were acquired with a 8.45 T magnet using a Tecmag

Pore diameter [nm] 1-13 0.5-0.6 <0.7 0.7 Apollo console and home-built double-channel
Young’s modulus [GPa] 315 40-100 12645 1243 4 mm wide-bore magic angle spinning (MAS) probe.
Cross-polarization '*C spectra were acquired with

Leakage current at 2 MV cm™ 1078100 107-10% 9% 107 (6 x 1079) 1x107° MAS spinning frequency of 8 kHz, proton RF field
(Acm decoupling strength of 95 kHz, cross polarization
Breakdown voltage [MV cm™] >6 4-6 >5 >6 contact time of 2 ms, and 90° pulse length of 5 us.
o o Adamantane was used as an external '*C chemical

Thermal conductivity [W m™ K™'] 0.01-0.4 0.6-0.8 0.49+0.04 0.31+0.03 shift reference. Thinfilm thickness (d), index of
Reference Refs. [3,7,11,37-39] Refs. [3,40,41] Ref. [10] This work refraction (n), and extinction coefficient (k) were

SiOC:H low-k materials reported in the literature (Table 2).
Given the suitability of a-B,C:H, for various roles within the
interconnect system, including as an etch stop or diffusion bar-
rier,1% as well as patterning material,*? the ability to produce
very-low-k materials suitable for interlayer dielectric applica-
tions sets this materials up as a flexible alternative to traditional
silicon-based materials. Further, based on the demonstrated
ability to control local chemical structure and enhance proper-
ties by varying precursor structure in SiOC:H, particularly in
the context of carbon incorporation, we extrapolate that similar
enhancements to carbon-enriched a-B,C:H, films can be found
by exploring precursor and reactive gas chemistry.

4. Experimental Section

Film Growth: Amorphous hydrogenated boron carbide (a-B,C:H,)
films were grown by capacitively coupled plasma-enhanced chemical
vapor deposition from a solid-state ortho-carborane precursor
(0-C3B4oH4;) with argon processing gas using a home-built system and
process conditions as previously described in detail.'? To incorporate
additional carbon into the films, methane was added to the plasma at
varying partial pressures. Argon (BIP, 99.9999%, 10 ppb O, 20 ppb
H,0) and methane (ultrahigh purity, 99.99%, <5 ppm O, and H,0)
gases were sourced from Airgas and flowed through additional in-line
0,/H,0 filters (<10 ppb O, and H,0) prior to introduction to the
chamber. Ortho-carborane was sourced from Katchem, and purified by
sublimation in vacuo before use. To deliver the solid precursor to the
plasma, argon was flowed through heated gas lines (90 °C) to a solid-
state “bubbler” system (heated to 75 °C) containing o-carborane, and
then to a mixing block (90 °C) leading into a showerhead (90 °C). Note
that although the flow rate of the argon gas is known, the exact partial
pressure of sublimed o-carborane that becomes dispersed within the
carrier gas is unknown. Separately, methane was flowed directly into
the mixing block, so that the combined gas mixture would be delivered
to the showerhead. The partial flow rate of the methane gas, %CHy,, is
defined as the ratio of the methane flow rate to the total flow rate, fcy/
[fcra + fiar + o-carborang)], and was varied between 2.5% and 50%.

Physical Characterization: A detailed description of a majority of the
measurement and analysis methods, including reproducibility studies
for a subset of measurements, can be found in Nordell et al.9'2
Unless otherwise noted, measurements were done at room temperature
on films grown on silicon substrates. Briefly, atomic concentrations
(%B, C, H, and O) and density were determined by nuclear reaction
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measured with a J.A. Woolam alpha-SE spectroscopic
ellipsometer. The real part of the high-frequency
(4.6 X 10 Hz/1.96 eV) dielectric constant was calculated from the optical
constants via & = n? — k2. Current-voltage (/V) and 100 kHz capacitance-
voltage (CV) measurements were obtained on metal-insulator—
semiconductor a-B,C:H,/Si heterostructures using a mercury probe
with Keithley 2400 source meter (voltage source), 6485 picoammeter
(current sensor), and 590 CV analyzer. The low-frequency (i.e., the
total) dielectric constant (k) was determined from the CV curve in the
accumulation region through the geometric capacitance relationship for
an MIS capacitor, k = Cd/gyA, where d is the sample thickness, & is the
permittivity of free space, and A is the area of the Hg contact. Electrical
resistivity (p) was determined from the IV curve in the Ohmic regime
(I'e< V' n = 1) from Ohm’s law, p = VA/Id. Thermal conductivity (4) was
determined using time domain thermoreflectance./~#
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