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Abstract

A longstandi lenge in ultra-large-scale integration has been the continued improvement in

low-dielectiic-constant (low-k) interlayer dielectric materials and other specialized layers in back-
end-of-the- rconnect fabrication. Modeled after the success of carbon-containing
organosilic rials, carbon-enriched amorphous hydrogenated boron carbide (a-B,C:H,) films
have been plasma-enhanced chemical vapor deposition from ortho-carborane and
metha s contain more extraicosahedral sp® hydrocarbon groups than non-enriched a-
B,C:H, fi
than their no hed counterparts, notably due to low densities combined with a low distortion

evealed by FTIR and NMR spectroscopy, and also exhibit lower dielectric constants
and ori tribution 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? at 2 MV/cm and
breakdow:soltage of >5 MV/cm), good thermal conductivity of 0.31 + 0.03 W/m-K, and high

projected odulus of 12 + 3 GPa. These properties rival those of leading SiOC:H materials,

and positiog iH, as an important complement to traditional Si-based materials to meet the

complex né @
1. mtro_.C

As the m mcs industry ventures into a nanoelectronics era, with half-pitch values reaching
<10 nm, it Elenges beyond mere component scaling. One of the most significant of these

ext-generation interconnect fabrication.

involves th d interconnect structures that support signal propagation between integrated
Specifically, inadequate signal speed, power consumption, and cross-talk

circuit compone
metrics agi rom conductor resistance (R) and dielectric capacitance (C) contributions are
becomin rogress bottlenecks. Aside from considering replacements for Cu as the

conductor, the math thrust from a materials standpoint hinges on implementing novel low-dielectric-
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constant (low-k) materials, which include both the bulk interlayer dielectric (ILD) and specialized
low-k layers such as etch stops and diffusion barriers.! However, because candidate materials must
not only meet k reiuirements, but also a laundry list of additional chemical, thermal, electrical, and

mechan ion metrics, finding suitable low-k alternatives has been extremely challenging.

ses of materials have been proposed as candidate low-k solutions, the
has not ventured far from its roots. In 2001, the original interlayer dielectric
materidli SI@NKE=. 1), was replaced by a carbon-containing variant, SiOC:H (k = 3.0). Fifteen years

cause the very low densities required to achieve targeted k values inevitably lead
toa dramawin chemical and mechanical stability.” While some researchers continue to

explore no ials such as metal organic frameworks'® to address this issue, the industry has

engineering!” and Pore stuffing.'®”

Beyond the basi -density requirement, the ideal constitutional framework for a low-k or low-
permittivitfimaterial is a covalent low-Z (Z = atomic number) solid. Of the possible classes of

materials

turned to rﬁcic strategies to strengthen very-low-k solids, including designer backbone
7]

on Si, a large amount of research has been dedicated to carbon-based solids,

but these r managed to make significant inroads."” Another seemingly obvious class of
materials tial for low-k applications, which has received minimal consideration, comprises
the boron-ri ids. We recently reported a class of low-k carborane-based amorphous

oron carbide (a-B,C:H,) films with markedly superior mechanical properties relative
to Si-based di cs.™ For these films, however, optimal chemical and electrical stability were
oderate 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
applicatio

Based on the historical success of carbon incorporation into silicon oxides, we hypothesized that the

o a-B,C:H, films might likewise lead to similar benefits. Herein we describe

carbon-enr B,C:H, films, grown by plasma-enhanced chemical vapor deposition (PECVD) using
the solid-st cular precursor ortho-carborane (C,B1oH1;) and methane as an additional carbon
source, wit k values as low as 2.5 and an average Young’s modulus of 12 + 3 GPa, mechanically
superio whelming majority of SiCO:H films within a similar k range and on par with the
best des *H films reported to date.”** With good performance for a number of additional
integratio ies, including leakage current of 107° A/cm? at 2 MV/cm, breakdown voltage of >5

MV/cm, and therngal conductivity of 0.31 + 0.03 W/m-K, these a-B,C:H, films make excellent

candidates for nextrgeneration low-k applications.

2. Resu "-‘lﬂ iscussion
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2.1. Chemical Composition and Local Physical Structure

Several series’ of carbon-enriched amorphous hydrogenated boron carbide (a-B,C:H,) films were
grown Whanced chemical vapor deposition from ortho-carborane and methane, with

base conditigasgehosen from among those known to produce a-B,C:H, films with desirable low-k

dielectric g 38.""% For each series, the %CH, was varied within a range of 2.5 and 50%. The

growth corf@ he films, as well as for control films grown without the addition of methane,

are suniiJAZealiA  able 1, alongside a number of measured properties.

With the ah‘ CH, as a reactive plasma gas, the carbon content of the a-B,C:H, films increases
significantl®whiCRaicorresponds to a decrease in the B/C ratio (Figure 1). The atomic concentration
hydrogen t carbon content, suggesting that carbon is being incorporated in the form of
hydrocarbog; C inally, the increase in carbon is associated with a decrease in density, which
suggests that e a@ditional hydrocarbon contributes to increased free volume within the films.

Itis notew t the atomic concentration oxygen measured within the films was relatively high
(9% on average fogthe carbon-enriched films grown in this study) compared to previously grown

pure carborane-based films (4% on average!****!). We might have predicted the opposite result

owing to t! expected hydrophobicity of the hydrocarbon-rich films." The oxygen may, however,
have origi the methane gas itself (99.99%), despite our efforts to purify to ppb level with

0O, and H,0 i e have found in previous work that the purity of the process gas is extremely
important zing oxygen, and that transitioning from Ar with <100 ppb 0,/H,0 to Ar with <1

<5%.0*
atmospheric o

d for average oxygen levels in the a-B,C:H, films to be reduced from 10-15% to

r oxygen concentration could also have originated from post-growth

jon as a result of the lower density and increased porosity in these films. Oxygen
oes show a correlation with density (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.

Amorphou%enated boron carbide films grown from pure ortho-carborane are hypothesized

to be made arborane molecules cross-linked either directly to each other or via

extraicosahg hydrocarbon linking groups, with varying degrees of cross-linking and hydrogen
saturation.™ ™ To gain a better understanding of the chemical nature of the added carbon within
these fiﬂormed FTIR and solid-state NMR analysis on a series of samples grown with
varying rates of methane. In Figure 2(a), we contrast the FTIR spectrum of a film grown
with noM 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

em™)™ and (C) tAk region <1500 cm™, which includes icosahedral vibration modes and a number of
other mod tretch, CH, bending and rocking, etc.).

h region [Figure 2(b)], the peak at ~3070 cm™ is assigned to the intraicosahedral C—
18]

In the
H group
added CH,. Peaks

e carborane molecule,”™ and is the dominant peak for the film grown without

tween 2800 and 3000 cm™ are assigned to extraicosahedral hydrocarbon sp® C—
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H stretching modes. With the addition of only 5% CHy,, the intensity of the peaks in this region
increases significantly relative to that of the peak at 3070 cm™, going from an approximate 1:1 ratio
between extraicosahedral:intraicosahedral C—H peaks to an approximate 3:1 ratio (Figure 3), thus
corroboH

plasma in guea groportions, these peaks become even more dominant, with the

extraicosa @ raicosahdral C—H peak ratio reaching ~5:1 for the film grown with 50% CH,.

For the BarB@@A=@@Rifiims grown with 5-10% CH,, four main peaks can be observed in the

extraicosa ral C—H stretch region at ~2955, 2905, 2875, and 2835 cm ™", with the spectral envelope

in the 2800-300Q,cm ™" range being fairly similar to that for the films grown with no added CH,. For
the films gfown with 25-50% CH., two additional peaks clearly appear at ~2920 and 2850 cm ™. The

stantial increase in extraicosahedral hydrocarbon. As methane is added to the

identity of t ocarbon peaks within the 2800-3000 cm™ region is generally well-established,

with typicalf@s ents being the sp® CH; asymmetric and symmetric stretches at ~2950 and 2870

cm™’, respegtielygand the sp® CH, asymmetric and symmetric stretches at ~2920 and 2850 cm™,
[19-21]

respectivel the carbon-rich films grown with 25-50% added methane, we distinctly observe

all of these peaks, @nd thus tentatively assign them to the standard functional groups. Itis
noteworth e peaks assigned to the CH, stretches are absent for the films grown with 5-10%

added meme origin of the peaks at 2905 and 2835 cm™, which are observed in all of the

spectra, is One possibility is that these represent the asymmetric and symmetric sp> CH,

stretches for bridging CH, bound—not to carbon—but rather to boron. Such an interpretation would
imply that@aining lower amounts of extraicosahedral hydrocarbon would predominantly

exhibit B— ages, but those containing higher amounts of extraicosahedral hydrocarbon

would ibi ter amount of the C—CH,—C type of linkages traditionally found in carbon-based
materials.
To obta antitative idea of the changes within the C—H stretch region, the spectra were

deconvoluted using Lorentzian functions after subtracting a linear baseline, as 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 grow&lo% CHy,, the extraicosahedral C—H stretch region was best fit to four peaks. For
the spectra @ grown with 25-50% CHj,, six peaks are clearly visible, and six peaks yielded a

are more thaf®¥étr or six chemical environments for C—H bonds in the solid (e.g., B-CH,—C in
addition t 2—C and B—CH,—B, or CH3 bound to B in addition to CH; bound to C); however, we
prefer t@y fit fewer peaks that may represent more than one unique type of environment

than to incgnsistently fit too many hypothetical peaks. The key observations from the deconvolution

good fit. atitis likely that, due to the complex chemical structure of the material, there

are as fo s. First, the peak clearly visible at ~2850 cm™ in the carbon-rich films apparently
represents contribution to the total intensity, despite it appearing quite sharp, particularly
for the spe the film grown with 25% CH, [Figure 3(d)]. Second, both of the peaks that appear

in the spectra f e carbon-rich films (~2920 and 2850 cm™), that we assign to sp> CH, asymmetric

and sy tretches, respectively, increase in intensity for the film grown at 25% CHy,, but

decrease | ity for the film grown at 50% CH,. In contrast, all of the other peaks in the spectra
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continually increase in intensity relative to the intraicosahedral C—H peak at 3070 cm™ with the
addition of increasing CH,. This could indicate that, as the films become more carbon-rich, bridging
C—CH,—C species are initially formed at lower C concentrations, but that higher amounts of CH;
groups aHt the highest C concentrations. This interpretation would be consistent with the

behavior OQ@:H films. 2223
The region [Figure 2(c)] contains methyl and methylene bending modes in the range of

1250—-1B00%MEaRd primarily icosahedron-based vibrational modes at <1200 cm -8 The most
significant Sanﬁe in this region is an increase in intensity of a sharp peak at 1315 cm ™" accompanied
by the disappear,
sp> CH,/CHY bendiflg modes in hydrocarbons are sp® CH; asymmetric and symmetric bending modes
at approxim 470 and 1380 cm™, respectively, and sp® CH, bending modes at 1465 cm™ and
1300 cm ™.} gh we cannot definitively identify the peak at 1315 cm™ because the energies
(and intenWhe vibrational modes depend strongly on chemical environment, we tentatively

assign this ﬁn sp° CH, bend after Stuart.™ This assignment is supported by the typical

ce of a peak at 1265 cm™ in the more carbon-rich films. Common assignments for

identification of th CH, bending mode for bridging Si—CH,—Si groups in organosilicate glasses at a

slightly hig enumber of ~1350 cm™,?*¥ although again, a direct comparison cannot be made

due to the es between Si and B chemical environments. A number of changes are

additionall@d in the region <1200 cm™; however, the spectra are complex and it is therefore

difficult to draw any definitive conclusions from this information. The literature on a-BC:H is

generally iﬁnt[zs'm and does not discuss the identification of hydrocarbons in this region per
v

se. ltis, ho ssible that some of the weak peaks that appear for the methane-enriched films

(e.g., a 50 cm™) represent CH; rocking modes, as these are typically observed in the
700-900 c ion for organosilicates.!?>?"
Similarl 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 *C NMR spectrum
have been greviously assigned to intraicosahedral hydrogenated carbon (~60 ppm) and
extraicosaL

with a ~2:13 atio, relative to the extraicosahedral region (—10 to 40 ppm). Upon addition of 5%

CH4, the t

extraicosahedfaPhydrocarbon-based region continues to increase with increasing CH,. Further, with
increasing EH, ppearance of the extraicosahedral hydrocarbon region changes. First, a peak at
~12 ppr@articularly clear for films grown with 10 and 25% CH,, and second, a broad
feature spamning ®0—40 ppm becomes more pronounced, and is especially evident in the film
grown wMLL Although we can confidently state that peaks in this region originate from sp*

bon (~0 ppm).”sl When no CH, is added, the intraicosahedral C peak dominates,

s exhibit closer to a 1:1 area ratio, and the relative intensity of the

hydrocarbon, ssignments are still tentative. Based on our previous work, in which we

calculated 13 emical shifts of various carborane molecular clusters,*® the dominant peak at

~0 ppm can be assigned to CH, groups bound to carborane cages via boron (B—CH,—B, B—CH3, or
(B)s—CH ak at ~12 ppm can be assigned to a CH; group bound to carbon rather than boron

(C—CHs3) 0 roup bound to only one boron atom (C—CH,—B). Spectral intensity in the 20—40
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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.1?#%% Overali, the NMR data suggests that with carbon-enrichment of the a-B,C:H, films, we

are seeing on to increased extraicosahedral CH, in general, a shift from CH, groups bound to
boron tow roups bound to carbon.
The porosi t of the films was investigated using positron annihilation lifetime

spectro8eo pYEPAES). The carbon-enriched films were found to have pore sizes in the range of 0.6—
0.7 nm, cons'stent with previous studies on pure carborane-based a-B,C:H, films, which revealed

that lower density films (<1.5 g/cm?®) exhibited pore diameters in this same range,>*® and that the

ium signal intensity x pore volume) yielded a general inverse correlation with
ere, too, IV product generally tracks thin-film density: film R13 with a density of
1.29 g/cm’ owest /V value of 0.67 %nm? and film R11 with a density of 0.91 g/cm® has the
highest va.ﬁ %nm?, while films R3 and R4 with densities of 1.15 and 1.18 g/cm3 in the
middle of thi have IV values of 1.42 and 0.89 %nm?, respectively. In the case of R3 and R4,
where the densitiSare approximately the same but the /V values differ, the higher IV value is
correlated wer k value. Two unusual PALS results can be noted in Table 1. First, film R7
exhibits an bimodal pore distribution. The reason for this is unclear, although we note that
this film almt

suggest an unusual.composition/structure. Second, film Q14 exhibits an unexpectly high pore

its an unexpectedly low carbon content and high oxygen content, which may

diameter ( and high IV product (0.82) for a high-density film (1.63 g/cm?). Film Q14 also has
an unexpected Young’s modulus (we would expect it to be in the range of 150—200 GPa for a
film of i iybased on trends compiled from dozens of similar films),"*” which may likewise

suggest tha also possesses an unusual composition/structure.

rties

Perhaps of greatest interest to the current study is the effect of added carbon on the dielectric
propertiesSthe 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-

ave) frequencies. The low-frequency response encompasses all three

isms. We have measured both high-frequency (10** Hz) dielectric constant

€1) and low-frequency (10° Hz) dielectric constant (referred to here as k), where
the low-frequencylineasurement is taken as the total dielectric constant and thus represents the
sum of all three coptributions. The difference between the two measurements, k — &4, thus

represent m of distortion and orientation polarization contributions.%!
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We find that films grown with added CH, 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 SHmarizes changes in k, €1, and k — &, for a series of carbon-enriched films. Here,

we see tha eases to 2.4-2.5 for films grown with 210% CH, [Figure 5(a)]. However, while k

decreases @ um value of 2.7 at 10% CHy,, it increases again with higher flow rates of CH,,
indicating that the
. ] . .

films grow!m!H !He highest methane flows [Figure 5(b)]. Because the £, term represents the

electronic ization contribution, we expect it to depend on the total electron density of the

— &, contribution does not necessarily track with €4, but rather increases for the

ecrease as a function of lower-Z constituents and lower atom density. Since B

ble electron densities (and in fact B has a lower atomic number than C), we

‘ ed, the observed change in €, closely mirrors the observed changes in at.% H and
density for s (see Figure 1). The k — £, term represents the sum of ionic and orientation
polarization contriButions. We might predict 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 minitude of the k— &, term. In a previous publication, we discussed the proposed
existence igigity transition in a-B,C:H, films, where below a given density (~1.3 g/cma), the film

transitions overconstrained ‘rigid’ to an underconstrained ‘floppy’ solid.??** Because the
‘floppy’ nem a much greater number of flexible modes, one might expect this to lead to
greater distorti nd/or orientation polarization.®* It may be the case that for films with moderate
carbon (2.5-10% CH,), the density of the a-B,C:H, films can decrease below 1.3 g/cm3
without a loss offigidity due to the incorporation of network-rigidifying CH, bridging groups (vs one-
fold-co e terminal hydrogen atoms), but for films with higher carbon enrichment (25-50%
CHy,), a greater increase in terminal CHs groups again leads to underconstrained ‘floppy’ films,
consequently leading to higher k — €, values in the case of the highest-C-content films despite their

low densit importance of the type of carbon bonding in organosilicates (e.g., Si—CHs vs Si—CH,—
Si) has been routi

Importantl! we have previously found that for pure carborane-based a-B,C:H, films, below densities
of ~1.5 tended to be quite high.!"” Thus even if very low &; values (<2.5) could be

achieve nsity films, k inevitably remained relatively high (>3), with the lowest measured

ely emphasized in the context of enhancing mechanical strength for this class of

materials;! rphous boron carbide, the carbon bonding may also play an important role in

optimizing ectric properties.

value of k hej and the lowest average values being ~3.0. With the addition of CH4, we are able
to achieve not onlylower &, values for low-density films, but also significantly lower k — &; values,
and thus a uch lower overall k values. This result is compellingly illustrated in Figure 6, which

contrasts £; 3 lues as a function of density for carbon-enriched and non-enriched a-B,C:H,
ng carborane-based a-B,C:H, films with CH,4, we are able to consistently obtain films

with k < 3.0 and ow as 2.5.
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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

numbeererties are critical for dielectric integration. One of these properties is
mechanica bility, for which Young’s modulus (E) is the most commonly compared metric.

Carboranefb B.C:H, films have been previously demonstrated to exhibit extremely high

Young’s moNusHemaNgiven k value, significantly higher than for traditional Si-based dielectrics.™
For filmSiwitRik@iAEhe 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-density films where E might be predicted to fall off dramatically
with density,the,Young’s modulus was observed to plateau at 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 va re found to be lower than for their non-enriched counterparts (Table 1), which is
unsurprisi i he substitution of extremely strong boron-based bonds with carbon-based
bonds. Ho r, ey still exhibited a high average value of 12 + 3 GPa for films with densities in the

range of 1. m?, and we can extrapolate that this value would hold for films with densities in
the range of 0.9-1 g/cm? based on trends observed in the non-enriched films. For very-low-k films
with kin t of 2.5-3.0, this represents a Young’s modulus higher than the majority of SiOC:H

films, and h the best designer films reported to date.”*"

One of the ies found in pure carborane-based a-B,C:H, films was that the lowest-density
films tend bit high leakage currents or low breakdown voltages relative to moderate-
density filns," ugh the addition of methane, we are able to consistently grow lower-density,
lower-k fi ith excellent electrical properties. In Figure 7(a), we show leakage current traces for a
series 0 rown with similar conditions and varying flow rates of CHj,. It is evident that the
carbon-enric s—three out of four of which have lower k values that the analogous non-
enriche ess leakage current values on the order of 107® 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!:V/cm, with breakdown voltage of 26 MV/cm [Figure 7(b)], equivalent to the

performan e-of-the-art SiOC:H dielectrics.™ Because the charge transport mechanism(s) in

a-B,C:H, filrg pot well understood, we cannot definitively speak to the role of methane
incorporat @ bon-enrichment on leakage current; however, one possibility is that the addition
of a reactive @H7plasma gas is able to passivate defects in the films, which would otherwise likely

arise frcﬁbonds created during the plasma-based film growth.

While e ductivity should be low for ILD applications, thermal conductivity should be high.
Carbon—HXC:Hy films were found to have slightly lower thermal conductivity values of on
average 0. W-m K™ compared to values of 0.50 + 0.04 W-m-K™* for moderate-density
non-enriched filmsm] This value is almost identical to, if slightly higher than, those reported for
SiOC:H-type diele (3:35-37]

3. Conc dﬁ@

ic films of comparable density and k value.
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Toward the development of novel interconnect dielectric materials, carbon-enriched a-B,C:H, films
were grown by PECVD from ortho-carborane (0-C,B10H1,) and methane. Key integration metrics for
these films are summarized in Table 2 alongside those for non-enriched films as well as for
represeFH—of-the-art SiOC:H interlayer dielectric and SiCN:H etch stop/diffusion barrier
films. These g-enriched a-B,C:H, films were shown to contain a significantly higher amount of
extraicosa glative to intraicosahedral hydrocarbon than non-enriched 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’ CHZEnE:ieS' with evidence for two types of bridging CH, environments, C—CH,—C and B—
CH,—B. Th nriched films were found to exhibit not only lower high-frequency dielectric
constant, g

o much lower total dielectric constants, k—as low as 2.5—than for non-enriched

| films were obtained for low-to-moderate methane partial flow rates in the

he low k values were hypothesized to be due to a lower distortion/orientation (k —
e polarization at moderate levels of carbon enrichment, which could originate
network rigidity at low density due to the incorporation of bridging CH, groups.
Low-densi 2 g/cm?®) low-k carbon-enriched a-B,C:H, films were also shown to possess a high
average Young’s m@dulus of 12 + 3 GPa, excellent electrical properties with a low leakage current of
10°-10° A/cm” at 2 MV/cm and high breakdown voltage of >6 MV/cm, and good thermal
conductivity of 0.31 + 0.03 W/m-K. Combined, these applied properties rival those of state-of-the-art
SiOC:H lo als reported in the literature (Table 2). Given the suitability of a-B,C:H, for

various rol (0]

A

the interconnect system, including as an etch stop or diffusion barrier," as well

ial 142!

as patterni the ability to produce very-low-k materials suitable for interlayer dielectric

d

applications setsthis materials up as a flexible alternative to traditional silicon-based materials.
Further! e demonstrated ability to control local chemical structure and enhance
properties by vafding precursor structure in SiOC:H, particularly in the context of carbon

incorpo we extrapolate that similar enhancements to carbon-enriched a-B,C:H, films can be

Vi

found by exploring precursor and reactive gas chemistry.

4. Experim@htal Section

¢

4.1. Film Gr,

O

Amorphou enated boron carbide (a-B,C:H,) films were grown by capacitively coupled

plasma-en emical vapor deposition from a solid-state ortho-carborane precursor (o-
C,B10H12) With argon processing gas using a home-built system and process conditions previously
270 incorporate additional carbon into the films, methane was added to the
plasma artial pressures. Argon (BIP, 99.9999%, 10 ppb O,, 20 ppb H,0) and methane
(ultra-high .99%, <5 ppm O, and H,0) gases were sourced from Airgas and flowed through
additional in-line @3/H,0 filters (<10 ppb O, and H,0) prior to introduction to the chamber. Ortho-
carborane was sougced from Katchem, and purified by sublimation in vacuo before use. To deliver

the solid

describe I

S
[¢]
Y

U

or to the plasma, argon was flowed through heated gas lines (90 °C) to a solid-state
(heated to 75 °C) containing o-carborane, and then to a mixing block (90 °C) leading

into a showerhea®90 °C). Note that although the flow rate of the argon gas is known, the exact
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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, %CH,, is defined as

the ratiloane flow rate to the total flow rate, fcua/[fcua + fiar + o-carborane)], and was varied
between Za
4.2. Physic ization

H I
A detailed @escription of a majority of the measurement and analysis methods, including
reproduci ies for a subset of measurements, can be found in Nordell et al.™®*? Unless

otherwise f#oted, Measurements were done at room temperature on films grown on silicon
substrates. tomic concentrations (%B, C, H, and O) and density were determined by nuclear

reaction anadysissNRA) methods.”® Hardness (H) and Young’s modulus (E) were determined by
nanoindenW) experiments.**** Pore size was measured by positron annihilation lifetime
spectroscopy (PALS) on selected samples."*® FT-IR spectra were acquired for films grown on Al foil
with a Therrn3rtific Nicolet is10 spectrometer using a Smart iTR attenuated total reflectance
sampling a 4

isolated fro il using a dilute (25%) HCl solution to dissolve the substrate. Spectra were
acquired wiith a 8.45 T magnet using a Tecmag Apollo console and home-built double-channel 4 mm

NMR spectroscopy was performed on ~20 mg samples of free-standing films

wide-bore gle spinning (MAS) probe. Cross-polarization *C spectra were acquired with MAS
spinning fr of 8 kHz, proton RF field decoupling strength of 95 kHz, cross polarization contact
time of 2 a ° pulse length of 5 us. Adamantane was used as an external *>C chemical shift
referen in-film thickness (d), index of refraction (n), and extinction coefficient (k) were

a J.A. Woolam alpha-SE spectroscopic ellipsometer. The real part of the high-
frequency (4. * Hz/1.96 eV) dielectric constant was calculated from the optical constants via €,
Itage (/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 sourcg meter (voltage source), 6485 picoammeter (current sensor), and 590 CV analyzer. The
Iow-frequLthe total) dielectric constant (k) was determined from the CV curve in the
accumulatiq gion through the geometric capacitance relationship for an MIS capacitor, k =
Cd/elA, w @ e sample thickness, g, the permittivity of free space, and A the area of the Hg
contact. Ele al resistivity (o) was determined from the IV curve in the Ohmic regime (I < V"; n = 1)

from Ohm’ P = VA/Id. Thermal conductivity (A) was determined using time domain
thermo (47-49]
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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@@artial methane flow rate (0, 2.5, 10, and 25%) for a-B,C:H, films grown at 250/275 °C, 40
W, 2 Torr, ccm total flow rate.
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Figure 2. F a of a-B,C:H, films grown at 250 °C, 40 W, 2 Torr, and 200 sccm total flow rate
with varying partialCH, flow rates (0, 5, 10, 25, and 50%), including the full spectrum (a) and
expansion —H stretch region (b) and the <1500 cm™ region (c).
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Figure 3. Deconvollition of the FTIR spectra of a-B,C:H, films in the C—H stretch region from 2755 to
3150 cm™ rown with (a) 0, (b) 5, (c) 10, (d) 25, and (e) 50% partial CH,4 flow rate. Colored
lines represes ed peaks, dashed gray lines the summation of the fitted peaks, and black lines the
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Figure 4. id_state NMR spectra of a-B,C:H, films grown at 250 °C, 40 W, 2 Torr, and 200 sccm
total flow rate witRyvarying partial CH,4 flow rates.
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Figure 5. High-fregllency (¢,) and low-frequency (total, k) dielectric constant (a) as well as the
difference n the two (k — &;) (b) for a-B,C:H, films grown at 250/275 °C, 40 W, 2 Torr, and 200
sccm total fl with varying CH, partial flow rates.
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symbols) amorphous hydrogenated boron carbide films. (w/c = ref™?, o /o =
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Figure 7. (m current traces for a series of a-B,C:H, films grown at 250/275 °C, 40 W, 2 Torr,

and 200 sc abflow rate with varying CH, partial flow rates (note that the limits of the J—E curves
do not rep beakdown but rather the highest electric field that could be applied for a given
thickness o ~(b) Forward and reverse bias J—E curves for a-B,C:H, film R11 demonstrating
leakage cu x 107° A/cm? at 2 MV/cm and breakdown voltage of 26 MV/cm.
Table 1 ameters and properties for carbon-enriched a-B,C:H, films compared to their
non- enr erparts
Total Partial CH,4 Pore J@2
Film TempPo d At.%At.%At.%At.% D . E H &9k k- p
flow flow flow B/C 3, size k MV/cm
[°c1 [wj scemi[scem] [scem] [nm] B C O H [g/em’] [nml] [GPa] [GPa] & [Q cm][ Alc Z]f,[W/m-K]
121 071 4x 5 028
10566 25323127 73477 107 = (10000273104 i 4x10° S
93 057 4x 5 029
50 381 3939010155454 120 - T ) 253308 (o 2x10° ooo
Q33" 250 10 04 100 100 12 - - - - - - - - - 293203 110’1‘4 2%10°
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7.7 070 1x 5, 031
R2 250 40 2 100 90 10 192 1.325.218.810.345.7 1.22 (£2.1)(0.07) 242804 e 1x107
079 34 41 4% . -
Q14 250 40 2100 100 0 60 4150.112260316 163 o0 (o) (13 353702 jgu 8x10
0.69 155 0.78 4x L, 029
R3 zso“ 200 180 20 213 09199226 7.0 505 115 00057 006 242703 (o 1x107 0
0.63 12.0 0.49 3x L5 029
R4 250 4 200 150 50 436 0.717.2236 49543 118 oo 'y 00 253106 (i 4x107
12.9 0.67 3x 5 029
RS 250 4 100 100 466 0825631446384 113 - o000, 253510 [ 1x10° 0
Re 275M QNN ;) 195 5 149 2135017034446 129 - - - 273003 1503(3 7x10°
R12” 275 4 2 200 180 20 110 - - - - - - - - - 28- - - - -
" 9 126 86 5 x L 049
Q32” 275 40 2 200 200 0 200 47469102 55 37.5 1.44 (24) (10.04) 303303 jqu 5x107 o
0.62 _
R7 275 zou 200 195 5 583 3.833.8 8.8 156418 1.12 (120.0021) - — 242703 1103(3 3x107
(£0.04)
0.71 1x L, 031
R11 275 2 20200 190 10 244 1629117998431 081 o0\ = - 222503 e 2x10°7 o
0.54 3x 5 0.50
R13 275 20 2200 200 0 176 2936112482433 129 o7, - - 273003 o 4x10° T
1 . _
R8 175 ZH 200 195 5 523 3.434.010011.6444 108 - - - 222503 10’1(4 1x107
R1I0 400 10 100 90 10 510 2.533.213.113.640.1 084 - - - 273205 - 3x10° -
RO 400 1 04 100 50 50 150 1.624.715913.6458 098 - - - 242804 - - -
Q11 400 10 04 100 100 O 844 4949210040369 151 © - - 344006 140’1‘5 2x107
Jreferencels minated prior to measurement; 9dash indicates film was not measured;
Ypositron ifite 2%; ®variability on the order of 0.15 (reference™™®); "variability on the order of 5
x 107 A/cmAqr ncel™).

Table ZECMC properties for carbon-enriched and non-enriched a-B,C:H, in comparison to

representative state-of-the-art interlayer dielectric (ILD) and etch stop (ES)/diffusion barrier (DB)

materials. s

SiOC:H SiCN:H BC:H BC:H

(C-enriched)

tho

Use ILD ES/DB ILD/ES/DB ILD
Dielectri 2.2-3.2 4.8-5.8 3.3+0.15 2.5
Density 0.9-1.3 1.7-2.2 1.5+0.08 1.0+0.1
Pore diamem 1-1.3 0.5-0.6 <0.7 0.7
Young's mo a) 3-15 40-100 126+5 12+3
Leakage t 2 MV/cm (A/cm?) 10°-107° 107-10%  9x107° (6% 107) 1x107°
Breakdown v V/cm) >6 4-6 >5 >6
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Thermal conductivity (W/m-K) 0.01-0.4 0.6-0.8 0.49+0.04 0.31+0.03

Reference Refs?>7137739 Refs>4041 Ref™” This work

==

Carbon-enriched amorphous hydrogenated boron carbide films are demonstrated with dielectric
constan!( as low as 2.5—attributed to low densities combined with network-rigidifying CH,
bridging gr —as well as excellent electrical, thermal, and mechanical properties, rivaling those of

state-of-the-:rt j '!con-based low-k dielectric materials.

Keywords: lectric, boron carbide, amorphous hydrogenated boron carbide, carboranes,
plasma-en emical vapor deposition
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