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ABSTRACT. In a parallel investigation, the etch characteristics of materials within the
Si-C-O-N-H system were surveyed using two common fluorinated plasma etches used to
etch SiO, interlayer dielectrics and SiN:H etch stop layers (CHF3 and CF4/O,
respectively) with the goal of identifying new materials or “colors” to assist in the

simplification of advanced multi-pass optical lithography. In this study, we investigate
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additional materials outside the traditional Si-C-O-N-H phase diagram with the hope of
identifying potential third or fourth color pattern-assist materials. The specific materials
investigated include a series of high-k dielectrics commonly used in the industry (Al,Os,
AIN, and HfO;) and boron-based solids (a-B:H, a-BxN:H, a-B4P:H, and a-B,C:H) that
have been previously identified as potential hard mask, polish stop, and/or low-k
dielectric materials. The high-k dielectrics were all found to exhibit low to unmeasureable
etch rates in both fluorinated etches. In contrast, the boron-based solids all exhibited etch
rates in the CF4/O; etch an order of magnitude or more higher than those of silicon-based
materials while still exhibiting comparable etch rates in the CHF3 ILD etch. The high-k
dielectrics thus appear to be potential third or fourth color materials, provided etch
chemistries capable of selectively etching these relative to other silicon- and carbon-
based materials can be identified. In contrast, the results for the boron-based solids
suggest more immediate applications in patterning silicon-based materials. A more
detailed examination of the B-C-H system also suggests that significant optimization of
the etch selectivity for a-B4C:H can be achieved via compositional tuning for this and

other boron-based dielectric materials.



|. INTRODUCTION

New pitch division and multi-pass patterning methods needed for printing <20 nm
dimensions require a complex film stack to reduce and transfer the dimensions that can
be currently printed in photoresists using 193 nm deep UV immersion lithography.** To
some extent, this patterning complexity and the associated materials/etch requirements
can be simplified by consideration of the four color map theorem. This theorem states
that a geographic map can be painted with just four unique colors such that no two
bordering domains share the same color.” The multi-pattern analogy to this theorem is
that only four unique combinations of materials and etches with perfect etch selectivity
relative to one another are needed to achieve any conceivable multi-pattern process
scheme. However, the unfortunate reality is that the combination of materials and etches
commonly available within the semiconductor industry at best only represents two or
three colors.” Thus, additional combinations of materials and etches that can serve as
third or fourth colors must be identified to realize multi-pattern processes. The identified
material-etch combinations must also simultaneously meet the rigorous demands of
device and interconnect fabrication in order to provide sufficient flexibility to realize

increasingly complex and demanding product requirements.

Toward this end, we have recently completed a survey of the dry etch
characteristics of the Si-C-N-O-H system.® Over 50 materials from within this phase
diagram were screened with two fluorinated etches, CHF3; and CF4/O,, commonly used to
selectively etch and pattern SiO, interlayer dielectrics (ILDs) and a-SiN:H etch stop (ES)
layers, respectively. Materials identified as potential third or fourth colors included high

mass density/low hydrogen content a-C:H, a-Si:H, and a-SiC,:H.° Some forms of these



materials have already been used in various patterning schemes,”° and there is therefore
some promise for meeting the needs of multi-pattern processes from within the Si-C-O-
N-H system. However, it is likely that the additional complexities and requirements of
device and interconnect fabrication will require increased flexibility and ultimately a

greater selection of materials.’

We have thus performed a broadened survey of the dry etch characteristics of a
variety of oxide, nitride, and carbide dielectric materials that fall outside the primarily
silicon centric system previously investigated. These materials include high-dielectric-
constant (high-k) materials such as Al,O3, HfO,, and AIN, which have been used
primarily in nanoelectronic devices as gate dielectrics,""** but have more recently
received attention as potential hard mask materials in pitch division processes.*
Additionally, a particular emphasis was placed on boron-based or boron-containing
dielectrics that largely fall outside both the Si-C-O-N-H and high-k dielectric phase
diagrams.**** Boron nitride (BN),* silicon boron nitride (SiBN),"**® and boron carbon
nitride (BCN)"" have been previously demonstrated as potential interlayer dielectrics,
etch stops, and polish stop materials in microelectronic devices. More recently,
amorphous hydrogenated boron carbide (a-BC:H)?*** has also been demonstrated to
exhibit excellent electrical, optical, thermal, and mechanical properties that position it as
an up-and-coming low-k dielectric diffusion barrier and insulating interlayer dielectric
material in addition to a hard mask, spacer, or etch stop multi-pattern assist material.** As

we will show, boron-based materials clearly exhibit distinct dry etch properties and hence



present compelling potential as a new and unique “color” in multi-patterning schemes.

. EXPERIMENTAL

The materials investigated in this study were all deposited on Si (001) substrates
using a variety of chemical vapor deposition (CVD), plasma-enhanced CVD (PECVD),
atomic layer deposition (ALD), plasma-enhanced ALD (PEALD), and sputtering
techniques, the details of which are provided elsewhere.”?® Table | provides a summary
of the various films investigated including their nominal composition and deposition
method. The thickness of the films utilized in this study ranged from as thin as 100 nm to
as thick as several microns. To allow a comparison between the etch rates of the materials
described in this study and those from the Si-C-N-O-H composition space, both sets of
samples were etched together in the same plasma system as will be described in more

detail later.

The composition of all films was determined by combined nuclear reaction
analysis (NRA) and Rutherford backscattering (RBS) measurements performed at the
University of Albany Dynamitron Accelerator Laboratory. This analysis has been
described in detail previously.” Briefly, the H content was determined using the *°N
nuclear reaction method, and the B, C, N and O content was determined using deuteron
nuclear reactions. The Al, Si, P, and Hf content was determined by 2 MeV “He RBS.
Given the determined H, B, C, N, O, Al, Si, P, and Hf composition of the films,
parameter-free simulations of the full RBS spectra were performed using the program

RUMP.? These RUMP simulations were then compared to the data to provide a powerful



check on the analysis. As an additional consistency check, the mass density for all of the
films was determined using both NRA-RBS and previously described X-ray reflectivity
(XRR) measurements. The two techniques were found to typically be in agreement to

within +0.1 g/cm®,

Table 1. Summary of properties for high-k and boron dielectrics investigated in this study.

Film Deposition Composition Range Density
Type (g/cm®)
a-B:H PECVD, Sputtering 87-91% B, 9% H, 0-4% O, 0-4% C 2.0+0.1
a-B,P:H PECVD 48% B, 41% P, 11% H 2.510.1
a-ByN:H PECVD 37-46% B, 35-40% N, 0-10% O, 6-23% H 1.6-2.0
a-B,C:H CVD, PECVD 20-66% B, 10-33% C, 0-11% O, 0-57% H 0.9-3.0
Al,Oq ALD 33% Al, 65% O, 2% H 2.840.1
AIN PEALD 38% Al, 47% N, 16% H 3.140.1
HfO, ALD 32% Hf, 61% O, 7% H 9.840.3

To allow for a direct comparison between the dry plasma etch characteristics of
the various thin-film materials, they were all etched together in a single plasma etch tool.
This was accomplished by cleaving ~ %2 x 1" coupons of each material from their
respective substrates. These coupons were then loaded onto a handler wafer and etched
simultaneously in a 300 mm diameter single wafer Oxford Instruments PlasmalLab pEtch

300 RIE system. Portions of each coupon were protected from the plasma etch using a



thin Si beam cleaved from a 300 mm diameter Si (001) wafer and physically placed
across each row of coupons (see Figure 1 in Ref. 6). After etching, the etch rate of each
material was determined by either measuring the thickness difference or step height
across the exposed and unexposed portions of the coupon. For the former, the thickness
of each portion of the coupons was determined using spectroscopic ellipsometry. For the
latter, a surface profilometer was used to measure the step height created between the
etched and un-etched portions of the sample. The surface profilometer was utilized
primarily for samples where the unexposed and exposed portions of the films exhibited
low color/thickness contrast that complicated the etch rate measurements using the
ellipsometer. In several cases, the exposed portion of the film was completely etched
away, thus preventing an accurate measurement of the film etch rate. These results were
either excluded from the final analysis or marked as a minimum possible etch rate. In
other cases, no transition between the exposed and unexposed portions of the samples

could be measured. For these samples, the etch rate was concluded to be zero.

To screen the etch selectivity of the various materials under consideration, the
samples were exposed to two different plasma etches typically used for selective SiO,
and a-SiN:H etching. The first plasma etch was a common CHF3 based chemistry used
for selectively etching SiO, interlayer dielectric (ILD) with a a-SiN:H etch stop (hereafter
designated as the “ILD” etch). The second plasma etch was a common CF,4/O, based
chemistry typically utilized to selectively etch a a-SiN:H etch stop (ES) relative to SiO,
(hereafter designated the “ES” etch). The detailed process conditions used for both the
ILD and ES recipes are summarized in our preceeding article.® We note that while other

etch chemistries might be more typically utilized in pitch division patterning processes,



the details of these recipes are not typically published in the open literature. In this
regard, the CF4/O, and CHF3 etch chemistries were specifically selected due to both their
complementary selective etching capabilities and the fact that detailed etch process

conditions for these chemistries are frequently published in the public domain.

To account for possible run—run and within chamber variability, each dry etch run
was repeated three times and typically included 2—-3 replicates of each sample placed at
opposing positions within the chamber. The three runs were performed using different
etch times to accommodate the wide variation in thicknesses and etch rates exhibited by
the samples in an attempt to avoid having all of the films of a given type be completely
etched through or not etched at all. For additional statistical control, six or more CVD
SiO, samples were also included in each run and randomly distributed within the
chamber. The variability/error for the various thickness or step height measurements was
generally <<1 nm and taken to be significantly lower than any sample-sample etch rate
variability arising from spatial variations in etch rates within the etch chamber (>1 nm).
Additional variability arising from sample—sample composition variability was excluded
by utilizing thin film samples with <3% across wafer composition variability and
cleaving replicate samples only from the center of the 300 mm diameter Si (001) wafer.
In the results to be presented, we have chosen to plot the results for each individual
sample (as opposed to the mean) to more clearly illustrate the number of samples

characterized and to highlight any significant sample—sample variability.



lIl. RESULTS AND DISCUSSION

Due to the large compositional space examined, we begin by first examining the
etch behavior for the various high-k dielectrics (Al,O3, AIN, and HfO,). Next, we survey
a series of boron-containing materials (a-B:H, a-ByN:H, a-B4C:H, and a-B,P:H), and
compare their etch behavior to that of representative compounds from the Si-C-O-N-H
system (a-C:H, a-Si:H, SiO,, a-Si3N4:H, and a-SiC:H). After establishing general trends,
we examine more subtle effects in the dry etch behavior of the boron-based materials by
examining the compositional dependencies within the B-N-H and B-C-H systems. We
conclude by comparing the etch behavior of all the different materials and assess whether

they might represent potential new and unique etch “colors” for multi-pattern processes.

A. High-k Dielectrics

The ES and ILD etch rates for the high-k dielectric materials (Al,O3, AIN, and
HfO,) are summarized in Figure 1. For comparison, results for a-Si:H and SiO, from a
recent investigation of the Si-C-N-O-H system are also included.® Each data point
represents the results from a single sample. As a reminder, we have chosen to plot the
results from each individual sample both to clearly illustrate the number of samples
characterized and highlight sample—sample variability arising from variations in the
plasma density and uniformity within the plasma etcher. We note that the variability of
each individual etch rate measurement for a sample was found to be significantly less

than the variability of the sample—sample etch rates arising from variation in spatial etch



rates within the plasma etcher. As can be seen, all the high-k dielectrics exhibit zero to

negligible etch rates in both the CF4/O, ES and CHF3 ILD etches.
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Figure 1 (Color Online). ES (a) and ILD (b) etch rates for high-k compound dielectrics, a-
Si:H, and SiO,. Note: individual data points for a given film have been randomly offset in

some cases to allow greater visibility of all the individual data points.

The low etch rates exhibited by the high-k dielectrics in both fluorinated etches is

perhaps not unexpected given the very low volatility for some of the likely etch by-
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products such as AlFzand HfF4.**** However, the low etch rates exhibited in both the ES
and ILD etches does indicate that these high-k dielectrics could represent potential third
or fourth color materials for certain multi-pass patterning process flows if additional
etches capable of etching these high-k materials selective to the Si-based dielectrics can
be identified. In this regard, we do note that there is some precedent for this in that high
selectivity etching of SiO, with an AIN hard mask using C4Fs and SFg chemistries has
been previously reported.® Additionally, plasma etching of metal oxide hard masks using
chlorine-based chemistries,** and preferential etching of HfO, optical coatings in a

multilayer stack have also been previously reported.*

B. Boron-Based Dielectrics

To better understand the etch behavior of the various boron-containing
compounds investigated, we first look at the etch rates of low hydrogen content (~9%)
pure boron films relative to those measured in our previous study® for pure carbon and
silicon films with similar mass density (p) and hydrogen content. In this regard, Figure 2
summarizes the measured CF4/O, ES and CHF; ILD etch rates for the a-B:H (p = 2
glem®, H = 9%), a-C:H (p = 1.5-2.2 g/cm®, H = 27-33%) and a-Si:H (p= 2.3 glcm® H =
0-12%) films investigated in this study. For the ES etch (see Fig. 2a), the a-B:H films
showed extremely high etch rates ranging from 40-80 A/s, with some data points actually
representing minimum possible etch rates (signified by open markers) due to the films
being completely etched through using the times employed to measure reasonable etch

rates for the other materials included in the study. In contrast, the a-C:H and a-Si:H films
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showed negligible to low etch rates (< 1 A/s). Owing to the similar mass densities and
hydrogen contents of these materials, this behavior can be directly attributed to the higher
volatility of BF3 and other boron-fluoride etch products likely produced during the
CF4/O; etching of a-B:H.* For the ILD etched samples, all the films exhibited similar
etch rates (see Fig. 2b). This can be attributed to the CHF3 etch being a more
polymerizing chemistry®’ that co-deposits surface CF, during etching that prevents

greater sub-surface penetration of the plasma activated etch species.***

Looking next at multi-element boron-based compounds, Figure 3 summarizes the
measured etch rates for non-hydrogenated B,C (o = 2.6-3.0 g/cm®, H = 1%, B/C ~ 2)*°,
a-B,C:H (p = 1-2 g/cm®, H = 11-55%, B/C = 1-5), a-B\N:H (p~ 1.7 glcm®, H ~ 6%,
B/IN = 1.2), and a-B,P:H (0o~ 2.5 glcm®, H =~ 11%, B/P ~ 1.2). Alongside the boron-
containing materials in Fig. 3, results from the previous study® are included for related
silicon-based compounds, including a-SiC:H (p = 1.7-2.5 g/cm?®, H = 32-47%, C/Si = 1)
and a-SiN:H (p = 2.6 g/cm®, H = 22%, N/Si=1.35). Focussing first on the CF./O, ES etch
rates shown in Fig. 3a, we see that the boron-based dielectrics, as a whole, show
substantially higher etch rates relative to the silicon-based materials. In particular, a-
B,C:H, and a-BN:H all exhibit etch rates upwards of 80 A/s. These values are consistent
with prior reports of etch rates of ~50 A/s for CF4/O, etching of PECVD deposited a-
BN:H and low carbon content BCN (C ~ 12%) thin films.**** The etch rates for these
materials along with a-B:H represent a selectivity of almost 100 times relative to

important silicon-based dielectrics such as a-Si:H and SiO,, which represents an

12



improvement of at least double the selectivity of a-SiN:H relative to SiO,, for which the

etch chemistry is specifically optimized.
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Figure 2 (Color Online). Etch rates for a-B:H, a-C:H, and a-Si:H thin films in the (a) ES
etch and (b) ILD etch. Note: open symbols signify a minimum possible measured etch
rate. In some cases, individual data points have been randomly offset to allow greater

visibility of all the individual data points.
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visibility of all the individual data points.

In contrast to the hydrogenated boron compounds, the non-hydrogenated B,C
films exhibit much lower etch rates in the range of 1-15 A/s, which may be attributed to

their significantly higher density (2.6-3.0 g/cm®), and is consistent with the high
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chemical inertness and low wet etch rates reported for boron carbide ceramics.*® Finally,
the etch rates for the a-BP:H materials are roughly half those for a-BN:H and a-BC:H,
although the a-BP:H etch rates remain in the same range as those for the a-SiN:H films.
In this case, the reduced a-BP:H etch rates may be attributed either directly to
replacement of carbon or nitrogen by phosphorous and/or the generally lower hydrogen
content/higher mass density for the a-BP:H films. Unfortunately, a-BP:H films with

greater variation in stoichiometry and hydrogen content were not available for this study.

For the ILD etch, more muted trends were observed with the boron-based films
exhibiting, on average, similar but slightly higher etch rates relative to the silicon-based
films. Here, the etch rates for high-density B,C and a-BP:H were comparable to those of
a-SiC:H, while those of a-BC:H and a-BN:H were close to those of a-SiN:H. As
discussed previously,” the muted differences between the boron- and silicon-based
dielectric films may be attributed to the propensity of the CHF3 ILD chemistry to co-
deposit a CF, polymer layer that makes the etch more physical ion bombardment
driven.®”* However, the slight differences in ILD etch rates between the boron- and
silicon-based compound dielectrics and the variations with the anion constituent suggest
that the chemical composition of the material being etched can have a significant

influence on how thick the co-deposited CF, layer grows.

For the boron-based dielectrics, the exceedingly high ES etch rates but
comparable ILD etch rates relative to silicon-based dielectrics suggest that these
materials may also represent potential third or fourth color materials. The results in Figs.
2 and 3 clearly demonstrate that these materials can be etched with high selectivity

relative to silicon-based materials using a common CF,/O, based etch. Using the example
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of dual damascene metal interconnect patterning discussed in a preceeding article,® the
high etch selectivity for the boron-based dielectrics in a CF4/O, ES breakthrough etch,
but comparable etch rates in a CHF3 ILD pattern transfer etch suggests that they might
naturally serve as an alternative or dual etch stopping layer. For the former, a boron-
based dielectric could be utilized to replace a-SiN:H or a-SiCN:H as the etch stop/metal
diffusion barrier layer to provide enhanced etch selectivity relative to the ILD material.
For the latter, a boron-based dielectric could be used in conjunction with another co-
planar etch stop layer and selectively etched through relative to a-SiN:H or a-SiCN:H
using a CF4/O, based chemistry.** The generally high etch rates for boron-based
dielectrics may also allow their use as hard masking layers where highly polymerizing or

non-fluorine-based ILD etches are utilized.*

Due to the compelling etch properties exhibited by some of the boron-based
dielectrics, a more detailed examination of the effects of stoichiometry and hydrogen
content on boron nitride and boron carbide dielectrics was undertaken. In a previous
investigation of silicon-based dielectrics,’® stoichiometry and hydrogen content were
found in some cases to have a profound influence on ES and ILD etch rates and offered
the possibility for further tuning the etch properties of these materials. As we will show

next, similar behavior was observed for a-B,N:H and a-B,C:H materials.

C. B-N-H System

Figure 4 summarizes the ES and ILD etch rates for a series of PECVD a-BsN:H

16



films as a function of both hydrogen content (%) and x (B/N) ratio. No significant
correlation was observed between the ES and ILD etch rates and either hydrogen content
or B/N ratio. Part of this may be due to the small composition window examined (5-25%
hydrogen, B/N = 1.05- .25) as a result of PECVD process limitations in depositing air-
stable a-BxN:H films with greater degrees of non-stoichiometry and/or hydrogen
content.”>“° In this regard, we do note that the a-B,N:H ES etch rates shown in Fig. 4b
are comparable to those measured for a-B:H. However, the a-ByN:H ILD etch rates are
roughly five times higher relative to those measured for a-B:H. Thus, fine compositional
tuning of a-BxN:H etch rates in CF4/O, may not be possible while substantial tuning in
CHF3 may be possible by exploring higher B/N ratios than considered here. We also note
that the lack of correlation between ES etch rate and a-BxN:H composition is likely a
result of the thermodynamic instability of BN in the presence of oxygen relative to
B,0s,"" and the high volatility for both of the likely etch by-products for a-ByN:H—that

is, BF; and NF3. %1
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Figure 4. ES and ILD etch rates for a-BxN:H as a function of (a) hydrogen content (%)

and (b) B/N ratio, x.

D. B-C-H System
Figures 5 and 6, respectively, summarize the ES and ILD etch rates for a series of

CVD, PECVD, and sputter-deposited a-B4C:H films as a function of both hydrogen

18



content (%) and x (B/C) ratio. Relative to a-BxN:H, a greater variation in dry etch rate
with hydrogen content was observed for a-B4C:H. As shown in Fig. 5a, the a-ByC:H ES
etch rate increases with increasing hydrogen content. However, there is a significant
spread in the observed etch rates, which could be due to experimental uncertainties in
both the composition and thickness measurements, but could also suggest additional
possible effects contributing to the etch rates (vide infra). For the highest hydrogen
content films, we note that the data represent minimum possible etch rates due to the
films being completely etched through. Extrapolating the trend for the upper band of etch
rates to the higher hydrogen contents suggests that etch rates upwards of 150 A/s may be
obtained at hydrogen contents of 55-60%. This suggests that a-B4C:H/SiO, etch
selectivities as high as 100-200:1 may be potentially realized, with significant

compositional tuning possible as well.

A weak correlation between etch rate and a-BxC:H hydrogen content was also
observed for the ILD etch, where the etch rate remained relatively constant out to 20%
and then increased gradually with higher hydrogen content (see Fig. 6a). This may
partially explain the lack of an observed correlation between etch rate and hydrogen
content for a-BxN:H due to the hydrogen content for those films only approaching 25%
hydrogen. Comparing the ES and ILD a-B4C:H etch rates, the ILD etch rates are
substantially reduced. This is again attributed to the polymerizing nature of the CHF;3 ILD
etch chemistry and the formation of a CF, surface layer that impedes plasma etching. In
this regard, we do note that similar etch rates of 2-5 A/s have been reported for plasma

etching of PECVD BCN materials using C4Fg which is another polymerizing etch
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chemistry.*® As for the ES etch rates, there is also significant scatter in the ILD rates as a

function of hydrogen content, with similar possible causes.
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Figure 6. ILD etch rates for a-B4C:H as a function of (a) hydrogen content (%) and (b)

B/C ratio, x.

To examine the influence of B/C stoichiometry, the a-B4C:H ES and ILD etch
rates were plotted as a function of B/C ratio, as shown in Figs. 5b and 6b, respectively.
Taken as a whole, no clear correlation between either ES or ILD etch rate and B/C ratio
was observed. For ES etch rate, Fig. 5b does appear to show a local minimum at a B/C

ratio of 2 suggesting that this is perhaps a unique or singular stoichiometry from an etch
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perspective. However, we note that the a-B4C:H films with x = 2 were deposited by high
temperature CVD and have a very low hydrogen content relative to the rest of the films
which were primarily deposited by lower temperature PECVD methods. The chemical
bonding/molecular structure of the CVD and PECVD a-BC:H films are accordingly
substantially different. For the former, carbon is present primarily in tetrahedral BC,4 and
trigonal BC; intericosahedral sites, intraicosahedral sites, with some free/excess carbon
also a possibility.* For the latter, a substantial amount of carbon has been shown to also
exist as extraicosahedral hydrocarbon species in addition to occupying intraicosahedral
sites within C,B; icosahedra.”® The lack of correlation between etch rate and B/C ratio,
and weak correlation with hydrogen concentration, could be due to more subtle effects
such as how carbon is specifically incorporated into the film and/or the presence of nano-
porosity as was previously observed for a-SiOC:H materials.® However, without knowing
the detailed microstructure of these materials, it is evidently difficult to tease out clear
trends from simple correlation plots. From the data presented, it thus appears that in the
a-B4C:H films, the B/C ratio can be tuned continuously from < 1 to 5 with relatively little

variation in ES or ILD etch rate as shown in Fig. 5b.

To further explore the possibility of a more complex relationship between etch
rate and stoichiometry, a statistical response surface (RS) analysis was performed for
both the a-B4C:H ES and ILD etch rates using Jmp 11.0 statistical analysis software
(SAS).”* The mixture RS analysis specifically used standard least squares and effects

screening methods to fit the response (ES or ILD etch rate) to a polynomial that included
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both linear and two factor elemental composition interaction terms. The resulting
coefficient of determination (R?) from the statistical analysis was used to judge the
quality of fit to the polynomial model where R? close to 1 indicates an excellent fit and R?
approaching 0 indicates a poor or lack of fit. To look for subtle effects that might be
masked by examining a limited composition range within the a-B,C:H system, the results
for a-B:H presented in the preceeding section and a-C:H results presented in a preceeding
article® were also included. This allowed the B-C-H composition space to be more fully
examined. To allow a robust analysis, all minimum etch rate data points shown in Figs. 2-

6 were excluded.

The results of the response surface analysis for both the ES and ILD etches are
presented as ternary etch rate diagrams in Figure 7. Each side of the triangle represents
the axis for one of the three elemental components of the system (i.e., % B, C, and H)
with the three corners signifying a composition of 100% for each element. The illustrated
data points are plotted such that each elemental concentration decreases in proportion to
the distance from the corner of the triangle representing that element. The color shading
illustrates the ES and ILD etch rates predicted by the RS model as a function of
composition. The solid circle data points in each ternary plot signifies the composition for
the individual films utilized in the response surface modeling while open circles signify
compositions where only minimum possible etch rates could be determined (but were not
included in the actual response surface modeling). The triangle of open diamond data
points in the right corner marks the region defined by constraint theory where

continuously networked films are not expected to form.>*>*
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networked films are not expected based on topological constraint theory.

For the RS analysis of the a-B,C:H ES etch rate, an R” value of 0.85 was obtained,
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indicating that a reasonable fit to the experimental data was obtained and that 85% of the
observed variability in etch rate was captured. As shown in Fig. 7a, the RS model
predicts a maximum ES etch rate on the B-H tieline at approximately 70% B and 30% H.
This maximum decreases along a ridge that decreases and intersects the C-H tieline at
approximately 70% C and 30% H. Overall, the RS model captures the observed high and
low etch rates for a-B:H and a-C:H, respectively, and also indicates a general decrease in
etch rate with decreasing hydrogen content and increasing carbon content. The model
further suggests that the influence of increasing hydrogen content diminishes on
increasing ES etch rate as carbon content increases. Unfortunately, this portion of the
model is not experimentally validated due to all the films in this composition regime
being completely etched through and excluded from the analysis. Thus, extrapolation of
the RS model outside the experimentally sampled composition space should be done so

with some caution.

For the a-B,C:H ILD etch rate, an R? value of 0.72 was obtained, indicating that
the RS model fitted only 72% of the observed variability in etch rate. As shown in Fig.
7b, the a-B4C:H ILD etch RS model again predicts a maximum in etch rate at hydrogen
rich conditions. In this case, however, the predicted maximum etch rate decreases more
gradually with decreasing hydrogen/increasing carbon-boron content relative to the ES
etch. The reduced sensitivity to carbon content is likely due to the previously mentioned
highly polymerizing nature and propensity of the CHF3 ILD etch to co-deposit a CFy
surface layer during etching. The presence of co-deposited carbon thus mitigates to some

extent the presence of carbon in the a-B,C:H film. In this regard, we note that a similar
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effect was also observed for the a-SiCy:H system where the influence of carbon content

on etch rates was also more muted in the CHF5 ILD etch.®

Concerning the viability of a-B4C:H as a potential third or fourth color dielectric,
Figs. 57 clearly illustrate that significant order of magnitude tuning of the etch
characteristics of this material in a fluorinated plasma etch chemistry is possible via
optimization of the films elemental composition and detailed chemical / molecular
structure. This is important both from an etch perspective as well as providing lattitude
for co-optimization of other material characteristics that may also be of importance such
as thermodynamic stability and thermal, mechanical, electrical, and optical properties. In
this regard, a-B4C:H is highly attractive due to recent demonstrations of the ability to
significantly tune the excellent electrical, optical, thermal, and mechanical properties
exhibited by this material.>*** The potential capacity to co-optimize both etch and salient
material properties with a-B,C:H, therefore, makes it of extreme interest as a potential
third or fourth color material in low-k etch stop, diffusion barrier, hard mask, or spacer
applications for pitch division / multi-pattern processing. However, significantly more
characterization of the dry etch properties of a-B,C:H materials in other halogenated
chemistries commonly used in multi-pass patterning methods (i.e. Cly, Br, SFs, ...) will

be needed to further assess their viability.

IV.SUMMARY AND CONCLUSIONS
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Two fluorinated plasma etches commonly utilized to selectively etch SiO; ILD
(CHFs3) and a-SiN:H ES (CF4/O2) materials were utilized to survey the etch
characteristics of various high-k dielectric (Al,O3, AIN, HfO,) and boron-containing
materials (a-B:H, a-BxN:H, a-B«P:H, a-B,C:H) relative to those from within the Si-C-O-
N-H system to identify possible third or fourth color multi-pattern etch stop materials.
The high-k dielectrics all exhibited very low to unmeasureable etch rates in both etches
suggesting their potential as possible third/fourth color dielectric materials provided etch
chemistries capable of selectively etching these materials relative to other silicon- and
carbon-based materials can be identified. In contrast, the boron-based dielectrics all
exhibited order of magnitude or higher etch rates in the CF4/O; ES etch relative to
silicon-based materials while still exhibiting comparable etch rates in the CHF3 ILD etch.
A more detailed examination of the B-C-H system suggests that optimization of etch
selectivity for a-BC:H can be achieved via compositional tuning, although the
relationship between etch rate and microstructure may be complex as in the a-
SiOC:H/SiCO:H system.® Most importantly, recent demonstrations®** of the ability to
significantly tune the excellent electrical, optical, thermal, and mechanical properties of
a-B4C:H suggest the potential capacity to co-optimize both etch and salient material
properties. This strongly suggests the viability of a-ByC:H and related materials as
potential third or fourth color etch stop, diffusion barrier, hard mask, or spacer materials

in pitch division / multi-pattern processing.
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Table I. Summary of properties for high-k and boron dielectrics investigated in this study.

Film Deposition Composition Range Density
Type (g/cm®)
a-B:H PECVD, Sputtering 87-91% B, 9% H, 0-4% O, 0-4% C 2.0+£0.1
a-B,P:H PECVD 48% B, 41% P, 11% H 2.510.1
a-ByN:H PECVD 37-46% B, 35-40% N, 0-10% O, 6-23% H 1.6-2.0
a-B,C:H CVD, PECVD 20-66% B, 10-33% C, 0-11% O, 0-57% H 0.9-3.0
Al,O; ALD 33% Al, 65% O, 2% H 2.840.1
AIN PEALD 38% Al, 47% N, 16% H 3.140.1
HfO, ALD 32% Hf, 61% O, 7% H 9.84+0.3
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Figure Captions

Figure 1 (Color Online). ES (a) and ILD (b) etch rates for high-k compound dielectrics, a-
Si:H, and SiO,. Note: individual data points for a given film have been randomly offset in

some cases to allow greater visibility of all the individual data points.

Figure 2 (Color Online). Etch rates for a-B:H, a-C:H, and a-Si:H thin films in the (a) ES
etch and (b) ILD etch. Note: open symbols signify a minimum possible measured etch
rate. In some cases, individual data points have been randomly offset to allow greater

visibility of all the individual data points.

Figure 3 (Color Online). ES (a) and ILD (b) etch rates for various boron and silicon
dielectric films. See text for range of mass density, hydrogen content, and stoichiometry
of the various films. Note: In some cases, individual data points have been randomly

offset to allow greater visibility of all the individual data points.

Figure 4 (Color Online). ES and ILD etch rates for a-ByN:H as a function of (a) hydrogen

content (%) and (b) B/N ratio, x.

Figure 5 (Color Online). ES etch rates for a-BC:H as a function of (a) hydrogen content

(%) and (b) B/C ratio, x.
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Figure 6 (Color Online). ILD etch rates for a-B,C:H as a function of (a) hydrogen content

(%) and (b) B/C ratio, x.

Figure 7 (Color Online). Ternary response surface model for the B-C-H system for (a) ES
etch rates, and (b) ILD etch rates. Note: Solid circles indicate data points used in response
surface model and open circles represent compositions where minimum etch rates were
determined but not included in the model. Open triangles signify compositions where

continuously networked films are not expected based on topological constraint theory.
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