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Combinatorial survey of fluorinated plasma etching
in the silicon-oxygen-carbon-nitrogen-hydrogen system
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New multipass optical lithography patterning methods needed to print features for future <10nm
technologies will demand an increasingly complex combination of hardmasks, antireflection
coatings, spacers, and etch stopping materials with distinct yet complementary properties. Finding
the right mix, however, has proven particularly challenging given that the materials most
commonly used are drawn from a limited set of Si- and C-based solids comprising Si, C, O, N, and
H. To understand and maximize the limits of this composition space, the authors have performed a
combinatorial survey of the dry etch characteristics for the Si-C-O-N-H system with the goal of
understanding material composition—etch interactions and identifying material subclasses with dis-
tinct etch properties. Over 50 thin films sampling Si-C-O-N-H composition space were surveyed
using two fluorinated etches commonly utilized for selective patterning of SiO, and a-SiN:H dielec-
trics (CHF; and CF,/O,, respectively). It was found that the incorporation of oxygen in a-SiN:H
allowed for significant tuning of the etch rate of a-SiON:H materials relative to SiO,. Additionally,
increasing hydrogen content and nanoporosity significantly increased the etch rate of the various
dielectric materials independent of the Si, C, O, and N content. The influence of carbon depended
on whether it was incorporated as terminal organic groups, where it resulted in increased etch rates,
or directly within the network of the material, where it resulted in decreased etch rates. Silicon- and
carbon-rich materials exhibited very low etch rates in both etches and were found to have the most
distinct and potentially complementary etch properties relative to SiO, and a-SiN:H. Accordingly,
a-C:H, a-Si:H, and a-SiC:H merit further examination as hardmask or spacer materials in future
multipass patterning processes. © 2016 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4964648]
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I. INTRODUCTION

For five decades, transistor area count has doubled
roughly every two years in accordance with Moore’s Law.'?
During this time frame, gains in transistor density have
come mostly through Dennard dimensional scaling,3 which
has allowed both a reduction in the transistor areal footprint
and tremendous gains in device performance.4 However,
Dennard-style transistor scaling has in the recent decade
stalled or come to a halt>® due to numerous physical limita-
tions such as an inability to continue gate dielectric thickness
scaling beyond a few atomic layers.” Nevertheless, gains in
transistor areal density and performance have continued as a
result of the implementation of high-k gate dielectric materi-
als® and novel trigate or fin field effect transistor (FET)
architectures.” Further, a long bench of new and upcoming
Omega-FET, Pi-FET, and nanowire transistor devices exist
that offer the potential for transistor scaling down to low sin-
gle nanometer dimensions.'”'" Beyond these charge-based
devices, an equally vast array of novel devices exist that are
based on other non-charge-based computational states that
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offer the potential for further scaling and reduced energy
consumption.'*"?

Unfortunately, the optical lithography techniques utilized
to define the shape and dimensions of a transistor (as well as
the associated metal interconnect) have faced serious physi-
cal scaling limitations of their own.'* For an optical projec-
tion system, resolution (R) is defined by the Rayleigh
criterion, R = //NA, where / is the wavelength of the imag-
ing light and NA is the numerical aperture of the projection
assembly." For current industry-standard 193 nm deep UV
projection systems, the predicted minimum achievable reso-
lution is correspondingly ~80-90nm.*'> To achieve the
greater resolution needed to print smaller feature sizes, the
semiconductor optical lithography roadmap has for over a
decade called for implementation of a shorter wavelength
light referred to as extreme UV (EUV).IG’17 However, new
EUV light sources have faced significant technical chal-
lenges that have delayed the target insertion point for EUV
lithography numerous times.'®>° In order to print feature
sizes well below the wavelength of light, computational
lithography?' has been utilized extensively, and more
recently, pitch division and double-quadruple multiple pat-
terning techniques have allowed features <20nm to be

© 2016 American Vacuum Society 061302-1
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achieved.”>** These latter multipatterning approaches break
up the targeted pattern to be printed into reduced symmetry
segments and rely on multiple combined lithography and
etch transfer passes to achieve the final desired feature. The
numerous litho and etch iterations, in turn, require a com-
plex stack of hardmask, antireflection, spacer, and photore-
sist coatings with stringent optical, physical, and etch
selectivity requirements.

Because of the likely continued delays in EUV tech-
nology, additional complementary processes have been
sought to increase the number of degrees of freedom for
<10nm optical lithographic processes. These have
included increased usage of self-aligned patterning techni-
ques,”® implementation of directed-self-assembled block-
co-polymer photoresists,”*** and selective deposition of
materials on preformed patterns.”® While several proof of
concepts have been demonstrated in these areas,27’29 it is
likely that multipatterning techniques will continue to be
heavily relied on to bail out the lack of optical lithogra-
phy scaling for single digit nanometer technologies and
beyond. This will in turn further increase the complexity
and already stringent etch selectivity requirements for
multipatterning approaches and essentially require unique
combinations of spacer, hardmask, and etch stopping
materials that exhibit near perfect etch selectivity to one
another in various plasma etch chemistries. As one exam-
ple,?7% a typical multipattern process may employ up to
five or more patterning assist materials that must be
etched through with varying degrees of selectivity, not
including the target material to which the final pattern is
to be transferred. Fortunately, this level of complexity can
be reduced by consideration of the four color theorem of
map topology.*!

The four color map theorem states that only four colors
are needed for coloring any map such that no two countries
with a common border will have the same color.’! Whereas
proof of the four color theorem required the invention of the
modern day computer,*? the theorem may in turn be applied
to reducing the complexity of multipatterning processes for
next-generation microprocessors. Specifically, a multipat-
terned wafer may be viewed as a checkerboard array of dif-
ferent materials that are exposed simultaneously during any
plasma etch transfer step.*>** For pure pattern transfer fidel-
ity to be maintained, only one of the exposed materials may
be etched by the plasma chemistry while the others must
exhibit near perfect etch resistance. This scenario and the
associated requirements are analogous to the four color map
theorem, which suggests that only four unique material/etch
chemistry combinations are needed to enable even the most
complex multipatterning process. Unfortunately, even within
this simpler framework, the current combination of largely
halogenated etch chemistries and pattern stack materials
(predominantly all from the Si-O-C-N-H phase diagram) at
best present only two unique “colors.”>® The few materials
from outside the Si-O-C-N-H system that have been identi-
fied as viable third color materials [e.g., TiN (Ref. 37)] pre-
sent additional challenges related to optical transparency,
mechanical stability, and defects.>®3° Thus, new materials
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that could be viable third or fourth colors are highly desired
to increase the flexibility of designing new material stacks to
assist future multipatterning processes.

Toward this end, we have begun a search for new materials
and material subclasses that, in combination with typical
plasma etch chemistries, will allow the identification of poten-
tial third and fourth colors. We report a combinatorial plasma
etch survey of over 50 different materials commonly utilized
in microelectronic processing that have been treated with
two fluorinated etches typically used for the selective pattern-
ing of SiO, interlayer and SiN:H etch stop (ES) dielectrics,
CHF; and CF,/O,, respectively. In contrast to previous etch
selectivity studies that typically only survey a limited number
of materials and do not consistently report the specific compo-
sition of these materialsf““‘6 the study described here enables
a direct analysis of the influence of material stoichiometry
and mass density on blanket/unpatterned etch rates and thus
allows a more thorough survey of the etch rate ranges and
selectivities possible within a given composition space. It is
acknowledged that this study neglects many different pattern-
dependent effects that are also important considerations for
plasma etch optimization including: fin/trench sidewall taper-
ing,*”*® faceting,* necking,* bowing,”® microtrenching,’®->!
microloading,’* and reactive ion etch (RIE) lag>® resulting
from topography driven shadowing® and/or differential
charging.> However, we view this approach as an important
first step in beginning to understand the role that material
composition may play in influencing these effects. It is antici-
pated that this screening study will thus allow for a more
rational selection of a subset of materials from this study for
future pattern-dependent-focused etch—-material interaction
studies.

In this article, we specifically focus on the Si-C-O-N-H
phase space that comprises the majority of materials typi-
cally involved in multipattern processing. A wide variance
in etch rate with composition is observed and points to both
Si-C-O-N stoichiometry and mass density/hydrogen content
being significant considerations for tuning etch selectivity
and identifying potential third and fourth color dielectrics. In
a companion article,”® we focus on several high-dielectric-
constant materials (Al,O5;, AIN, HfO,) and up-and-coming
low-k dielectric materials (a-B:H, a-BC:H, a-BN:H, a-BP)
that lie completely outside the Si-C-O-N system and repre-
sent additional third and fourth color materials.” Beyond
advancing current state-of-the-art pitch division/multipat-
terning processes within the nanoelectronics industry, we
believe these combined studies will additionally benefit
nanoscale fabrication processes for electromechanical,
energy storage/harvesting, photovoltaic, optoelectronic, and
other micro/nanoelectronic devices.

Il. EXPERIMENT

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), and
spin-on deposition techniques, the details of which have
been provided elsewhere.’’ %% Table I provides a summary
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TaBLE I. Summary of properties for the various materials in the Si-C-O-N-H system utilized in this study.
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Film type Deposition Composition range Density range (g/cm’®)
C:H, CF, PECVD, spin-on H=25%-50%, F = 0%—44% 0.7-2.2
Si, Si:H CVD, PECVD H=0%-12% 22-23
SiO:H CVD, PECVD x=1.8-2.2, H=0%-14% 22-2.3
SiN:H CVD, PECVD x=0.9-1.5, H=0%-40% 2.0-2.5
SiCy:H PECVD x=1-4,H=30%-55% 1.1-2.5
SiON,:H PECVD 0 =0%-26%, N=0%-37%, H=0%-20% 22-25
SiN,C,:H PECVD N =4%-18%, C =20%-30%, H=0%-50% 1.5-2.5
SiO,C,:H PECVD, spin-on 0=12%-25%, C =8%—35%, H=0%—40% 0.9-2.2

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.

The full elemental 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 C, N, and O content was determined
using deuteron nuclear reactions. The Si content was deter-
mined by 2 MeV “He RBS. Given the determined H, C, N, O,
and Si 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 addi-
tional consistency check, the mass density for all of the films
was determined using both NRA-RBS and previously
described x-ray reflectivity measurements.”® The two techni-
ques were found to be in agreement to within +0.1 g/cm®.

To allow for a direct comparison of the dry plasma etch
characteristics of each thin-film material, the samples were
all etched simultaneously in a single plasma etch tool.
This was accomplished by cleaving N%xl in. coupons
of each material from its respective substrate. These cou-
pons were then loaded onto a handler wafer and etched
simultaneously in a 300 mm diameter single wafer Oxford
Instruments PlasmaLab 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 Fig. 1). After etching, the etch rate of each material
was determined by either measuring the thickness differ-
ence 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 spectro-
scopic ellipsometry. For the latter, a surface profilometer
was used to measure the step height created between the
etched and unetched 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,

JVST A - Vacuum, Surfaces, and Films

thus preventing an accurate measurement of the film etch
rate. These results were either excluded from the final anal-
ysis 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 sam-
ples, 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 differ-
ent plasma etches typically used for selective SiO, and
a-SiN:H etching. The first plasma etch was a common
CHF;-based chemistry used for selectively etching SiO, and
low-dielectric-constant (i.e., low-k) a-SiOC:H interlayer
dielectrics (ILD) with a a-SiN:H etch stop (hereafter desig-
nated as the “ILD” etch). The second plasma etch was a
common CF4/O,-based chemistry typically utilized to selec-
tively etch a a-SiN:H ES relative to SiO, (hereafter desig-
nated as the “ES” etch). A summary of the nominal process
conditions used for both capacitively coupled plasma etches
is provided in Table II. We note that while other etch
chemistries might be more typically utilized in pitch division
patterning processes, the details of these recipes are not typi-
cally published in the open literature. In this regard, the CF,/
0O, and CHF; etch chemistries were specifically selected due
to both their complementary selective etching capabilities
and the fact that detailed etch process conditions for these

1-2” Coupons

300mm
Si (100) Wafer

FiG. 1. (Color online) Schematic of wafer carrier and sample geometry for
the plasma etch study.
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TagLE II. Summary of the RIE process conditions utilized for both the ILD
and ES etches.

Process variable ILD etch ES etch
CHF; (sccm) 38 0
CF, (sccm) 0 60
O, (sccm) 4 38
Ar (sccm) 38 75
Pressure (Torr) 30 400
RF power (W) 600 280

chemistries are frequently published in the public
domain.*°

To account for possible run—run and within chamber vari-
ability, each dry etch run was repeated three times and typi-
cally included 2-3 replicates of each sample positioned
at opposing sites 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, sam-
ples 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 (>1nm). Additional variabil-
ity 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 character-
ized and to highlight any significant sample—sample
variability.

In cases where the composition space of a ternary system
was sufficiently sampled by the Si-C-O-N-H films investi-
gated in this study, a mixture response surface (RS) analysis
was performed using smp 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
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 excel-
lent fit and R* approaching 0 indicates a poor fit. Ternary
response surface contour plots generated within e 11.0
were utilized to visually display the fitted and extrapolated
RS polynomial model.

lll. RESULTS AND DISCUSSION

Because of the large compositional space covered in this
study, we begin by first examining the dry etch behavior of
the pure elements (i.e., a-C:H, a-Si:H, and a-Si) and a few
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stoichiometric, low-hydrogen-content compounds present
within the Si-C-O-N composition space [i.e., a-SiO,,
a-SizNg:H (20% H) and a-SiC:H (30% H)]. We initially
compare the etch rates of the different materials as a function
of their mass density. This is both for clarity of presentation
and due to an expected intuitive correlation between the etch
rate and mass density of a material (i.e., for a fixed number
of reactive etch species and fixed composition, etch rate
should decrease as the mass/atomic density of the etched
material increases). In this regard, etch rate versus mass den-
sity comparisons for amorphous thin-film materials are par-
ticularly relevant as differences in deposition methods and
process conditions can produce materials with significantly
different mass/atomic densities.®> In many cases, the varia-
tions in mass density are largely due to differences in the
amount of incorporated hydrogen and other hydrogenated
terminal groups (e.g., CH,, NH,, and OH) which can act as
network modifiers and result in more open/lower density net-
work structures with reduced properties.®®~%®

After establishing general trends in dry etch behavior for
the elements and stoichiometric compounds, we next probe
more complex compositional effects by examining nonstoi-
chiometric materials (SiO.:H, SiC.:H, SiN,:H, SiO,N,:H,
SiN,C,:H, and SiO,C,:H) and more closely scrutinizing the
influence of hydrogen and carbon content on some of the
examined material systems. We place a particular emphasis
on comparing the etch behavior of the different material
composition classes and conclude by seeking to establish
clouds of materials with distinctive etch characteristics that
might represent unique etch colors.

A. Pure elements and compounds

Figure 2 summarizes the measured etch rates as a func-
tion of mass density for the elemental and stoichiometric
compound films exposed to the ES (CF,/O,) and ILD
(CHF;) etches. As a reminder, each data point represents the
result from a single sample in order to more clearly illustrate
the number of samples characterized and highlight any sam-
ple—sample variability.

For the ES etched samples, etch rates ranging from
<1A/s to as high as 24 A/s were observed. For the a-C:H
samples, which were sampled across a range of mass densi-
ties from 0.7 to 2.2 g/cm3, etch rates were found to scale as a
function of density. For the highest density a-C:H film
2.2 g/cm3), a low etch rate of ~1 A/s was observed, similar
to the values for the a-Si, a-Si:H, and SiO, films with compa-
rable mass densities. As the mass density of the a-C:H films
decreased, the ES etch rate increased substantially up to a
value of >20 ;\/s for the film with a mass density of
0.7 g/cm® (note that this value is a minimum value due to the
film being completely etched through). Thus, the a-C:H
results clearly illustrate the intuitive correspondence
between increasing etch rate and decreasing mass/atomic
density. For the a-C:H films examined here, the decrease in
mass density is a direct result of hydrogen content steadily
increasing from 27% for the highest density film to 53% for
the lowest density film. The increasing etch rate with
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Fic. 2. (Color online) (a) ES (CF4/O,) and (b) ILD (CHF;3) etch rates as a
function of mass density for a-C:H, a-Si, a-Si:H, a-SiO,, a-SizN4:H, and
a-SiC:H thin films.

hydrogen content can be further rationalized based on the
development of interconnected nanoporosity (~25%)% in
the lowest density a-C:H film that allowed the plasma-
activated etch species to penetrate further into the surface of
the a-C:H dielectric.”®’" A similar trend would be expected
for a-Si:H, but unfortunately, a-Si:H films with a similarly
wide range of hydrogen content could not be obtained for
this study.

For all of the Si- and C-based materials in Fig. 2(a), the
ES etch rates decreased as a function of material density,
with the exception of Si;N4:H, which simultaneously exhib-
its the highest etch rate (24 A/s) and highest mass density
(2.65 g/cm?). Although perhaps counterintuitive, this result is
consistent with the ES etch chemistry being specifically opti-
mized for materials of SiN,:H composition, and illustrates the
additional role of chemical composition/bonding in determin-
ing etch rates. Such compositional effects will be further illus-
trated in more detailed examinations of the ES and ILD etch
rates of a-SiO,:H, a-SiN,:H, and a-SiC:H (vide infra).

For the ILD (CHF;) etched samples, all of the films exhibited
slightly higher but comparable etch rates, with the exception
of the PECVD a-SizN4:H film, which—interestingly—again
exhibited an etch rate approximately three times as high
(~15 Afs) as that of the CVD SiO, film (~5 A/s) [see Fig. 2(b)].
As we will show later, this difference becomes less apparent for
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the nonstoichiometric PECVD equivalents of these films (i.e.,
a-SiN,:H and a-SiO:H). In addition, unlike in the case of the
ES etch, the a-C:H films do not exhibit a significant difference
in etch rate as a function of mass density for the ILD etch. This
can be attributed to the CHF; etch being a polymerizing chemis-
try>> that, during etching, codeposits surface CF, that prevents
greater subsurface penetration of the plasma-activated etch
species.””’" In this regard, we note for additional insight that
measurements on PECVD CF, films included with the above
samples (but not included in Fig. 2) did show a high etch rate of
~30A/s in the CF,4/O, ES etch and a substantially lower etch
rate of 6 A/s in the CHF3 ILD etch. This confirms the partial
etch resistance of any surface CF, residues potentially produced
in the CHF; chemistry.

B. Nonstoichiometric compounds

We next examine the etch characteristics of several off-
stoichiometric materials in the Si-O-C-N-H system. For the
ternary and quaternary systems investigated, we initially
look at how the etch properties vary in response to a change
in concentration for a single element. However, due to limi-
tations associated with the deposition processes, it was
difficult in all cases to generate a sample set where the con-
centration of one element was systematically varied in rela-
tion to the concentration of the others. This is particularly
true in the case of the plasma-deposited hydrogenated mate-
rials where variations in oxygen, nitrogen, and carbon con-
tent can cause wide fluctuations in hydrogen content. This
point was partly addressed by performing a RS analysis
where, for many of the ternary systems investigated, a suffi-
ciently large sampling of the composition space allowed for
this. While several RS analysis examples of dry plasma etch-
ing have been previously reported in the literature,”>’* the
results presented here differ in that the composition of the
material being etched serves as the input variable whereas in
prior studies the composition of the plasma etch chemistry
and other plasma etch process variables were utilized as
inputs.

1. a-SiOy:H

We begin with the a-SiO,:H system, for which Fig. 3(a)
presents a plot of the ES and ILD etch rates as a function of
hydrogen content. As indicated in Table I, a relatively small
compositional space of x=1.8-2.2 and H=0%-14% was
explored due to a limited ability to obtain a-SiO,:H samples
with a larger degree of nonstoichiometry. Nevertheless, a
slight increase in a-SiO,:H etch rate for the highest hydrogen
content films was observed for both etches. This is consistent
with the results for a-C:H for which the ES etch rate was
also found to increase with increasing hydrogen content.

As shown in Fig. 3(b), a similar slight increase in
a-SiO:H ES and ILD etch rates was observed for the sam-
ples with the highest x value—that is, the highest oxygen
content. This can be attributed to the increased oxygen con-
tent being directly correlated to an increased concentration
of OH groups.”® Several previous investigations of the wet
etch behavior of a-SiO, in hydrogen fluoride (HF) based
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Fic. 3. (Color online) ES and ILD etch rates for a-SiO,:H thin films as a
function of (a) hydrogen content (%) and (b) x (O/Si).

solutions have shown a strong relationship between hydro-
gen content and HF etch rates.”>’® However, studies of dry
plasma etching of SiO, have shown a much weaker effect on
hydrogen content.”®

Since a fairly limited range of x and hydrogen content
were investigated in this study, it is possible that a more
prominent response between etch rate and composition may
exist within the a-SiO,:H system. However, based on the rel-
atively small differences in etch rate observed in Fig. 2 for
a-Si:H and a-SiO,, one would expect only a rather weak
response between x (O/Si) and etch rate. The density trend
observed for a-C:H in Fig. 2 does suggest that hydrogen con-
tent may have a strong influence on a-SiO,:H etch rate, but
to more clearly observe such an effect would require addi-
tional higher hydrogen content samples beyond those avail-
able to this study. Due to the limited sampling of the Si-O-H
composition space, a more detailed ternary response surface
analysis for this system was not attempted.

2. a-SiNy:H

Figures 4 and 5 present the ES and ILD etch rates, respec-
tively, for a-SiN,:H as a function of both hydrogen content
and N/Si ratio, x. For the ES etch, the a-SiN,:H etch rate was
found in many cases to depend on the etch time, with longer
etch times generally leading to higher etch rates (up to 2x in
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FiG. 4. (Color online) a-SiN,:H ES etch rates as a function of (a) H content
(%) and (b) x (N/Si).

some cases). This is attributed to the formation of a native
oxide (SiO,) surface layer on the a-SiN,:H films. As shown
in Sec. III B 1, SiO, exhibits a relatively low ES etch rate
and therefore the presence of a thin SiO, surface layer could
be expected to initially impede or delay etching of the under-
lying a-SiN,:H film. Similar delayed etch effects have also
been reported for plasma etching of silicon and other nitride
materials.””~’® For short etch times, this effect would thus
make the measured etch rate appear lower. While this effect
increased the variability in the observed a-SiN,:H ES etch
rates, it did not influence the general trends to be discussed.
Focusing on Fig. 4(a), we observe a general decrease in
a-SiN,:H ES etch rate with increasing hydrogen content.
This behavior runs counter to the previously observed
increasing hydrogen content/increasing etch rate correlation
shown in Fig. 2. We also note that the lowest hydrogen con-
tent a-SiN,:H film in Fig. 4(a) actually exhibits a very low
ES etch rate in contrast to the observed broader trend. Both
of these contradicting observations can be partially under-
stood by examining the ES etch rate dependence on N/Si
ratio (x) shown in Fig. 4(b). In this case, a gradual increase
in ES etch rate is observed as the N/Si ratio increases from
<1 to roughly 1.3—1.4, before it again decreases to low val-
ues (note data points for a-Si:H have also been included to
allow the full dependence on N/Si ratio to be assessed).
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Thus, the observed maximum in ES etch rate occurs at
approximately the same x value as for stoichiometric SizNy
(1.33). This suggests that Si-N bonds are perhaps preferen-
tially attacked/etched by the CF,/O, chemistry relative to the
Si—Si, Si—H, and N-H bonds present in higher concentrations
in the nonstoichiometric a-SiN,:H films. In this regard, we
note that preferential CF4/O, etching of SizN4 over Si and
a-Si:H has been previously reported in the literature.**’”-8
Thus, the outlier behavior of the lowest hydrogen content
a-SiN:H film in Fig. 4(a) can be partly attributed to the high
N/Si ratio (1.7) exhibited by this film relative to the others.
The competing behavior between %H and N/Si on a-SiN,:H
ES etch rate will be more clearly discussed in the response
surface analysis described later.

For the CHF; ILD etch, the a-SiN.:H etch rates are
slightly higher on average than those observed for the CF,/
O, ES etch. This could be due to the higher CHF; SiO, etch
rate and the ability for this etch to more easily break through
any SiO, surface layer present on the a-SiN,:H films.
Interestingly, the ILD etch rate for a-SiN,:H also shows a
strong dependence on hydrogen content, opposite to that
found in the case of the ES etch but consistent with the intui-
tive density/etch rate correspondence, where it increases
from ~10A/s for 10%-20% H to >30A/s for 38% H (see
Fig. 5). A similar increase in ILD etch rate with increasing
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N/Si ratio is also observed, which is rendered even more
apparent when including the ILD etch results for a-Si and
a-Si:H [see Fig. 5(b)]. This may indicate a weaker selectivity
to Si—N bonding for the CHF; relative to the CF4/O, chemis-
try or suggest a stronger dependence on H or Si content for
the ILD etch rate.

The strong a-SiN,:H ILD etch rate dependence on hydro-
gen content is particularly interesting, given the lack of such
an observed dependence for the ILD etch rate of all the other
materials discussed so far. As mentioned previously, the lack
of a hydrogen content/density trend for the CHF; ILD etch in
a-C:H and other materials has been attributed to the propen-
sity of this etch to form a comparatively thick CF, surface
layer. In fact, studies by Kuo and others have attributed the
selective CHFj3 etching of SiO, relative to a-SiN:H to the
enhanced growth of a CF, surface layer on a-SiN :H. 494445 1
this regard, we do note that the a-SiN,:H film in the Kuo study
had a N/Si ratio of 1.6 and hydrogen concentration of 15%,
similar to the lowest hydrogen content a-SiN,:H film exam-
ined in this study that also exhibited a relatively low CHF;
ILD etch rate. Thus, these observations suggest that the CF,
surface layer thickness formed during CHF; etching of a-
SiN,:H and other materials is likely dependent on stoichiome-
try (N/Si), concentration of hydrogen, and/or the presence of
specific chemical bonds in the etched film (i.e., C—C, Si-Si,
Si-N, Si-C, Si-H, N-H, or C-H).

The contrasting ES and ILD etch behavior may be attrib-
uted to differences in the propensity of the two chemistries
to etch through a native oxide layer, codeposit CF, during
etching, and the stability of these and other fluoride species
on the a-SiN.:H surfaces. The contrasting dependencies
on N/Si and hydrogen content, in particular, suggest varian-
ces in sensitivity to different elements or chemical bonds
in a-SiN,:H for the two different etches. Disentangling
such effects in a ternary system like a-SiN,:H can be difficult
using simple x—y plots. However, as we will show later,
some of these effects can be more clearly analyzed and visu-
alized via a ternary response surface analysis.

To the authors’ knowledge, relatively few investigations
correlating dry plasma etch rates to variations in a-SiN,:H
properties have been previously reported. However, one
detailed investigation worth noting was reported by Hahn
et al. where the dry etch rates of inductively coupled plasma
(ICP) deposited a-SiN,:H were investigated primarily as a
function of film stress and SFe/Ar ICP etch process condi-
tions.®! When etch conditions with a strong chemical com-
ponent were utilized, the authors observed that the measured
etch rates increased substantially when the intrinsic film
stress increased above 500 MPa. When more physical etch
conditions were utilized, the authors observed no apparent
dependence of etch rate on film stress. While Hahn et al.
report only that the refractive index (RI) of the a-SiN.:H
films was ~2.0 and do not report the exact elemental compo-
sition, the authors’ experience with the a-SiN,:H films in this
study suggests that films with higher compressive stress tend
to be closer to the stoichiometric value of x=1.33. In this
regard, the increase in SF¢/Ar etch rate with a-SiN:H film
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stress observed by Hahn is consistent with the maximum in
CF,/O; etch rate observed at x ~ 1.3 in this study.

To more clearly visualize how both the a-SiN,:H ES and
ILD etch rates vary with composition, a statistical RS analy-
sis was performed. To improve the a-SiN,:H composition
space covered in the analysis, the previously presented
results for PECVD a-Si:H and CVD a-Si were also included.
The resulting ES and ILD etch rate ternary contour plots pre-
dicted from the RS model are depicted in Fig. 6. The filled
circular points present in each ternary plot represent the
compositions for the individual films utilized in the RS
modeling. Each side of the triangle represents the axis for
one of the three elemental components of the system (i.e., %
Si, N, and H in this case) 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 illus-
trates the ES and ILD etch rates predicted by the RS model
as a function of composition.

As evident in Fig. 6, only a portion of the full Si-N-H ter-
nary diagram was sampled in this study. However, a signifi-
cant portion of this diagram is either experimentally or
theoretically known as non film or solid forming. These
regions are signified in Fig. 6 by the additional open circle
data points which represent compositions where either
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FiG. 6. (Color online) (a) ES and (b) ILD etch rates for a-SiN:H as a func-
tion of silicon, nitrogen, and hydrogen content (%). Filled circles represent
experimental data points and open circles non-film-forming compositions.
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topological constraint theory predicts networked solid films
are not possible,gz’83 or solid films are known not to form
(e.g., Ny, NH3, and H, are all gases at room temperature).
The latter is signified by the open the circles along the N-H
axis at 100% N, 25% N-75% H, and 100% H. The former is
represented by the triangle of data points in the right corner
of the ternary diagram that is defined by the average bond
coordination of the constituent elements and topological
bond constraint rules.**** The entire space within the perim-
eter of this triangle defines compositions where networked
films are unlikely.

For the RS analysis of the a-SiN,:H ES etch rate, an
R? value of 0.5 was obtained, indicating that the RS model fit-
ted only 50% of the observed variability in etch rate. Some of
the nonfitted variability could be attributed to the clustering of
the experimental data points in the center and at the Si corner
of the Si-N-H diagram. However, the a-SiN,:H ES etch rate
RS contour profile illustrated in Fig. 6(a) clearly captures the
behavior observed in Fig. 4(a) where ES etch rate generally
decreases with increasing hydrogen content, and is observed to
increase and then decrease with increasing N/Si ratio. This is
consistent with the RS model where %Si—%N and %N-%H
interactions were found to have higher strength of correlations
relative to just %H. Importantly, Fig. 6(a) captures the fact that
the low hydrogen content/low ES etch rate outlier in Fig. 4(a)
is due to the higher N/Si ratio of this film relative to the other
a-SiN,:H films investigated. This is also consistent with prior
studies that have found plasma-deposited nonstoichiometric
hydrogenated silicon nitride to have higher CF4/O, etch rates
relative to silicon and low hydrogen stoichiometric silicon
nitride deposited by chemical vapor deposition.>*

The maximal ES a-SiN,:H etch rate predicted by the RS
model actually occurs at roughly 60% Si, 30% N, and 10%
H. Unfortunately, the predicted maximum falls outside the
experimentally sampled portion of the Si-N-H ternary dia-
gram. It is unclear whether such a maximum truly exists or
is simply an artifact of the reduced model fit and/or the non-
uniform sampling of composition space. Any attempts to
extrapolate the results of the a-SiN,:H ES RS model outside
the experimentally sampled regions should be taken with
some caution, but this result suggests a composition space
worthy of future investigation.

For the RS analysis of the a-SiN,:H ILD etch rate, a much
higher R? value of 0.97 was obtained, indicating that the
model fitted 97% of the observed variability in etch rate. The
RS contour profile [Fig. 6(b)] captures the trends observed in
Fig. 5, where ILD etch rate increases as a function of both
hydrogen content and N/Si ratio. This is consistent with the
RS model where %H, Si, and N were all found to be stronger
effects than any cross term interactions. For the ILD a-SiN,:H
etch rate, the predicted maximum etch rate is centered at
100% H and broadly decreases as one moves toward the Si-N
tie-line with a minimum predicted at predominantly silicon-
rich conditions [see Fig. 6(b)]. This visually indicates that,
within the film-forming regions of the Si-N-H system, hydro-
gen content and silicon content are the dominating factors for
determining the a-SiN,:H ILD etch rate.
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3. a-SiCy:H

Figure 7 presents the ES and ILD etch rates for the
a-SiC:H films investigated in this study as a function of both
hydrogen content and C/Si ratio, x. As shown in Fig. 7(a),
the a-SiC,:H ES and ILD etch rates were both quite low at
2-3 A/s for <45% H. However, the ES etch rate showed a
huge variance (~2-55 A/s) for films with hydrogen content of
45%-55%, while the ILD etch rate remained relatively
unchanged as hydrogen content increased further. The ES etch
rates can be better understood by looking at their dependence
on C/Si ratio. As Fig. 7(b) shows, the increase in ES etch rate
for films with >45% hydrogen content corresponds directly
with a shift in the C/Si ratio away from the stoichiometric
value of 1.0 to higher values. In fact, the a-SiC,:H etch rate is
observed to increase almost linearly with x from 1 to 4.5. With
increasing carbon content, carbon becomes increasingly incor-
porated as terminal CH; groups instead of in a network-
forming capacity where C is predominantly bound to C and Si
atoms and hydrogen predominantly incorporated as monohy-
drides (C-H and Si—H).85 8% In the latter case, three or four
Si—C or C—C bonds must be broken in order for a Si or C atom
to be removed from the material. However, for the terminal
CHj3; species, only a single Si—C or C—C bond must be broken
in order for a carbon atom to be removed from the material.

061302-9

The amount of interconnected nanoporosity was also
observed to increase substantially for SiC,:H films with
H>45% and C/Si>1,° coincident with environmental
oxygen contamination increasing to as high as 15-18%.
These factors likely also contribute to the enhanced ES etch
rate for the highest carbon content a-SiC,:H films due to
deeper penetration into the surface of the films by the
plasma-activated reactants generated in the CF4/O, plasma.
This is illustrated in Fig. 8 where the a-SiC,:H ES etch rates
are plotted as a function of mass density. Here, one can see a
gradual increase in etch rate with decreasing mass density
similar to that observed for a-C:H. One can also observe
that the films with significant amounts of interconnected
nanoporosity exhibit significantly higher etch rates relative
to those with similar mass densities. This effect will be
even more clearly shown later in the examination of the
a-Si0,C:H system.

For the ILD etch, the a-SiC,:H etch rate essentially shows
no dependence on hydrogen (or carbon) content, and the
measured etch rates were quite low (<5 A/s) for the compo-
sition space examined. This is consistent with the generally
low to negligible etch rates observed for single-crystalline
SiC in fluorinated plasmas®” and the similarly low etch rates
observed for a-SiC:H.*' For highly polymerizing fluorinated
plasmas (such as CHF;), the low etch rates have been
directly attributed to the growth of a relatively thick CF, sur-
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Fic. 9. (Color online) (a) ES and (b) ILD etch rates for a-SiC,:H as a func-
tion of silicon, carbon, and hydrogen content (%). Filled circles represent
experimental data points and open circles non-film-forming compositions.

For the RS analysis of the a-SiC:H ES etch rate, an R?
value of 0.60 was obtained, indicating that only 60% of the
observed variability in etch rate was captured by the RS
model. This could be due to the incomplete coverage of the
full Si-C-H composition space and/or the additional nonlin-
ear effect resulting from the presence of nanoporosity which
is not explicitly a function of elemental composition. We do
note that the near zero etch rates predicted for the low hydro-
gen content composition space is consistent with the com-
paratively low CF,/O, etch rates reported in the literature for
single crystal SiC (Ref. 87) and diamond.*® However, con-
tour plots in Fig. 9(a) do reasonably capture that beyond
~20% H, the a-SiC,:H ES etch rate clearly increases with
increasing carbon content, reaching values of >40 A/s. The
RS contour plots also capture the a-C:H etch rate increasing
with increasing hydrogen content.

For the RS analysis of the a-SiC,:H ILD etch rate, a low
R? value of 0.30 was obtained, indicating a poor fit to the
experimental data. This is likely due to the low and generally
unvarying ILD etch rates measured for all the a-SiC,:H sam-
ples. However, the RS contour plot displayed in Fig. 9(b)
does capture qualitatively the lack of variability in ILD etch
rate in the Si-C-H system.

4. a-SiOxNy,:H
Figure 10 presents the ES and ILD etch rates for a series of
a-SiO,N,:H films produced by intentionally adding an oxidizer
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Fic. 10. (Color online) (a) ES and (b) ILD etch rates for a-SiO.N,:H as a
function of oxygen content (%).

to the deposition chemistry for one of the a-SiN:H films
examined in Sec. IIIB 2. This generated films with oxygen
content up to ~30% while hydrogen content remained rela-
tively constant at 18%—20%. To illustrate how the a-SiO,N,:H
etch rates compare with those for zero nitrogen content, etch
results for two PECVD SiO, films were included in Fig. 10
that had 7%—14% hydrogen and trace (but detectable) N levels
of 0%—5%. As can be seen, both the ES and ILD etch rates for
the a-SiO,N,:H films smoothly decreased with increasing oxy-
gen content to values approaching those for a-SiO,. For the ES
etch, the a-SiO,N,:H etch rate quickly approached the values
measured for PECVD SiO, at 20%—-30% oxygen. For the ILD
etch, the a-SiON,:H etch rate decreased to the PECVD SiO,
values in a more linear fashion.

Several prior studies have investigated the influence of O/N
content on a-SiON:H etch rates in various dry plasmas.?~2
Of particular relevance to this study is the investigation by
Cavallari and Gualandris where CF4/O, dry etch rates as a
function of PECVD a-SiO,N,:H RI were reported.® In this
study, the authors observed that etch rate increased smoothly
as RI increased from 1.4 (for SiO,) to 1.6 (for oxygen-rich
a-Si0O,N;:H), while reaching a plateau at RI values of 1.8-1.9
(nitrogen-rich a-SiONy:H). These results are in excellent
agreement with those reported here for a-SiON,:H CF4/O,
etching where etch rate was also observed to increase with
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decreasing oxygen content and increasing RI (not shown). In
contrast, Ueno et al. investigated CHF; reactive ion etching of
PECVD a-SiON;:H and observed that the dry etch rate
increased slightly as RI decreased from 2.1 to 1.6 and pla-
teaued at a RI value of 1.44 (i.e., for Si0,).” However, the
counter trend observed by Ueno can be partly explained by the
fact that the starting base a-SiN,:H film was Si-rich with
x220.6, whereas x for the starting a-SiN,:H film in this study
was closer to 1.0.

To help better understand how the exact elemental compo-
sition in the Si-O-N system can influence dry etch rates, we
present in Fig. 11 ternary Si-O-N RS contour plots for ES and
ILD etch rates based on the a-SiO,N,:H films investigated in
this study. The plots are valid only for H<20%, and can
more accurately be viewed as a slice through a Si-O-N-H
pyramidal quaternary diagram at H~20%. However, we
believe Fig. 11 should still be predictive of general trends for
other hydrogen contents reasonably outside this narrow range
of H. As for the previous ternary diagrams, the open circles
represent known non-film-forming regions, which in this case
essentially encompass the entire O-N axis and surrounding
region (i.e., Oy, N,, N>O and similar species are all gases at
room temperature). The R? for both the ES and ILD etch RS
models were high at 0.8 and 0.9, respectively, and the pre-
dicted response surface contour plots reproduce well the
behavior shown in Fig. 10 where increasing oxygen content
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Fic. 11. (Color online) (a) ES and (b) ILD etch rates for a-SiON,:H as a
function of silicon, oxygen and nitrogen content (%). Filled circles represent
experimental data points and open circles non-film-forming compositions.
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for a a-SiN:H film with x=1 leads to a decrease in both the
ES and ILD etch rates. In addition, Fig. 11(b) shows that the
addition of oxygen to a a-SiN¢:H film with x=0.6 (i.e.,
>65% Si) can lead to a slight increase in ILD etch rate as
observed in the Ueno study.”®

5. a-SiCxN,:H

For the a-SiC,N,:H system, only a limited number of sam-
ples with compositions within the Si-C-N ternary system were
obtained (see Table I), which exhibited high ES etch rates of
~50 A/s and moderate ILD etch rates of ~5 A/s. Despite the
limited composition space for the SiC,N:H samples, when
included with samples from the previously presented Si-N-H
and Si-C-H systems, a reasonable response surface analysis of
the Si-C-N system was possible. As Secs. III B 1-1II B 4 have
shown that high hydrogen content and interconnected porosity
can significantly influence both the ES and ILD etch rates, the
merged a-Si:H, a-C:H, a-SiNH and a-SiC:H datasets were
intentionally limited to samples with hydrogen content <50%
where interconnected porosity was observed to develop in
a-C:H and a-SiC.:H. The resulting Si-C-N ternary ES
(RZ: 0.8) and ILD (R2:0.9) etch rate RS contour plots are
both shown in Fig. 12. For the ES etch rate, a predicted maxi-
mum exists along the C-N tie-line at approximately 45% N.
This maximum decreases with increasing Si content along a
ridge that follows a tie-line to roughly 85% Si on the Si-N tie-
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Fic. 12. (Color online) (a) ES and (b) ILD etch rates for a-SiC,N,:H as a
function of silicon, nitrogen, and carbon content (%).
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line. Interestingly, the predicted maximum corresponds to an
approximately stoichiometric C3N4 composition, and may
represent a material class worthy of further investigation in
this regard. This maximum is somewhat similar to the maxi-
mum observed along the C-H tie-line in the Si-C-H system
and suggests that the addition of nitrogen to carbon could play
a similar role in reducing network connectivity and develop-
ing nanoporosity.

In contrast, the ILD etch rates show a maximum that falls
within the nitrogen-rich phase field and decreases with
increasing Si and/or C content at a similar rate. In this
regard, we do note that while constraint theory would predict
that continuous networked films are possible in the nitrogen-
rich composition space, pure (100%) nitrogen is a gas (i.e.,
N»). As both the predicted maxima also fall outside the com-
position range sampled for this ternary system, we note that
some caution should be taken in these extrapolated results
despite the high R* for the RS model.

As mentioned previously, hydrogen has been shown to
have a significant influence on both the ES and ILD etch
rates in a-SiN,:H and a-SiC,:H. Thus, it can be anticipated
that hydrogen content variations would also have a similar
effect within the a-SiC,N,:H system. In this regard, we can
envision a three dimensional quaternary plot with hydrogen
represented by an apex extending out of the plane for the Si-
C-N ternary plots shown in Fig. 12. Two of the faces of this
pyramid are represented by the Si-N-H and Si-C-H ternary
plots shown in Figs. 7 and 10, respectively, and the third
by a similar C-N-H ternary plot not directly investigated in
this study due to the unavailability of a-CN,:H samples.
Figure 12 can thus be considered as a top-down view of this
pyramid where the top hydrogen rich portion of the quater-
nary pyramid has been removed. Based on this perspective
and the trends observed for a-SiN,:H and a-SiC,:H systems,
we would anticipate that the contour plot for the ES etch rate
quaternary would show a maximum along the C-H tie-line
that decreases/slopes toward the Si-N tie-line. Similarly for
the ILD etch rate quaternary, we would anticipate a maxi-
mum along the N-H tie-line that decreases/slopes toward the
Si-C tie-line.

6. a-Si0,C,:H

The final ternary composition space examined is the
SiO,C,:H system. Due to the widely varying ways that these
films may be fabricated and that carbon may be incorporated
into the SiO, network and produce different degrees of isolated
and interconnected nanoporosity,”>* this is the most complex
system to interpret and explain the observed etch rate behavior.
It is also arguably the most well-studied of the material sub-
classes, and therefore, a lot is known regarding the atomic
structure for various compositions and fabrication methods. To
assist the interpretation and allow various trends to be more
clearly observed, we classify the a-SiO,C,:H films based on
whether the network bonding is predominantly Si-O (i.e.,
a-SiOC:H) or Si—C and Si-O (i.e., a-SiCO:H) and whether
the films contain significant levels of interconnected porosity
(typically >12% porosity with pore diameter >1nm). The

J. Vac. Sci. Technol. A, Vol. 34, No. 6, Nov/Dec 2016

061302-12

former classification is based on transmission Fourier
transform-infrared spectroscopy measurements and the latter
based on both ellipsometric porosimetry and positronium anni-
hilation lifetime spectroscopy measurements that have all been
previously described in detail.*®

Figure 13 presents the a-SiO,C,:H ES etch rates as a
function of both carbon and hydrogen content. A general
increase in etch rate with both increasing carbon and hydro-
gen content was observed. This trend is consistent with prior
observations for other systems (i.e., a-C:H, a-SiO,:H, and
a-SiC,:H) where increasing hydrogen/terminal CH,, content
was observed to lead to an increased ES etch rate. For
a-Si0,C,:H, the connection between carbon and hydrogen
content both increasing in concert is similar to that for
a-SiC:H where for PECVD a-SiO,C,:H hydrogen is in
many cases also predominantly coincorporated with carbon
as terminal CH, groups.”>**

Focusing on Fig. 13(a) in more detail, one can observe
more subtle differences in etch rate. Relative to pure PECVD
Si0O,, the incorporation of even trace (1%—4%) amounts of
carbon was observed to result in a two-to-threefold increase
in the ES etch rate. However, for increasing levels of carbon,
the ES rate was either further increased or reduced depending
on the way in which the carbon was incorporated into the
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Fic. 13. (Color online) ES etch rates for a-SiO,C,:H as a function of (a) car-
bon content (%), and (b) hydrogen content (%).
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films. For the a-SiO,C,:H films with small amounts of carbon
(12%-17%), the carbon was predominantly incorporated as
terminal CH, groups that lower the density of the material
and increase both the size and amount of nanopores present in
the material (see data points labeled SiOCH).93’94 When the
concentration of carbon incorporated as terminal CH,. groups
increases beyond 18%, the nanopores present in these materi-
als start to become interconnected, which results in a highly
porous material.>® As previously observed for both a-C:H
and a-SiC,:H, this leads to further increases in a-SiO,C,:H
etch rate due to both the lower mass density and the ability
of the plasma-generated etch precursors to penetrate more
deeply into the surface of the a-SiO,C,:H film (see porous
SiOCH data points). This latter point is more clearly observed
in Fig. 13(b), in contrasting data points for SIOCH and porous
SiOCH, where films with similar hydrogen content but higher
levels of interconnected nanoporosity exhibit higher ES etch
rates. A similar dependence of etch rate on porosity for low-k
a-SiOC:H materials has also been observed and reported by
others.”>™

However, carbon can also be incorporated directly in the
network structure of a-SiO,C,:H as opposed to as terminal
CH, groups.61’100 The a-SiO,C:H thin films where carbon
was incorporated in this fashion are signified in Fig. 13 as
SiCOH and porous SiCOH. As shown in Fig. 13(a), the
SiCOH films exhibit very low ES etch rates of 14 A/s and,
as illustrated in Fig. 13(b), also exhibit reduced hydrogen
content relative to many of the SIOCH class films. Both of
these observations are due to these films having both
Si—O-Si and Si—C-Si linkages, where for the latter, the car-
bon is primarily fourfold-bonded to Si.®" The presence of
C(Si)4 groups and the low ES etch rate is thus consistent
with the low ES etch rates observed for a-SiC,:H films with
similar hydrogen content.

Films with both Si—-O-Si and Si—C-Si linkages and
increased hydrogen content can also be made. In this case,
the increased hydrogen content leads to the conversion of car-
bon incorporated primarily as C(Si); groups to Si—CH,—Si
groups.'® As for a-SiC,:H, this leads to the development of
some interconnected nanoporosity.”® This results in the ES
etch rates for the porous SiCO:H films increasing relative to
those for nonporous SiCO:H. However, the amount of inter-
connected nanoporosity in the porous SiCO:H materials is
lower than in the porous SiOC:H materials, despite these films
in some cases having both higher carbon and hydrogen con-
tent. Thus, the ES etch rates for the porous SiCO:H materials
are significantly lower than those for porous SiOC:H. This is
consistent with several studies of the plasma ash and damage
resistance of low-k a-SiOC:H and a-SiCO:H where the a-
SiOC:H materials that have increased Si—CH,—Si linkages
have been reported to be more resistant to various plasma
processes.'”!

For the ILD etch, similar behavior is observed, but the
trends are more heavily dominated by how carbon is incor-
porated in the a-SiO,C,:H network rather than the porosity.
As shown in Fig. 14, the a-SiO,C,:H films wherein carbon is
incorporated predominantly as terminal CH, groups (i.e.,
SiOCH and porous SiOCH) all exhibit similar ILD etch rates
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Fic. 14. (Color online) ILD etch rates for a-SiO,C,:H as a function of (a)
carbon content (%), and (b) hydrogen content (%).

independent of the carbon and hydrogen content. Likewise,
a-SiO,C,:H films where carbon is more directly a part of the
network structure (i.e., SICOH and porous SiCOH) also
exhibit similar (but lower) ILD etch rates independent of the
carbon and hydrogen content. This could be a result again of
the tendency of the CHF; ILD etch plasma to codeposit and
form CF, residues on the a-SiO,C,:H surface that partially
block nanopores exposed at the surface, thus preventing
deeper penetration of the plasma-generated etchants into the
film surface.’”’° However, it has been additionally shown
by Standaert that the presence of hydrogen and carbon in sil-
icate glasses can influence and increase the thickness of the
surface fluoride layer that develops on the silicate surface
during CHFj; etching.'®

Although a sufficiently large sample set of a-SiO,C,:H
samples was investigated in this study, a more detailed RS
model for this system was not attempted due to the addi-
tional complexity of how carbon was incorporated and the
significant influence of extended nanoporosity when present.

C. Identification of alternate etch colors

In order to conclude by identifying possible third or
fourth color materials for pitch-division and multipattern
processing, we consider a basic dual damascene scheme
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utilized for forming trench and via patterns in an ILD mate-
rial that will be subsequently filled with a metal such as Cu
to form a metal interconnect layer.'”> We note that this is
just one of many examples where a pitch-division patterning
scheme may be utilized and that some details have been
omitted to avoid creating a lengthy tutorial. For the specific
application described here, SiO, or a low-k a-SiOC:H dielec-
tric is utilized as the ILD and a thin a-SiN:H or a-SiCN:H
layer is typically inserted below the ILD to serve as both an
etch stop for the ILD etch, a metal adhesion layer, and a bar-
rier for diffusion into and out of the underlying metal
layers.®® To form such metal interconnect layers, optical
lithography techniques are utilized to define patterns in a
photoresist material spin-coated on top of the ILD material.
This pattern is subsequently transferred directly into the ILD
material using a dry anistropic etch and ideally selectively
stops within the underlying etch stop layer. To allow connec-
tions between the new metal layer and underlying metal
layers, additional photolithographical patterning is per-
formed and a second etch (i.e., ES etch) is used to break
through the underlying etch stop/adhesion layer/diffusion
barrier. Before the trenches and vias are filled with metal,
any remaining photoresist not consumed by the ILD and ES
etches is subsequently removed by a series of dry plasma
ashes and wet cleans. Thus, product requirements (such as
the ILD must be an excellent electrical insulator) and inte-
gration requirements (such as the ES must also be a good dif-
fusion barrier and adhesion layer to the underlying metal
layer) by default specifically define two material and etch
combinations (i.e., colors) for this particular patterning
scheme (see Fig. 1 of Ref. 103 for more details regarding
dual damascene patterning methods).

In more advanced dual damascene patterning schemes, a
hardmask material may be added on top of the ILD to,
among many additional considerations,” improve the pat-
tern transfer fidelity of high aspect ratio features from the
photoresist into the underlying ILD.'® The hardmask in this
case is ideally required to be selectively etched relative to
the ILD, remain in place during the subsequent ILD and ES
etches, and easily removed after completion of the ILD and
ES etches. In this regard, such hardmasks represent a need
for a third color material and etch combination. For more
complex multipattern dual damascene schemes, additional
backbone and spacer materials may be added on top of the
hardmask that must in turn be selectively etched and
removed relative to the underlying hardmask and exposed
ILD and ES materials.”® These backbone and spacer materi-
als thus represent a need for a third or fourth color combina-
tion of materials and etches. In even more complex
multipatterning schemes, dissimilar etch stop materials may
be used to cover different metal lines that require unique
etches to selectively breakthrough and etch one ES material
in the presence of the others and the ILD material.>® By
default, the additional etch stop materials represent third and
fourth color materials that require unique third and fourth
color etches.

Consideration of the above dual damascene patterning
schemes helps to define the material and etch criteria for

J. Vac. Sci. Technol. A, Vol. 34, No. 6, Nov/Dec 2016

061302-14

potential third and fourth colors. Specifically, any third or
fourth color material must have either a zero etch rate in
both the ES and ILD etches or several orders of magnitude
higher etch rate in these two etches relative to the ES and
ILD materials utilized. This in turn requires the identification
of a third and fourth color plasma etch that can etch the still-
to-be-identified third and fourth color pattern materials but
not etch the already defined ES and ILD materials. Although
other etch chemistries were not investigated in this study, a
number of other dry etch chemistries based on H,, HCI, Cl,,
CCly, HBr, Br,, BCls, NF;, and SF¢ are available and com-
monly utilized in the semiconductor industry.**'°> Thus, the
goal of this study is to identify potential materials within the
Si-C-O-N-H system that, in combination with these other
etches, may facilitate third and fourth color patterning.

To help identify potential third and fourth color materials
from the Si-C-O-N-H system in the context of the above dual
damascene patterning schemes, we summarize in Fig. 15 the
ES and ILD etch rates for the various materials examined nor-
malized to the etch rate of a well-known ILD material: SiO,.
The results are again presented as a function of mass density
both for clarity of presentation and to more easily facilitate
discussion later regarding additional requirements for the vari-
ous materials. As shown in Fig. 15(a), a wide range of etch
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Fic. 15. (Color online) (a) ES etch rates and (b) ILD etch rates for various
materials examined in this study relative to a-SiO,.
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rates relative to SiO, was observed using the CF4/O, ES etch.
As perhaps expected based on the name of the etch, the
a-SiN:H and a-SiCN:H materials most commonly used as the
etch stop in dual damascene metal interconnect patterning
exhibit significantly higher etch rates relative to SiO, with
etch selectivities as high as ~60:1. This means that after
trenches and vias have been properly defined in the ILD, the
etch stop materials can be easily etched through to expose the
underlying metal layer without significantly etching the ILD
material further and inducing a loss in pattern fidelity or criti-
cal dimension (CD) control. However, some of this selectivity
is lost if low-k a-SiOC:H or porous a-SiOC:H (p-SiOC:H)
materials are used as the ILD instead of SiO, in order to
reduce parasitic capacitive delays in the metal interconnect.
As shown in Fig. 15(a), the a-SiOC:H and p-SiOC:H materi-
als exhibit higher etch rates in the ES etch relative to SiO,.
Depending on the specific composition of the ILD and ES,
the use of low-k ILDs can reduce the ES/ILD etch selectivity
from as high as 60:1 to as low as 1:1.

From the perspective of identifying potential third and
fourth color materials, none of the materials examined in the
Si-C-O-N-H system exhibit several order of magnitude
higher etch rates in the ES etch relative to SiO,. SiCN:H
exhibits the highest etch selectivity of up to 60:1, and based
on response surface modeling of the Si-C-N ternary system,
a-CN:(H) may demonstrate even higher etch selectivity than
this. On the other hand, several materials exhibit sufficiently
low to negligible ES etch rates to merit further consideration.
Of these, the high-density/low-hydrogen-content forms of
a-C:H, a-Si:H, a-SiC:H, and SiCO:H stand out as well as Si-
rich a-SiN:H. To further cull this list, we next look at the
ILD etch rates of the various examined materials in the
CHF; ILD etch.

As shown in Fig. 15(b), all the materials exhibit compara-
ble etch rates relative to SiO, with etch selectivities ranging
from <0.1 to 5, with a-C:H, a-Si:H, a-SiC:H, and a-SiOC:H
still exhibiting the lowest relative etch rates. The narrower
range in etch selectivity can be attributed to the polymerizing
nature of the CHF; chemistry that for blanket etch rate meas-
urements can result in the formation of a significant fluori-
nated polymer surface layer in most cases. Once formed,
physical ion bombardment and surface defluorination is
required for etching to be sustained and this can reduce/mute
the sensitivity between the etch chemistry and the mate-
rial. *** However, such polymer formation is beneficial in
that the polymer buildup that occurs on the sidewalls of an
etched feature helps to create the anisotropy needed to transfer
high aspect ratio features into the desired material. For ILD
etching, this polymer buildup also helps to slow the etch and
overcome the low blanket etch selectivity observed between
the various SiO, and a-SiOC:H ILD materials and a-SiN:H
and a-SiCN:H ES materials shown in Fig. 15(b).36’105

At this point, we do note that the etch selectivities pre-
sented in Fig. 15 are relevant only to the specific process
conditions utilized for the CF4/O, and CHF; etches.
Numerous studies have shown that widely varying etch rates
and etch selectivities can be achieved by varying CF,/O,
ratios, pressure, power, bias, and numerous other process
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conditions.®*>™ Thus, it is possible that for a given combi-
nation of materials, significantly better (or worse) etch selec-
tivities may be achieved by using different process
conditions or slightly different process chemistries (i.e.,
CH,F,, CE4/Ar, CoFg/0,, etc.). > #4106107 However, tweak-
ing process conditions by *10%-50% (as in a typical
plasma etch design of experiments’>'%®) is not likely to
manipulate etch selectivities by the several orders of magni-
tude needed to by itself create a third or fourth color material
from the Si-C-O-N-H system. In this regard, we believe that
materials that show near negligible etch rates in both the
CF,4/O, ES and CHF; ILD etches will hold the most promise
as candidate third and fourth color materials from the Si-C-
O-N-H system.

In this regard, the high-density/low-hydrogen-content
a-C:H, a-Si:H, and a-SiC:H films show the most promise as
potential third and fourth color materials. For the latter,
Posseme and Standaert have both investigated in detail the
etch selectivity of a-SiC:H relative to SiO,, a-SiOC:H, and
a-SiN:H and confirmed that a-SiC:H has low etch rates and
high etch selectivity in a variety of fluorinated plasma
etch chemistries including CF,, CHF;, C4Fg, CH,F,, and
C,Fs.** Based on this, one would anticipate that a-SiC:H
could represent a potential third color patterning material.
However, investigations of a-SiC:H as a hardmask in low-k/
Cu dual damascene patterning by Darnon concluded that a-
SiC:H did not have sufficient etch selectivity.'®* Although
the technical details of the a-SiC:H were not reported by
Darnon, it is possible that the a-SiC:H utilized in this study
was a low-density/high-hydrogen-content material. For the
a-SiC:H utilized by the same group in the Posseme study, a
mass density of 2.0 g/cm® and hydrogen content of 50% was
reported.* As this study has demonstrated, the etch resis-
tance of a-SiC:H in both ES and ILD etches can be dramati-
cally improved by reducing hydrogen content down to 25%
to achieve mass densities of 2.5 g/cm® or greater. Therefore,
reconsideration of higher density/lower hydrogen content
a-SiC:H as a hardmask or other patterning material may be
merited, but will require the identification of non-fluorine-
based dry etch chemistries to enable selective dry patterning
of a-SiC:H as well as wet chemical or other routes for
a-SiC:H hardmask removal after the patterning process has
been completed. The latter has been demonstrated for
lower density forms of a-SiC:H,'® but may be more chal-
lenging for higher density/lower hydrogen content forms of
a-SiC:H.'"°

The challenges of etching high-density/low-hydrogen-
content a-SiC:H may make a-C:H and a-Si:H more attractive
as potential third/fourth color pattern materials from the Si-
C-O-N-H system. Numerous methods for wet and dry etch-
ing of both materials are known,'''"2 and the use of various
forms of both as hardmasks has already been reported.''*~'1°
The primary challenge with using a-C:H as a hardmask that
limits its consideration as a possible third color pattern mate-
rial concerns differentiation between a-C:H and photoresist.
Specifically, the O, and H, based plasmas typically utilized
to dry etch and pattern a-C:H can also aggressively attack
photoresist.'” These etches are also problematic when used
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for patterning low-k a-SiOC:H dielectrics due to their pro-
pensity to selectively remove carbon from low-k materials
and create a host of performance and reliability issues.''®
Optical transparency can also be a major challenge for both
a-C:H and a-Si:H.'* However, this is a challenge for other
commonly used hardmask materials such as TiN as well.>’

Beyond blanket hardmask applications, use of a-C:H,
a-Si:H, and a-SiC:H as backbone and/or spacer materials
in multipatterning approaches may be limited by additional
requirements beyond etch selectivities. As one example,
spacer materials utilized in multipatterning processes must
have high conformality and step coverage while having low
deposition temperatures compatible with the melting point
of the photoresist material that they may be deposited
over."" For the CVD and PECVD methods most commonly
utilized to deposit these materials, meeting both of these
requirements can be a challenging task.’® Atomic layer
deposition (ALD) is one method that has shown the potential
to meet these requirements for oxide materials, but viable
ALD processes for a-C:H, a-Si:H, and a-SiC:H have so far
yet to be demonstrated.'*°

Beyond the above discussion, we acknowledge that many
additional factors come into consideration when selecting
and optimizing materials and etches to support various pat-
terning schemes. Factors such as line edge roughness, micro-
trenching, surface roughening, across wafer etch and CD
uniformity, cost, defects and environmental-health-safety
issues can further constrain and limit the selection process
for identifying third and fourth color pattern assist materials
and etches.*'% Such considerations are beyond the scope
of this relatively simple attempt to screen a diverse array of
materials based on two common ILD and ES etches.
However, as noted previously, the presented study should
allow a more rational selection of a reduced subset of materi-
als to be selected for more detailed examinations of the
material influence on pattern-dependent etch features.

In this regard, we do note that the carbon-nitrogen-
hydrogen system (i.e., a-CN,:H) is one composition space
neglected in this study that has shown promise for develop-
ing tribological coatings for magnetic memory devices.'*!
Although the response surface modeling of the Si-C-N
system performed in this investigation does not suggest this
composition space will yield potential third or fourth color
materials, the development of such materials could bring
additional flexibility and depth to the list of available pattern
assist materials. Nevertheless, new materials outside the
Si-C-O-N-H system will likely be required to achieve the
ultimate goal of true four color patterning. As mentioned
previously, TiN is one material outside the Si-C-O-N-H sys-
tem that has found extensive use as a hardmask material in
advanced patterning schemes,?’ but has limitations in terms
of defects, optical transparency, and inducing mechanical
instabilities in the patterning stack.*®>° In a follow on article
to this one,’® we explore additional materials outside the Si-
C-O-N-H system that offer the potential to be viable third
and fourth colors, including high-k dielectric (Al,O3, AIN,
HfO,) and up-and-coming boron-containing low-k dielectric
materials (a-B:H, a-BC:H, a-BN:H, and a-BP). As we will
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show in this second article,’® these materials offer the poten-
tial to bring additional flexibility in the ultimate selection of
materials and design of the pitch division pattern stacks.

IV. SUMMARY AND CONCLUSIONS

Two dry fluorinated plasma etches commonly utilized to
selectively etch ILD (CHF3) and ES (CF4/O,) materials in
dual damascene patterning processes were utilized to survey
the etch characteristics of a large array of materials from
within the Si-C-O-N-H system to identify possible third and
fourth color materials for use in advanced pitch division and
multipatterning processes. The materials surveyed exhibited
a wide range of relative etch rates in the CF4/O, ES etch
with common a-SiCN:H ES materials exhibiting etch selec-
tivities as large as 60:1 and lower than 1:0.1 relative to SiO,.
In contrast, the observed range of etch rates for the CHF3
ILD etch was reduced with typical ILD to ES etch selectiv-
ities ranging from 5:1 to 1:0.1 or less. The reduced range of
etch rates observed for the CHF; ILD etch was attributed to
the tendency of this chemistry to form fluorinated surface
layers that required ion-bombardment-induced defluorina-
tion to drive further etching.

Both hydrogen and carbon incorporation were found to
significantly influence the etch rates of the material classes
investigated. Hydrogen was found to increase the dry etch
rate of many of the materials by reducing both the atomic
density and overall network connectivity. This was not the
case, however, in some of the ILD etches due to the afore-
mentioned formation of CF, surface layers, or in the case of
the SiN:H ES etch rates, where the correlation between etch
rate and N/Si ratio was the dominant influence. The incorpo-
ration of carbon was found to increase or decrease the etch
rate of materials depending on how the carbon was incorpo-
rated in the film. When carbon was incorporated directly into
the network bonding of a material, the etch rates generally
decreased or remained low. However, when carbon was
incorporated primarily as terminal organic groups (typically
CH,), the etch rates increased following the trends for hydro-
gen. Further, incorporation of sufficiently large amounts of
terminal organics resulted in the development of intercon-
nected porosity and further increases in etch rate. By incor-
porating oxygen into SiN,:H to yield SiO,N,:H films, both
ES and ILD etch rates could be varied smoothly from
SiN,:H ranges to SiO, ranges.

Of all the materials examined, high-density/low-hydro-
gen-content a-C:H, a-Si:H, and a-SiC,:H exhibited low to
negligible etch rates in both the ILD CHF; and ES CF,/O,
etches and could represent potential third and fourth color
patterning assist materials in combination with other still-to-
be-determined etches. Beyond these materials, a-CN,:H rep-
resents a composition space that has largely been ignored for
patterning applications, but was predicted to exhibit very
high (higher than a-SiCN,:H) ES etch rates based on
response surface modeling of the Si-C-N ternary system, and
may warrant further investigation. It is likely that many
more additional considerations beyond those examined in
this study will need to be addressed to solidify the selection
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of the identified materials as potential third and fourth color
materials. It is also likely that many more additional materi-
als (and etches) will need to be identified to provide the flex-
ibility of meeting not only the requirements of
multipatterning processing, but the device and product inte-
gration requirements. In this regard, we hope that this rela-
tively simple demonstration inspires future united
combinatorial material composition and dry etch process
chemistry studies. Additional efforts by the authors to per-
form a similar survey on materials outside the Si-C-N-O-H
system including high-k (Al,O3, AIN, and HfO,) and boron-
containing low-k dielectrics (a-B:H, a-BC:H, a-BN:H, and
a-BP) will be presented in a companion article to this one.”®
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