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ABSTRACT

Ruthenium and molybdenum are candidate materials to replace Cu as the back-end-of-line interconnect metal for the tightest pitch features
for future technology nodes. Due to their better figure of merit py x A (po bulk resistivity, A electron mean free path), it is expected that the
resistance of <10 nm wide Ru and Mo metal lines can be significantly reduced compared to Cu. An important advantage for Ru and Mo is
that both materials, in contrast to Cu, can be patterned by means of so-called direct metal etch, through reactive ion etching or atomic layer
etching and can potentially be implemented without barrier. An integration scheme with direct metal etch instead of damascene patterning
could simplify the overall patterning flow and eventually opens the possibility for exploring new integration concepts and patterning
approaches. However, the learning on direct metal etch of Ru and Mo in the literature is scarce, especially at the relevant dimensions of
today’s interconnects. In this work, we will focus on the major patterning challenges we have encountered during the development of direct
metal etch processes for Ru at 18 nm pitch and Mo gratings at 32 nm pitch. We have observed that the direct metal etch of Ru at these
small dimensions is impacted by the growth of an oxidized layer on the sidewalls of the hard mask, which originates from the sputtering of
the hard mask in combination with the O,-based Ru etch chemistry. This results in a narrowing of the trenches to be patterned and can
easily lead to an etch stop in the smallest features. We will discuss several mitigation mechanisms to remove this oxidized layer, as well as to
avoid the formation of such a layer. For patterning Mo with a Cl,/O,-based chemistry, the major patterning challenges we encountered are
the insufficient sidewall passivation and the oxidation of the patterned Mo lines. The sidewall passivation issue has been overcome with an
in situ thin SiO,-like deposition after partial Mo etch, while a possible mitigation mechanism for the Mo oxidation could be the in situ

encapsulation immediately after Mo patterning.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001791

I. INTRODUCTION

For several decades, the semiconductor industry has been suc-
cessfully following Moore’s law, which originally stated that the
number of transistors in an integrated circuit doubles every two
years. This empirical law has been followed by the semiconductor
industry through a combination of dimensional scaling, introduc-
ing new patterning concepts, innovative device architectures,
design-technology co-optimization, tool improvements, and inte-
grating new materials. One of the new materials that was integrated
to slow down the increase of the resistive—capacitive (RC) delay for

each technology node in the back end of line (BEOL) in the
mid-1990s, was Cu. Because of its lower bulk resistivity and higher
electromigration reliability, Cu replaced Al-based interconnects and
became the standard material in BEOL interconnects for the last
two decades." One of the major technical challenges to replace Al
with Cu has been the patterning strategy; while Al and Al-based
alloys can be patterned in a direct way by reactive ion etching, the
direct metal etch (DME) of Cu has proven to be extremely chal-
lenging™’ due to the absence of volatile by-products. Therefore, the
DME approach of Al-based interconnects was replaced with the
damascene patterning approach, i.e., defining trenches and vias in
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a dielectric material, filling these features with a metal, such as Cu,
and finally planarizing the structures by a mechanical chemical pol-
ishing process." Furthermore, dual damascene processing presented
a significant cost advantage over previous methods, as two layers
are fabricated in a single step.

Although damascene patterning had to overcome many tech-
nical challenges, Cu-based interconnects have been around for
many consecutive technology nodes. As we are progressing toward
local BEOL interconnect metal pitches of 20 nm and smaller (for
technology nodes beyond N2), the resistance of Cu metal lines
increases very fast at such small dimensions due to electron scatter-
ing at surfaces and at grain boundaries.”” Moreover, Cu metal lines
require a liner to prevent Cu diffusion in the dielectric material. As
this liner needs a fixed thickness to prevent diffusion, scaling Cu
interconnects without being able to scale the liner thickness results
in a significant relative increase in metal resistance as a function of
reducing critical dimension. Therefore, many research efforts are
currently spent to find alternative metals to replace Cu at these
small pitches, both for metal lines as well as for vias.”?

Two interesting candidates, which are expected to have a
lower resistance than Cu at very small dimensions, are ruthenium
(Ru) and molybdenum (Mo).” An important advantage for Ru and
Mo is that both materials can be patterned by direct metal etch, as
was the case with Al before the Cu-interconnect era. Moreover, as
both Ru and Mo can be integrated barrierless, a reduction in resis-
tance can be expected when integrating Ru or Mo at small
dimensions.” ™'’ Furthermore, DME reduces the overall processing
cost by avoiding the costly metallization and chemical mechanical
polishing steps in a typical damascene patterning scheme. Finally,
the use of DME opens the possibility for exploring new integration
concepts and scaling boosters, such as semi-damascene patterning,
alternative patterning schemes for self-aligned blocks and vias,
hybrid height metal lines, and pillar vias.”''

It is known for several decades that ruthenium can be pat-
terned with reactive ion etching'”™"" and even with atomic layer
etching'® in an oxygen-based plasma through the formation of
volatile RuOy, while Ru is very etch-resistant toward halogen-based
plasmas. As most of the materials in today’s integrated circuits
(such as oxides, nitrides, or other metals) cannot be etched in
O-based plasmas, integrating Ru as an interconnect metal can be
very patterning-friendly. A typical halogen-based hard mask (HM)
etch process will not affect Ru, while the O-based Ru etch can be
selective to the hard mask as well as to the dielectric layer below
Ru, which potentially enables high aspect ratio metal patterning
and avoids the use of a dedicated etch stop layer. It should be
noted that the DME of Ru does not provide any selectivity to
carbon-based layers, such as spin-on carbon, organic photoresist,
or amorphous carbon.

Anisotropic etching of Ru has been reported by several
groups'*™'® at relatively relaxed dimensions (>100nm feature
width), while isotropic atomic layer etching of Ru has also been
demonstrated."” Still, very limited information is available in the lit-
erature on anisotropic etching of Ru at the relevant small dimen-
sions, where it could result in a resistance gain when replacing Cu,
i.e., at 20 nm metal pitch and below. We have reported earlier on
the behavior of anisotropic etching of Ru metal lines at 32 nm
pitch'®* and on the electrical outcome and the reliability results of
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these features.”™'” In the current study, we will share the results of

patterning Ru at even smaller dimensions (down to 18 nm metal
pitch) on 300 mm wafers and discuss the major patterning chal-
lenge encountered during this development, together with a
number of mitigation mechanisms to overcome this challenge.

In contrast to Ru, reactive ion etching of molybdenum has
been demonstrated in various halogen-based plasma chemistries:
fluorine,”' *° chlorine,”""***>*"*" and bromine’ " plasma chemis-
tries have been used to anisotropically etch Mo, albeit at much
larger dimensions than targeted in the present study. In the current
work, we have chosen to pattern Mo with a chlorine-based chemis-
try as we can expect an improved selectivity toward the dielectric
hard mask, compared to using a fluorine-based chemistry. In the
second part of this manuscript, we will present the most important
patterning challenges we have faced during the DME of Mo metal
lines at 32 nm pitch, and share some learning on potential mitiga-
tion options.

Il. EXPERIMENT

All the experiments in this study have been performed in
Imec’s 300 mm cleanroom. An oxide layer was thermally grown on
a 300 mm Si substrate wafer, onto which a (Ru or Mo) metal layer
was grown.

Due to poor adhesion of Ru on standard dielectric materials
such as SiO, or SizNy, an adhesion layer of 1 nm TiN was deposited
on the bottom oxide layer before the physical vapor deposition
(PVD) of Ru. In this study, the deposited thickness of Ru ranged
between 20 and 50 nm. After deposition, the wafers have been
annealed at 420 °C for 20 min under N, atmosphere, to increase
the grain size and hence lower the resistivity of the material. After
anneal, another thin (1 nm-5nm) TiN film was deposited to
improve the adhesion with the Si;N, hard mask layer.

Molybdenum has been deposited without an adhesion layer
below or above the metal layer. A 50 nm thick metal film was
grown by means of PVD, without any post-deposition annealing
step.

For both metals, we have used Si3N, (denoted as SiN in the
remainder of the text), grown by chemical vapor deposition
(CVD), as the hard mask. The thickness of the SiN hard mask was
varied for Ru and Mo and for different aspect ratios of the pat-
terned metal lines, ranging between 25 and 45 nm. The choice of
hard mask is linked to the semi-damascene patterning approach’
in which the hard mask of the metal layer is used for the creation
of a self-aligned via later in the processing flow. After metal pat-
terning, such self-aligned via can be achieved when there is suffi-
cient etch selectivity between the hard mask material of the metal
lines (SiN in our case) and the dielectric material (SiO, or low-x
material), which is filled in between the metal lines.

To pattern 32 nm pitch features, we have used an amorphous
carbon film on top of the SiN hard mask, followed by the coating
of a metal-organic resist. This resist was patterned by means of
Extreme Ultraviolet lithography. To pattern features below 32 nm
pitch, we have applied a self-aligned double patterning (SADP)
scheme, with amorphous Si as the sacrificial mandrel, and SiO, as
the spacer material. These SiO, spacers were then transferred into
the SiN hard mask, after which the metal patterning tests could be
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performed. Whenever possible, the hard mask etch and the metal
etch steps were combined in a single etch process.

All metal etch development presented in this work was done
in collaboration with Lam Research and was performed on 300 mm
Kiyo® and Versys® tools from Lam Research, both using TCP tech-
nology. Full 300 mm wafers have been used for most of the experi-
ments in this study while smaller coupons, extracted from a
300 mm wafer and attached to an SiO, carrier wafer, have been
used in a few dedicated experiments (Secs. III B 2 and IV A 1). For
Ru etch, an O,-based plasma was used, while Mo was etched in a
Cl,/O;-based plasma. These etch processes were run at normal
pressures (in a 5-50 mTorr range) and at temperatures between
room temperature and 120°C. Small flows of other gases were
added to these baseline chemistries to improve the profile, reduce
masking, and increase the selectivity towards the hard mask.
Further details of these etch processes are not critical for discussing
the major patterning challenges to etch Ru and Mo, as presented in
this work. It is important to note that the Kiyo® tool was equipped
with an in situ conformal SiO, deposition capability.

Morphological characterization of the metal lines after pat-
terning has been done with cross-sectional scanning electron
microscopy (X-SEM) and transmission electron microscopy
(TEM). Some of the TEM images have been further investigated
with energy dispersive x-ray (EDX) analysis to get additional
insights into the chemical composition of the features after metal
patterning.

I1l. RESULTS AND DISCUSSION (1): PATTERNING
CHALLENGES FOR RUTHENIUM DME

As mentioned in Sec. I, DME of Ru can be done in an
0,-based plasma.'”*’ We have used a SiN hard mask with TiN as
an adhesion layer between Ru and the hard mask. Under these
conditions, we have demonstrated the patterning of 42 nm pitch Ru

FIG. 1. (a) Cross-sectional TEM image of 42 nm pitch Ru metal lines, with a
5nm TiN adhesion layer and the remainder of the SiN hard mask on top. EDX
analysis for O (b) and N (c) was done on the same image to highlight the pres-
ence of an oxidized layer on the outside of the SiN hard mask. Also note that
the Ru metal lines do not show any sign of sidewall oxidation.
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metal lines, as shown in Fig. 1(a), with a sidewall angle of 88° with
a selectivity of ~8-10 to the hard mask. Interestingly, an additional
thin layer on the sides of the SiN hard mask is grown, which can
be identified by EDX analysis as an SiO,-like layer of more than
5nm, as shown in Figs. 1(b) and 1(c). This mushroom-shaped
hard mask will become a major patterning challenge when scaling
this direct metal etch process and will be discussed in the next
section.

A. Patterning challenge: Oxide growth on the HM
sidewalls

While the Ru lines at 42nm pitch are well-separated from
each other, it can be expected that scaling this etch process to
smaller pitches will become problematic. The width of the trenches
is decreasing due to the build-up of SiO, on the sidewalls of the
SiN hard mask, which will eventually lead to neighboring features
touching each other at the hard mask level. This is shown in Fig. 2,
where the Ru metal lines at 32 nm metal pitch (a) can still be pat-
terned well, while the trenches in the case of 21 nm metal pitch
gratings (b) are narrowing due to the lateral hard mask growth,
resulting in a heavily reduced etch rate in the smaller trenches, or
even a complete etch stop. Therefore, we would like to further
discuss this behavior as a patterning challenge when etching Ru
metal lines at pitches of 32nm and below. Several mitigation
approaches to tackle this patterning challenge will be presented in
the following section.

B. Mitigation mechanisms for oxide growth on the HM
sidewalls

Several mitigation approaches were investigated to overcome
this patterning challenge: (1) cycling between the Ru etch process
and an oxide removal step; (2) protecting the HM from the top or
from the sidewalls; (3) adding CH,F, to the baseline Ru etch chem-
istry; and (4) adjusting the ion/radical ratio in the Ru etch process
to reduce the sputtering of the hard mask material. The learning of
these different mitigation mechanisms will be shared below,
together with X-SEM and TEM images for patterned Ru lines at
21 nm or 18 nm pitch.

FIG. 2. Cross-sectional TEM images of (a) 32 nm pitch and (b) 21 nm pitch Ru
metal lines, with a 5nm TiN adhesion layer and the remainder of the SiN hard
mask on top. The SiO, layer is visible on the sidewalls of the SiN hard mask,
as indicated by the arrows.
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1. Cycling between Ru etch and oxide removal

As a first mitigation mechanism, we applied a cyclic etching
process in which one cycle consists of etching ~5nm Ru and
removing the oxidized layer on the side of the SiN hard mask by
means of a very short fluorocarbon-based isotropic etch process.
Several such cycles are repeated until the full Ru metal layer is pat-
terned. As shown in Fig. 3(b), this approach has allowed us to
create separated Ru metal lines at 18 nm pitch, although quite
some defects can still be observed in between the Ru metal lines.

As there is little etch selectivity between SiO, and SiN for a
fluorocarbon-based plasma, the time of the oxidation removal step
in the cycle is critical: a too short step means that the oxide layer is
not fully removed which will lead to trench closing, while a too
long removal step will result in extra consumption of the SiN hard
mask. As can be seen from Figs. 3(a) and 3(b), 2/3 of the SiN hard
mask is lost during the entire process. This indicates that this
etching process will not enable higher aspect ratio etching, although
this is one of the expected benefits of DME.

2. Protecting the SiN hard mask

An alternative approach to mitigate the growth of the oxidized
layer on the SiN hard mask is to protect the SiN during the Ru
etch process by covering it with another material. We have tested
two different mechanisms, i.e., sidewall protection and top protec-
tion, using two materials for each protection mechanism. The side-
wall protection was tested by depositing a thin (~1 nm) conformal
layer of SiO, or Al,O; on the already patterned SiN hard mask.
Next, the top and bottom part of this conformal layer are etched
back, resulting in a thin protection layer on the sidewalls of the SiN
hard mask. Creating a top protection layer was performed by
adding a 5nm thin layer of TiN or Al,O; in the patterning stack
on top of the SiN hard mask, before defining the gratings or
opening the hard mask. This layer was then patterned together
with the SiN hard mask, which results in a thin protection layer on
top of the SiN.

These different protection mechanisms are schematically rep-
resented in Figs. 4(a)-4(d), together with Figs. 4(e)-4(h) X-SEM
images after hard mask opening and (i)-(l) after Ru patterning. All
tests were carried out with a line/space grating at 21 nm pitch, but
with slightly different Ru metal and SiN hard mask thickness.

After hard mask opening After Ru DME

18 nm pitch

SiN

iD

i (IIRTY

(b)

FIG. 3. Cross-sectional TEM images of 18 nm pitch gratings (a) after SiN/TiN
hard mask opening and (b) after Ru direct metal etch, where a cyclic process
was used, alternating between etching Ru and removing the oxidized layer with
a short fluorocarbon-based etch step.
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When protecting the sidewalls of the SiN hard mask with a thin
layer of SiO, [Fig. 4(e)], we clearly observe a lateral growth of the
hard mask after the direct metal etch of Ru [Fig. 4(i)], resulting in a
closing of the trenches. The same behavior is observed when protect-
ing the hard mask with a thin layer of AL,O; [Fig. 4(f)]: although
the trenches are not entirely closed, the hard mask has increased by
~4 nm in width after patterning the Ru metal lines [Fig. 4(j)]. Even
though both SiO, and AL,O; are expected to be inert in an O,-based
plasma, both test results indicate that protecting the sidewalls of the
SiN hard mask with either of these two materials is unsuccessful in
preventing a lateral growth of the hard mask.

The results of the second protection mechanism, i.e., protecting
the SiN hard mask from the top before Ru direct metal etch, are
shown in Fig. 4(k) for adding 5nm of TiN. When comparing the
results after Ru patterning to the same samples after hard mask pat-
terning [Fig. 4(g)], we observe an increase of ~4nm in the hard
mask width, while the Ru layer is not yet fully etched. Finally,
adding 5nm of ALO; on top of the SiN layer results in a more
promising behavior [Fig. 4(1)]. The hard mask does not significantly
increase in width compared to the image after hard mask opening
[Fig. 4(h)], while the Ru metal lines have been fully etched.

To summarize the results in this section, we can conclude that
the sidewall protection of the hard mask does not prevent the hard
mask to grow laterally, while the top protection of the SiN hard mask
was only successful in the case of an AL, O3 layer, but not for TiN.
These results indicate that the growth of the oxide-rich layer on the
sidewall of the SiN hard mask is only inhibited when there is no Si
(or Ti-atoms) exposed from the top during the Ru etch process. This
leads us to believe that the increase in the SiN hard mask width is not
related to the oxidation of the hard mask, but rather to the sputtering
of the hard mask, followed by redeposition and oxidation (due to the
O-plasma) of the sputtered atoms. Al,O; is expected to have a rela-
tively low chemical sputtering rate, although we cannot exclude the
possibility that some Al atoms are being physically sputtered. Still,
Fig. 4(1) shows that there is no or very limited redeposition taking
place when the SIN HM is protected with Al,O; from the top. This
indicates that very little sputtering is occurring, and that the sputtered
atoms (Al) are less likely to stick to the walls of the SIN HM.

On the other hand, when SiN (or TiN) is exposed during the
Ru etch, sputtering and redeposition of Si or Ti atoms from the top
of the SiN hard mask or from the top TiN layer, followed by oxida-
tion from the oxygen radicals in the Ru etch plasma could explain
the growth of SiO,-like or TiO,-like material on the sidewalls of SiN.

Although the protection of the SiN layer with a thin Al,O;
layer shows some potential, integrating an Al,O; layer in the hard
mask stack is not a straightforward task at these small dimensions
and is a potential cause of extra defects. These experiments have
been performed to understand the mechanism of the growth of the
hard mask, rather than to suggest that this stack is a good candidate
for the direct metal etch of Ru at these small dimensions.

3. Addition of CHF, to the Ru etch chemistry

As a third approach to avoid the growth of an oxide-rich layer
on the sidewalls of the SiN hard mask, we have added a small frac-
tion (less than 5% of the total gas flow) of CH,F, to the O,-based
plasma chemistry. The main goal is to enable the formation of
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After Ru DME

FIG. 4. (a)-(d) Schematic representations and XEM images [(e)-(h)] after hard mask opening and [(i)(I)] after DME of Ru for 21 nm pitch gratings with different hard
mask protection mechanisms: [(a), (€), and (i)] a 1 nm SiO, and [(b), (f), and (j)] a 1 nm Al,O; protection layer on the sidewalls of the hard mask, [(c), (g), and (k)] a
5nm TiN and [(d), (h), and (I)] @ 5 nm Al,O5 protection layer on top of the SiN hard mask.

volatile by-products for the sputtered Si atoms and hence to avoid
the redeposition of the sputtered Si atoms and the growth of the
SiN hard mask. In Fig. 5, we present the results of a 21 nm pitch
line/space grating (a) after hard mask opening, (b) after etching the
Ru metal lines with the baseline Ru etch chemistry and (c) with
CH,F, addition to the baseline. As can be noticed by the experi-
enced eye, the addition of CHF, results in a straighter hard mask
profile compared to the baseline chemistry where a mushroom-like
shape of the hard mask becomes apparent. Moreover, when adding
CH,F,, the so-called field area (which is the large open area next to
the dense features) is etched in a more equal way, compared to the
baseline chemistry. Without the addition of CH,F,, a masking
behavior is obvious [Fig. 5(b)], which can be removed by substan-
tial over-etching.

The observations from Fig. 5 coincide with the hypothesis of
sputtered Si atoms from the SiN hard mask during the Ru etch
process. When CH,F, is added to the baseline Ru etch gas mixture,
volatile by-products can be formed for the sputtered Si atoms,

which avoids the redeposition of these atoms on the sidewalls and
the growth of the SiN hard mask. Moreover, the masking behavior
on the field [as seen in Fig. 5(b)] can also be attributed to sputtered
Si atoms being redeposited on the field and hence masking the Ru
etch below. When adding CH,F, to the baseline chemistry, this
masking behavior is not observed anymore.

These results indicate that adding CH,F, to the O-based
chemistry is a promising approach to mitigate the growth of the
hard mask and the narrowing of the trenches during the Ru direct
metal etch. On the downside, however, an increased hard mask
consumption is expected when adding CH,F,, as can be observed
in Figs. 5(b) and 5(c).

4. Reducing the ion/radical ratio to avoid hard mask
sputtering

The last mitigation mechanism we have investigated in this
study, to avoid the growth of the SiN hard mask during the direct
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After Ru DME

FIG. 5. X-SEM images after (a) hard mask opening and (b) after direct metal
etch of Ru lines at 21 nm pitch with the baseline O,-based Ru etch chemistry
and (c) with addition of a small fraction (<5%) of CH,F, to the baseline. The
dotted circles in (b) and (c) are highlighting the difference in the hard mask
shape between both tests.

metal etch of Ru lines, is reducing the ion/radical ratio during the
Ru etch process. By significantly reducing the number of ions,
while keeping a similar number of radicals, we target to reduce the
sputtering of the hard mask, and hence to lower the number of
sputtered Si atoms that could redeposit on the SiN hard mask. This
reduction in ion/radical ratio was obtained by halving the TCP
power and doubling the pressure during the Ru etch, without sig-
nificantly affecting the Ru etch rate.

In Fig. 6, we present TEM images of 18 nm pitch Ru metal
lines patterned with the different Ru etch processes, as described
earlier with (a) a cyclic process of Ru etch and oxide removal, and
(b) the addition of CH,F, to the Ru etch chemistry. As can be
seen from Fig. 6(c), reducing the number of ions in the Ru etch
process reduces the sputtering and the redeposition of the hard
mask, compared to the cyclic process where Ru etch and oxide
removal steps are alternated [Fig. 6(a)] or when CH4F, is added
to the Ru etch chemistry [Fig. 6(b)]. This can be seen from the

Cyclic process of
Ru etch and oxide removal

18 nm pitch

@)

Ru etch with added CH,F,

(b) (
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thinner oxide layer on the side of the SiN hard mask, as well as
from the increased remaining hard mask height. As such, the
selectivity to the SiN hard mask has been increased to more than
5:1. It should be noted that the results shown in Fig. 6(c) are a
combination of reducing the number of ions with the addition of
CH,F, to the Ru etch chemistry. Therefore, at the same time, the
clearing of the field area is improved, as well as volatile
by-products are created for the few sputtered atoms originating
from the SiN hard mask.

In summary, we have tested different mitigation mecha-
nisms to avoid the growth of the SiN hard mask during the
direct metal etch process of Ru with an O,-based chemistry. All
previously shared results corroborate the hypothesis that the
sputtering of the SiN hard mask is at the origin of the increase
of the SiN hard mask width. Therefore, by creating volatile
by-products for the sputtered atoms (by adding CH,F,) and at
the same time reducing the number of sputtered atoms (by low-
ering the ion/radical ratio in the plasma), we can avoid the nar-
rowing of the trenches. At the same time, we obtain a higher
hard mask selectivity, which enables to pattern Ru metal lines
with a higher aspect ratio.

C. Best known process of Ru DME at 18 nm pitch

The current best process for Ru DME is a combination of
the two latter mitigation approaches, ie., adding CH.F, to the
baseline chemistry and significantly reducing the ion/radical ratio.
This has enabled the patterning of 18 nm pitch Ru metal lines
with an aspect ratio (AR) up to three. As shown in Fig. 7(a) for
AR 2 and in Fig. 7(b) for AR 3, there is sufficient hard mask
remaining to pattern Ru metal lines with an even higher aspect
ratio. The metal lines have a straight profile (~90°) and a width
of ~11 nm.

These results have been obtained on 300 mm wafers. The Ru
etch process is uniform across the wafer, as can be observed from
Fig. 8 where images are shown for 18 nm pitch Ru lines with an
aspect ratio of 2.5 from (a) the center, (b) halfway between the
center and the edge, and (c) the edge of the wafer. The amount of

Ru etch with reduced # ions
Ru etch with added CH,F,

FIG. 6. Cross-sectional TEM images of patterned Ru metal lines at 18 nm pitch (a) with a cyclic process which alternates between Ru etch and removal of the oxidation
of the SiN hard mask, (b) with a Ru etch process with addition of CH,F,, and (c) with a Ru etch process with both the addition of CH,F, and a significantly reduced ratio

of ions vs. radicals.
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Ru etch — aspect ratio ~ 2 Ru etch — aspect ratio ~ 3

FIG. 7. Cross-sectional TEM images of patterned Ru metal lines at 18 nm pitch
with our current best known process, with the addition of CH,F, to the etch
chemistry and a reduced ion/radical ratio. Results are shown for aspect ratio
2 (a) and 3 (b).

hard mask remaining across the wafer only varies by ~1 nm, while
the difference in the width of the metal lines across the wafer is
well below 1 nm. Some pitch-walking is observed toward the edge
of the wafer, which is not related to the Ru etch process itself but
can be adjusted by tuning the mandrel width uniformity during the
first steps of the SADP process.

IV. RESULTS AND DISCUSSION (2): PATTERNING
CHALLENGES FOR MOLYBDENUM DME

In contrast to Ru, molybdenum can be patterned anisotropi-
cally in halogen-based chemistries but is not etchable in O-based
plasmas. To ensure a high enough selectivity toward the dielectric
(SiN) hard mask, we chose a Cl,-based chemistry to pattern Mo.
By adding O, to the plasma, we targeted to enable the formation of
volatile MoO,Cl, by-products.

In this section, we share the learning from the direct metal
etch study of Mo metal lines at 32 nm pitch and discuss the two
major patterning challenges in combination with a possible mitiga-
tion strategy. First, in Sec. IV A the sidewall passivation of the Mo
metal lines will be discussed, followed in Sec. IV B by the oxidation
of the Mo metal lines.

Center Mid-radius

Edge

FIG. 8. Cross-sectional TEM images of patterned Ru metal lines at 18 nm pitch
with aspect ratio of 2.5, processed with our best known Ru direct metal etch
process on a 300 mm wafer. Images are presented from (a) the center,
(b) halfway between center and edge, and (c) the edge of the wafer, indicating
good uniformity across wafer for the Ru etch process.
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A. Patterning challenge 1: Sidewall passivation
1. Patterning results

As shown in Fig. 9(a), we have used a SiN hard mask to pattern
Mo. To increase the hard mask budget, the amorphous carbon layer,
used as a mask to pattern the SiN layer, was not stripped before the
direct metal etch of Mo. All patterning tests shared in this study
were performed on 40-50 nm thick Mo films, using a 32 nm pitch
hard mask grating. After partial Mo etch [Fig. 9(b)] with the baseline
Cl,/O, plasma process, a clear etch loading effect is observed: the
field area is fully etched, while the dense line/space grating is only
partially etched into the Mo layer. After over-etching with a similar
etch chemistry [Fig. 9(c)], a tapered profile of the Mo metal lines is
observed, in combination with poor hard mask selectivity and a
lateral attack of the top part of the Mo lines. While the tapered
profile could possibly be mitigated by over-etching longer, this
would entirely remove the hard mask and result in even more lateral
attack of the top part of the Mo lines. This latter behavior is linked
to an insufficient passivation of the Mo sidewalls, resulting in a
chemical lateral attack of the Mo lines during over-etching.

Since a well-tuned sidewall passivation is crucial for obtaining a
straight profile, a lot of efforts have been spent on tuning the
Cl,/O,-based chemistry during the over-etch step to improve the
sidewall passivation and consequently the profile after Mo direct
metal etch. A possible passivation mechanism is the creation of a
MoOx-rich sidewall layer, as this was found to inhibit the formation

After hard mask patterning

HHHII

Mo

1IN

Mo

After partial Mo etch

After over-etch

M
Mo : 588 i
AL NS ] Si02 |

FIG. 9. (Left) X-SEM images and (right) a schematic representation of 32 nm
pitch gratings (a) after a-C/SiN hard mask patterning, (b) after partial etch into the
Mo layer and (c) after over-etch. The Mo lines are tapered, there is poor hard
mask selectivity and a lateral attack of the top part of the Mo lines is observed.
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of volatile MoO,Cl, species.”” Figure 10 consists of a selection of
X-SEM images of patterned Mo lines with the same partial Mo etch
process as shown in Fig. 9(b), but with different over-etch condi-
tions. As can be seen from Figs. 10(a)-10(h), despite numerous
efforts and tuning different process parameters, the profiles of the
Mo lines for all the applied experimental conditions are very similar,
i.e., tapered with an average sidewall angle of 80° and with lateral
attack of 4-6 nm on each side of the top part of the Mo line.

Although not shown here, it is worth mentioning that similar
sidewall passivation difficulties were encountered when using a
Br-based plasma. When using a F-based plasma to etch Mo, the
hard mask selectivity was too poor to etch the entire Mo layer.
Therefore, our focus was kept on the direct metal etch of Mo with
a Cl,/O,-based plasma.

2. Mitigation mechanism

A solution for the sidewall passivation challenge was found in
the in situ deposition functionality of the Lam Kiyo® tool. This
feature enables the deposition of a conformal SiO,-like layer with a
very accurate thickness control in situ in the etch chamber. This
deposition process can be done before, in between or after the etch
process. We have deposited a ~1 nm thin SiO,-like layer in situ,
immediately after the partial Mo etch [Fig. 9(b)], followed with a
Mo over-etch step. This SiO,-like layer acts as the passivation layer
at the top of the Mo line, which allows us to perform a long

Bias voltage variation

T

Baseline process

Adjusted power settings Pressure variation

AAALAMARLAAA,

Gas A addition

AAALAMRAAAAAL

Gas B addition

Different chamber wall coating

Gas Craddition

AAAAAARAMIAL

FIG. 10. X-SEM images of patterned Mo lines at 32 nm pitch, with the same
partial Mo etch starting condition [Fig. 9(b)], but with different over-etch condi-
tions [(a)—(h)], as specified on top of each image. All process conditions demon-
strate insufficient sidewall passivation, as is evidenced from the small width at
the top of the Mo lines.
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enough over-etch to straighten up the profile at the bottom,
without laterally attacking the top part of the Mo lines.

The result of this entire process sequence, i.e., partial etch fol-
lowed by an in situ deposition and a Mo over-etch step, is shown
in the X-SEM image in Fig. 11(a). As can be seen from comparing
this X-SEM image with all the images from Fig. 10, the Mo profile
has been substantially improved, reaching a sidewall angle of ~87°.
Elemental EDX analysis of a TEM image of this improved process
[Fig. 11(b)] is shown in Figs. 11(c)-11(f), for Mo, N, Si, and O,
respectively. While the shape of the Mo metal line and the SiN
hard mask can be clearly deducted from Figs. 11(c) and 11(d), the
in situ deposited passivation layer is well detectable from the Si
signal in Fig. 11(e), as highlighted by the arrow. As expected, the Si
signal from the passivation layer stops halfway the Mo metal line,
as we only deposited the SiO,-like layer after partial etch of the
dense Mo lines.

FIG. 11. (a) X-SEM image and schematic representation of patterned Mo lines
at 32 nm pitch, by using an in situ SiO, deposition after the partial Mo etch, fol-
lowed by an over-etch step. (b) Cross-sectional TEM image of the same
process and (c)—(f) elemental analysis of the TEM image from EDX for (c) Mo,
(d) N, (e) Si and (f) O. The arrows in (e) and (f) indicate the deposited SiO,
sidewall passivation layer and the oxidized sidewall of the Mo line, respectively.
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From the O signal in Fig. 11(f), an SiO,-like layer on the sides
of the SiN hard mask can be noticed, as well as the presence of the
SiO, passivation layer at the top of the Mo line. More interestingly,
however, is the clear O signal present on the sidewalls at the bottom
of the Mo metal line. This oxidation of the metal is not observed
when doing direct metal etch of Ru [see Fig. 1(b)] and will likely
result in a resistance penalty for patterned Mo lines due to the pres-
ence of an oxidized (and hence less conductive) sidewall. This metal
oxidation is the second patterning challenge for the direct metal etch
of Mo and will be further discussed in the next section.

B. Patterning challenge 2: Metal oxidation
1. Blanket Mo oxidation tests

The O-signal from the EDX analysis on the TEM image after
the patterning of Mo lines at 32 nm pitch [Fig. 11(f)] clearly proves
that the metal lines are oxidized. The origin of this oxidation is,
however, not entirely clear yet. Therefore, we have performed blanket
wafer tests to check the presence and quantify the thickness of the
MoOx surface layer under different processing conditions. The thick-
ness of the MoOx layer was determined from TEM images in combi-
nation with EDX analysis. An example of such TEM images is shown
in Fig. 12(a), with corresponding elemental composition maps for Si,
O, and Mo in Figs. 12(b)-12(d). A graph with the measured MoOx
thickness for each process condition is shown in Fig. 12(e).

As a reference process, we inspected a wafer with an
as-deposited Mo layer without any further processing steps. The
thickness of the MoOx layer on this wafer was found to be surpris-
ingly thick, i.e., ~3.5 nm. This indicates that Mo needs to be treated
very carefully to avoid spontaneous oxidation after deposition.

To verify whether the gas composition of the plasma etch
chemistry during the direct metal etch of Mo is playing a role, we
exposed a wafer with the baseline Cl,/O, plasma and one with an
O,-free Cl, plasma. The measured MoOx thickness was ~3 nm for
both wafers, which indicates that the air exposure of the Mo layer
after plasma treatment conceals any learning of the possible impact
of the O,-presence in the plasma chemistry of the direct metal etch
process. Finally, we tested whether the MoOx layer can be removed
with a post-patterning wet cleaning step, using three different clean-
ing solutions. While one of these cleaning solutions was reducing the
measured MoOx thickness after air exposure from ~3 nm to ~2 nm,
none of these solutions were able to fully remove and at the same
time inhibit the formation of an oxidized Mo surface layer.

Based on these experiments and under the tested conditions,
we can expect to have ~2nm of MoOx sidewalls on the Mo metal
lines, patterned with our direct metal etch process. For a 16 nm
metal line (for 32 nm pitch gratings), this means that ~4 nm of the
metal line width is converted into MoOx, which increases the resis-
tance of the Mo line with ~30% compared to a pure metallic Mo
line. For 20 nm pitch gratings and 10 nm Mo lines, this could result
in a resistance penalty of more than 60%, which could be a major
showstopper for integrating Mo in the future interconnects.

2. Mitigation mechanism: Encapsulation

We have observed that the oxidation of Mo happens sponta-
neously on an as-deposited film, after patterning and even after
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FIG. 12. (a) Cross-sectional TEM image of a blanket Mo film, complemented
with EDX analysis for (b) Si, (c) O, and (d) Mo to determine the elemental com-
position of the TEM image. (e) The extracted MoOx thickness from TEM/EDX
analysis for the blanket Mo films, as deposited (as dep.), exposed to the base-
line Mo etch chemistry (Cl,/O,) or to an O,-free Mo etch chemistry (Cl, only),
and treated with different wet clean processes.

different wet clean treatments. Based on these results, the only pos-
sible mitigation approach we currently envision is the encapsulation
of the Mo metal lines, in situ and immediately after patterning.
Such a deposition process should be ideally O,-free and should
become a barrier for the oxidation of the Mo lines. To avoid a
major penalty in capacitance, this encapsulation layer should also
have a relatively low k value. Defining the proper material and dep-
osition technique that meets all these requirements will be an
important challenge to enable the integration of tight pitch Mo
metal lines by means of direct metal etch.

V. SUMMARY AND CONCLUSIONS

In summary, we have discussed the major patterning challenges
we encountered during the development of direct metal etch pro-
cesses for ruthenium and molybdenum metal lines at 18 and 32 nm
pitch, respectively, on 300 mm wafers. We have also presented miti-
gation mechanisms to overcome these patterning challenges.

An important patterning challenge during the direct metal
etch of Ru is the unwanted growth of an oxide-like layer on the
sidewalls of the SiN hard mask, which results in a narrowing of the
trenches and prevents a straight Ru metal etch at the smallest
trenches. We have presented different mitigation mechanisms to
avoid this growth on the sidewalls of the SiN hard mask. The most
successful mitigation approaches were the protection of the SiN
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hard mask from the top with a thin Al,O; layer, the addition of
CH,F, to the Ru etch chemistry and reducing the ion/radical ratio
of the Ru etch plasma. From these results, we believe that the origin
of this growth on the sidewalls of the SiN hard mask can be linked
to the sputtering of the SiN hard mask, followed by redeposition
and oxidation (from the O,-based plasma) of these sputtered
species. Hence, by reducing the sputtering of the hard mask, we
have avoided the narrowing of the trenches during Ru direct metal
etch and enabled the patterning of Ru metal lines at 18 nm pitch
with an aspect ratio of 3. We have achieved a vertical profile (~90°
sidewall angle) and a hard mask selectivity above 5:1, which enables
a further increase in the aspect ratio of the patterned Ru lines.

We have encountered two major patterning challenges during
the DME of 32 nm pitch Mo lines using a Cl,/O,-based chemistry.
The first challenge was the tapered profile of the Mo lines and the
lateral attack of the top of the Mo lines during the over-etch
process, caused by a lack of sufficient sidewall passivation. This pat-
terning challenge was mitigated by depositing in situ a ~1 nm thin
SiO,-like layer after the partial etch of the Mo lines, followed by a
final over-etch step.

The second patterning challenge we have discussed for the
DME of Mo is the spontaneous oxidation of the metal lines. From
blanket Mo experiments, we observed a 2-3 nm thick MoOx layer
on an as-deposited film, as well as under different plasma etch
chemistries and wet treatments. To mitigate this oxidation behav-
ior, an in situ O,-free encapsulation process of a low k material,
immediately after patterning the Mo lines would be required.

As a final summary, we would like to draw a comparison
between the direct metal etch of Ru and Mo, targeting sub-20 nm
pitch gratings. As can be deduced from the present work, pattern-
ing Ru metal lines can currently be achieved at a much tighter
pitch (18 nm pitch) than Mo (32 nm pitch). One of the reasons for
this is the challenging sidewall passivation and hence difficult
profile control for Mo at smaller pitches, while smooth and nearly
vertical profiles can be achieved for Ru. Moreover, the patterned Ru
lines do not show any sign of oxidation, while a spontaneous oxi-
dation is observed for Mo. This will result in a significant resistance
penalty for Mo, which will be even worse at smaller dimensions.
Finally, to reach high aspect ratio metal lines at very tight pitch, the
selectivity toward the hard mask will be crucial. Again, Ru DME
seems to be more promising than Mo due to the use of O,-based
plasma, which has the potential to reach an excellent selectivity
toward many possible hard mask materials.
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