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ABSTRACT: Area-Selective Deposition (ASD) receives increasing attention as a bottom-up approach for nanoelectronic device
fabrication. Uptake of ASD is however limited by defects, which manifest as undesired particle growth on the non-growth surface.
We demonstrate a defect mitigation solution for Ru ASD on TiN/SiO, nanopatterns by making use of the size-dependent Ru nano-
particle reactivity. During the initial stages of 1-(ethylbenzyl)-1,4-(ethylcyclohexadienyl)ruthenium and oxygen (EBECHRu/O,)
Atomic Layer Deposition on dielectrics, Ru particles are too small to catalytically dissociate oxygen, and their growth is suppressed.
This phenomenon creates an ASD process window in which particles can be completely etched while retaining the integrity of the
ASD pattern on a TiN growth surface. Decreasing the ALD temperature strongly suppressed defect growth, which can be used to
expand the process window for ASD. The ASD process window is confirmed by Self-Focusing Secondary lon Mass Spectrometry
(SF-SIMS) with its low limit of detection while analyzing 10* structures simultaneously. No defects are detected for Ru ASD on
36nm TiN/SiO; patterns by SF-SIMS. We apply the Ru ASD process for bottom-up block patterning and obtain functional hardmask
patterns on 300mm wafers. The approach followed in this work can produce defect-free ASD processes for a wide variety of appli-
cations.
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Area-Selective Deposition (ASD) has received significant atten-
tion for a multitude of bottom-up patterning applications*“l. In
ASD, chemical selectivity is exploited to deposit a material on one
surface type (the growth surface) selectively to another (the non-
growth surface). Amongst others, ASD is of interest for self-
aligned processing and the bottom-up filling of ultrasmall 3D fea-
tures in nanoelectronic device fabrication. Filling of features is con-
ventionally performed by deposition over the entire substrate, re-
sulting in excess material deposition on the areas surrounding the
features of interest. This excess material then needs to be removed
by etch or Chemical Mechanical Polishing (CMP), introducing ad-
ditional process steps. Furthermore, the fill performance of conven-
tional methods becomes increasingly challenged by pinch-off and
void formation due to ever decreasing feature sizesl®, and signifi-
cant differences in filling behavior between wide and narrow fea-
tures are observed. ASD could address all of these issues, resulting
in a uniform bottom-up deposition in 3D features. As a result, sig-
nificant effort has been made to demonstrate ASD of a variety of
materials for a broad range of applications>-46-121,

Nevertheless, selective deposition on the growth surface occurs
simultaneously with unwanted inhibited deposition on the non-
growth surface. This growth on the non-growth surface is referred
to as defectivity, and often manifests as particle growth[®%, Typi-
cally an ASD process window is defined as the process time or
amount of cycles in which deposition on the non-growth surface
remains below a pre-defined limit!*3-151. This limit is often defined
as the Limit Of Detection (LOD) of the method used to characterize
defectivity, but can also originate from the application require-
ments. Self-Focusing Secondary lon Mass Spectrometry (SF-

SIMS) is well-suited for defect characterization in ASD due to the
capability to analyze large patterned areas containing over 10*
structures, and the superb limit of detection of Time-of-Flight Sec-
ondary lon Mass Spectrometry (ToF-SIMS) which ranges between
105-10* at cm2 [16-18 The mechanism of defect formation and
growth depends on the deposition process used, and models have
been developed for particle growth of both dielectrics[*®2% and met-
als?*22, Since defectivity is a major challenge for ASD uptake in
industry, considerable efforts have been made to expand the ASD
window, either by prolonging growth inhibition[®1°, letting defects
diffuse from the non-growth to the growth surfacel?®, or by re-
moval of defects after ASDI*5], The latter is typically achieved by
adding an etch step.

However, since the etch step also attacks the ASD-grown film,
this strategy can only be applied when the defects are smaller than
the selectively grown film or when the etch rate for defects exceeds
that of the selectively grown film. During Atomic Layer Deposition
(ALD) of dielectrics, islands grow radially each cycle at the same
rate as films[*l. During ALD of metals, diffusion and aggregation
during island growth can even result in particles which are larger
compared to films grown on the growth surfacel?l. This implies
that even though less material is typically deposited on the non-
growth compared to the growth surface, the individual particles
cannot be fully etched without also removing films grown on the
growth surface. Nonetheless, when the defect growth mechanism
is understood it may be exploited to facilitate defect mitigation.

The surface dependence and growth mechanism of 1-ethylben-
zyl-1,4-cyclohexadienylruthenium (EBECHRu)/O2 ALD can be
used for Ru ASD on metals with respect to dielectrics. A strategy



to mediate defectivity on dielectrics can be proposed based on the
growth mechanism during the initial stages of ALDI?. In the initial
stages of Ru growth on Si-CHs terminated dielectrics, the mecha-
nism is governed by (1) extremely slow deposition of adatoms on
the Si-CHgs terminated surface, and (2) diffusion and aggregation of
these adatoms into larger particles. As long as those particles re-
main smaller than the critical diameter of ~0.85nm, catalytic oxy-
gen dissociation does not occur on the particle surface. As such,
direct ALD on the particle surface is suppressed which limits the
growth of large nanoparticles on the non-growth surface. This size-
dependent growth can be exploited in a post-deposition etch step.
Diffusion of Ru species on the dielectric surface can also play a role
in ASD, especially when the pattern dimensions become compara-
ble to or smaller than the species diffusion length. This phenome-
non is exploited amongst others in selective epitaxial growth[?3],
Finally, EBECHRu/O2 ALD is enhanced on TiN surfaces at 325°C
due to continuous segregation of Ti(O,N)x surfactants to the top
surfacel?. This surfactant-mediated growth leads to an increased
steady deposition rate on TiN compared to Ru, and is therefore ad-
vantageous for ASD.

In this paper we design a defect mitigation strategy for Ru ASD
based on this growth mechanism. We will demonstrate that the de-
lay in initial growth due to size-dependent particle reactivity can be
exploited to etch the small initial particles while minimizing attack
of the selectively grown film. Additionally, the diffusion and ag-
gregation of Ru particles can be limited by lowering the ALD tem-
perature in order to keep particles below the critical size. We inves-
tigate Ru ASD on TiN with respect to SiOz, which is relevant for
Tone Inversion (TI) patterning. Tl is an important patterning tech-
nology in nanoelectronic manufacturing!?>-2%, and is one of the ap-
plications where ASD can solve challenges posed by the decreasing
feature dimensions*%. We investigate the high end of the ALD
temperature window (325°C) to make use of the enhanced Ru
growth on TiN[4, and the low end of the ALD temperature window
(225°C) to minimize Ru particle growth by diffusion and coales-
cence. First, differences in growth behavior between non-patterned
surfaces and those in TiN/SiO2 nanopatterns are identified and ex-
plained. Next, after characterizing the growth of defects on nano-
patterns, we determine the efficacy of the proposed defect mitiga-
tion strategy using the low SF-SIMS LOD)to monitor defectivity
reduction in large patterned areas containing over 10* structures.
Finally, the Ru ASD process is used to enable bottom-up TI pat-
terning in 36nm structures on 300mm wafers.

Results and Discussion

Area-selective Ru film growth on TiN in TiN/SiOz nano-
patterns

Since ALD is governed by surface reactions, the chemical and
physical properties of each exposed surface strongly affect the
growth behavior. As such, growth behavior can differ significantly
between large-area substrates and nanopatterns, for instance due to
the chemical and physical surface modifications induced by pat-
terning, as well as the feature sizes and topography in nanopatterns.
The latter may become increasingly important for diffusion-medi-
ated deposition when the diffusion length approaches the dimen-
sions of the pattern. To understand the impact of nanopatterned
substrates on ALD, we first compare the Ru growth behavior on
non-patterned surfaces and TiN/SiOz nanopatterns at 325°C, the
high end of the ALD temperature window, to make use of the en-
hanced Ru growth on TiN[?4 and to assess the impact of Ru particle
diffusion on dielectrics in nanopatterns. All substrates used in this
study are treated with Dimethylamino-Trimethylsilane (DMA-
TMS) which selectively inhibits growth on dielectrics by rendering
the SiO: surface -Si(CHa)s terminated’822. Ru ASD on TiN vs

SiOz2 is achieved on both line and hole patterns, as a Ru film is se-
lectively deposited on TiN while the inhibited growth on SiOz re-
sults in particles (Figure 1a). The Ru layer thickness on TiN inside
the holes was compared to results on large-area non-patterned TiN
substrates, as diffusion of Ru particles from the non-growth area to
the growth area could affect the Ru layer thickness on the growth
area, similarly to what is observed in selective epitaxial growth[?3],
After 83 Ru ALD cycles approximately 4nm film growth is ob-
served on TiN in all investigated features ranging from 36nm-
90um, which agrees with the 4nm film thickness observed on non-
patterned TiN substrates (Figure 1b). As no differences in Ru film
thickness are observed at different feature sizes, and the Ru layer
thickness near the TiN/SiOz interface is the same as in the middle
of large TiN features, we conclude that diffusion of Ru defects on
SiO2 does not significantly affect the Ru layer thickness on TiN.
We attribute this to the limited diffusion length of Ru particles com-
pared to the vertical dimensions of the sidewall. Single Ru adatoms
have a ~16nm diffusion length, and this diffusion length decreases
by a factor k®? for a particle consisting of k atoms[?2, As a result,
DMA-TMS/EBECHRu/O2 ASD process produces a uniform layer
thickness on TiN which appears independent of feature size over
the investigated feature size range. A notable impact of surface dif-
fusion is expected for smaller features with dimensions equal to or
below the aforementioned diffusion length, as the probability that
defects are captured by the growth surface increases. Using surface
diffusion as a defect mitigation strategy is therefore expected to be-
come attractive for this deposition process as feature dimensions of
nanostructures decrease.
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Figure 1: Evaluation of Ru thickness grown selectively on TiN at
325°C. a) cross-view Transmission Electron Microscopy (TEM)
image of Ru ASD inside a 36nm feature after 83 cycles of Ru ALD.
Both the ASD Ru film on TiN and the Ru particle defects on SiO2
can be observed. b) Ru layer thickness on TiN inside hole patterns
of 36nm-90um after 83 cycles of Ru ALD. The red line corresponds
to the Ru film thickness on large-area non-patterned TiN substrates
after 83 Ru ALD cycles and is provided as reference.



Ru growth behavior on TiN/SiO2 nanopatterns

We now investigate the growth evolution of Ru defects on nano-
patterns to determine the impact of patterning on the surface, as
well as the impact of topography and feature size. The Ru particle
growth on the SiOz surfaces is studied on the line patterns, as these
patterns contain large areas for both the top and sidewall SiOz2 sur-
face on which particle growth can be analyzed (Figure 2a-c). Inhib-
ited particle growth is observed on both top and sidewall, resulting
in high areal densities of 10*1-10%? particles per cm?. During diffu-
sion-mediated growth processes, surface species may move from
the non-growth to the growth surface, resulting in a depletion zone
on the non-growth surface which depends on the species diffusion
length®], Ru adatom deposition is irreversible during EBE-
CHRu/O2 ALD, which means that the diffusion length effectively
corresponds to the mean free path of a Ru adatom diffusing over
the surface before aggregation. While EBECHRu/O2 ALD displays
diffusion-mediated growth on dielectric surfaces, the diffusion
length is limited (~16nm for single atoms on Si-CHs terminated di-
electrics, and lower for particles consisting of multiple atoms)[?2,
As such, the depletion zone is small compared to the 70nm vertical
dimension of the SiOz surface adjacent to the TiN growth surface,
and no significant depletion is observed visually in Scanning Elec-
tron Microscopy (SEM) for these structures (Figure 2c). One might
observe different behavior on surfaces with an enhanced Ru species
diffusion length, or when the nanopattern feature size becomes
lower compared to the diffusion length.

The Ru particle density is quantitatively different on the top and
sidewall SiO2 (Figure 2d,e). While the growth evolution on the
sidewall is comparable to that on non-patterned DMA-TMS treated
SiO2, growth proceeds more rapidly on the SiO top surface. Top
and sidewall surface originate from the same initial SiO2 layer, but
both surfaces experienced different process chemistries during pat-
tern fabrication. Specifically, the sidewall surface was generated by
etching with CFx based chemistry, while the top surface was cov-
ered with spin-on-carbon (SOC) which was stripped with an O2
plasma afterwards. To assess the impact of these steps on the Ru
growth behavior, large-area non-patterned SiO2 substrates were ex-
posed to the CFx etch and subsequent clean chemistry used during
pattern fabrication, while other SiO2 substrates were covered with
SOC which was subsequently removed using the same strip proce-
dure used during patterning. When these substrates were exposed
to DMA-TMS and subsequent Ru ALD, only the SOC and O:
plasma strip treated SiO2 surfaces behaved differently compared to
pristine SiO2 (Figure 2f). While on as-deposited and CFx-treated
SiO2 defect densities of 5-10'! were observed, the SOC and O:
plasma strip treated SiO: rapidly displayed over 1.5-10'? defects.
The higher defect density on the latter surface results in a more rap-
idly increasing coverage and faster agglomeration. Figure 2e shows
the evolution of defect density with ALD cycle number, which in-
itially increases as new particles are generated and decreases again
as particles agglomerate to cover the SiO: surface. On as-deposited
and CFx treated SiO2 this happens after 100-150 cycles, while for
SOC and Oz plasma strip treated surfaces agglomeration occurs al-
ready after 67 ALD cycles. The top surface patterning is therefore
expected to affect Ru growth behavior. A possible reason could be
that carbon residues from the SOC layer enhance Ru adatom depo-
sition on the top surface with respect to the sidewall. Enhanced
atom deposition means that more material is available for diffusion
and aggregation, and that particles reach critical size more rapidly.
Ru deposition occurs faster on particles above critical size, explain-
ing how enhanced Ru adatom deposition results in even more
strongly enhanced Ru areal density. Higher particle density could
also result from top surface roughening by the directional ion bom-

bardment used to strip the SOC[3132, Specifically, surface rough-
ening could limit Ru particle diffusion and aggregation resulting in
a higher particle density. The latter mechanism would however
limit particle size and therewith also limit the total amount of Ru
deposited, contrary to what is observed in Figure 2e. We therefore
expect the deposition enhancement by SOC residues to play a more
prominent role in the differences observed between top and side-
wall surface. To summarize, no impact of pattern dimensions on
the growth behavior is observed, as pattern dimensions are still
large compared to the Ru species diffusion length. However, the
nanopattern fabrication does affect the growth behavior as the SiO2
top surface patterning results in higher defect densities as compared
to as-deposited SiOo.
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Figure 2: Evaluation of defectivity during Ru ASD at 325°C on
TiN/SiOz2 line patterns. a) layout of the substrate after ASD of Ru
(gold) on TiN (grey) selective to SiO2 (blue) b) top-view SEM of
Ru particles on the SiO2 top surface after 83 cycles of Ru ALD c)
cross-view SEM of Ru particles on the SiO sidewall after 83 cycles
of Ru ALD d) Ru coverage on SiOz in the TiN/SiOz line patterns
as determined by SEM e) Ru particle density on SiO2z in the
TiN/SiOz2 line patterns as determined by SEM f) Ru areal density
on SiO2 blanket substrates exposed to various patterning chemis-
tries as determined by Rutherford Backscattering Spectrometry
(RBS)

SF-SIMS for defect analysis during ASD

Before investigating Ru defect mitigation on TiN/SiO2 nanopat-
terns, the sensitivity of SF-SIMS towards Ru ASD defects is inves-
tigated and compared to that of SEM. The evolution of defect
growth can be observed on the SiOz2 top surface in SEM (Figure 3a-
c). The 36nm hole patterns were patterned using the same chemis-
tries as the line patterns studied earlier, and while the particle
growth on the sidewalls could not be quantified due to the geometry
and small dimensions of the pattern, the growth behavior on the top
surface is quantitatively comparable to that on the top surface of
the line patterns. Due to its low LOD and low probe depth, ToF-
SIMS is known to be among the most surface-sensitive characteri-
zation techniques. Furthermore, the analysis area can be large con-
taining many structures, making the characterization less suscepti-
ble to local variability. However, a major challenge consists of
finding an ion which (i) is unique for the feature of interest (in this
case the SiO2 non-growth surface), and (ii) is detected with suffi-
cient yield178], For defect analysis in Ru ASD on TiN/SiO2 nano-
patterns, Ru defects on SiO2 need to be distinguished from the Ru
layer on TiN. In SF-SIMS this distinction is made by detecting
cluster ions which originate specifically from undesired Ru growth
on SiO2. Therefore, an ion type that originates only from a Ru de-
fect on SiO2 should contain both Ru and Si. A variety of Ru-Si con-
taining clusters was investigated on the 36nm TiN/SiO2 hole pat-
terns after Ru ASD at 325°C, and among those RuSiO* showed the
highest yield. As a consequence, the RuSiO* ion was selected as a
signature for Ru defectivity on SiO2. To determine whether the ion
yield is sufficient for defect metrology, SF-SIMS using RuSiO*
was compared to SEM in terms of capability to detect defects. SEM
can detect defects on the 36nm TiN/SiO2 patterns after 42 and 83
Ru ALD cycles, as observed in the second and third image in Figure
3a. However in the first image corresponding to 21 Ru ALD cycles,
no defects are observed in SEM after Ru ASD. In contrast, SF-
SIMS is able to detect defectivity for all conditions (Figure 3d).
These results show that SF-SIMS is more sensitive towards Ru de-
fectivity on SiO2 compared to SEM, and will therefore be used to

evaluate the efficacy of the defect removal strategy in the next sec-
tions.
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Figure 3: Top-down SEM of 36nm TiN/SiOz2 hole patterns after a)
1nm (21 cycles), b) 2nm (42 cycles), and ¢) 4nm (83 cycles) Ru
ASD at 325°C. d) SF-SIMS can detect Ru defectivity on SiO2 for
all investigated numbers of Ru ALD cycles. The thickness of the
ASD Ru layer on TiN is noted next to the corresponding number of
Ru ALD cycles.

Defect mitigation solution by etching

The suppressed particle growth during the initial stages of EBE-
CHRu/O2 ALD enables a defect mitigation solution based on etch-
ing. Ru particles initially grow primarily by slow adsorption on the
dielectric followed by adatom diffusion and coalescence, while the
more rapid particle growth due to direct ALD on the particles only
occurs when they reach critical sizel??. The initial suppression of
particle growth gives rise to a window in which the Ru film thick-
ness on TiN is higher as compared to the size of all defects on SiO..
In this case, the defects can be fully etched while the Ru layer thick-
ness is only partly affected.

This strategy is investigated on the 36nm hole patterns at 325°C
(the upper limit of the ALD window) to make use of the enhanced
Ru growth rate on TiN[?4, Table 1 shows the Ru layer thickness on
TiN and the largest particle observed on SiO: for a variety of Ru
ALD cycle numbers (SEM). These data show that the suppressed
particle growth due to the size-dependent Ru nanoparticle reactiv-
ity effectively prevents defects from reaching the same size as the
ASD Ru layer on TiN until a 3nm thin film has been grown. After-
wards, the diffusion-mediated growth and increased nanoparticle
reactivity result in particles with sizes exceeding the selectively
grown layer. For each ASD Ru thickness on TiN, a O2/Cl2 plasma
etch was applied after DMA-TMS treatment and subsequent Ru
ALD. An O plasma etches Ru by forming volatile RuO4, while
addition of Cl2 to the plasma enhances the etch ratel33l. Due to the
size-dependent Ru nanoparticle reactivity, the etch efficacy de-
pends strongly on the amount of Ru ALD cycles initially applied
(Figure 4). For short processes yielding 1-3nm Ru layers on TiN
after deposition, a 5s etch is sufficient to reduce defectivity on SiO2
below the ToF-SIMS LOD. However for a 4nm layer, a much
longer etch (15s) is needed, as for 5s and 10s residual defectivity is
still detected by SF-SIMS. The much longer etch time can be ex-
plained by the much more rapid particle growth between 62 and 83
cycles compared to the initial stage, resulting in particle sizes ex-
ceeding the Ru layer thickness on TiN (Table 1). For each thickness
an etch time was found for which no defects are detected by SF-
SIMS. As a post-deposition etch step inevitably also attacks the Ru
film grown on TiN, the integrity of the Ru layers on TiN will be
evaluated further in this work during the discussion on Tl pattern-

ing.



ALD cycles Ru thickness on  Largest particle radius
TiN [nm] [nm]
21 1 < 0.6 nm (LOD)
42 2 <0.6 nm (LOD)
62 3 25
83 4 4.5

Table 1: Comparison between Ru layer thickness deposited on TiN
and the largest particle observed on SiO2 by SEM, after varying
ALD cycle number at 325°C before applying an etch step
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Figure 4: RuSiO* ion intensity before and after etch is presented for
ASD at 325°C of a) 1nm Ru (21 cycles), b) 2nm Ru (42 cycles), c)
3nm Ru (62 cycles), d) 4nm Ru (83 cycles). Intensity data for the
spectrum in d) are binned per three m/z channels for readability

Enhancing selectivity by limiting adsorption and surface
diffusion

During the initial stages of EBECHRu/O2 ALD on dielectrics,
direct deposition on existing particles only occurs once particles
reach a critical size of ~0.85nm, which they eventually achieve by
adatom deposition followed by surface diffusion and coalescence.
Surface diffusion can help to improve selectivity by moving mate-
rial from the non-growth to the growth surfacel?®l, but the diffusion
length in EBECHRU/O2 ALD is too small compared to the pattern
dimensions to significantly mitigate defectivity as illustrated in the
section discussing growth behaviour on SiO. Surface diffusion and
aggregation are therefore undesirable at these pattern dimensions,
as these phenomena are the primary initial driving force for particle
Q wth. Particle growth can be suppressed by limiting adatom dep-
osition on dielectrics, and by limiting surface diffusion to keep ada-
toms from aggregating into particles of critical size. In this work
precursor adsorption on dielectrics and surface diffusion are limited
by lowering the Ru ALD temperature from 325°C to 225°C. How-
ever, a decrease in ALD temperature can decrease the growth rate
on both the dielectric non-growth surface and the TiN growth sur-
face. We therefore investigate the impact of temperature on selec-
tivity for the aforementioned defect mitigation strategy. The Ru
ASD behaviour at 225°C was compared to the behaviour at 325°C
to determine whether limiting surface diffusion on dielectrics can
be exploited to reduce defectivity.

As the selectivity typically depends on the thickness of the se-
lectively deposited layer, we compare defectivity on the dielectric
for a specific Ru thickness on TiN rather than ALD cycle number.
The Ru growth rate on TiN at 225°C is 0.2-10%° at cm cycle?, two
times lower as compared to the growth rate at 325°C (Figure 5a,b),
which means that twice as many ALD cycles are needed to achieve
the same thickness at 225°C compared to 325°C. Despite the sig-
nificant increase in ALD cycles however, a significant decrease in

defectivity on the dielectric is observed. For a4nm Ru layer on TiN,
no Ru is measured by RBS on SiOz substrates at 225°C compared
to 1.2-10% at cm2 at 325°C. The difference is also clearly observed
in SEM both for non-patterned SiO2 substrates and TiN/SiOz2 line
patterns (Figure 5c¢). For both the patterned and non-patterned sub-
strates, the dielectric surface transforms from defective with SEM
coverages ranging between 7% and 17% at 325°C, to a situation
where no defects are observed by SEM at 225°C. Nevertheless, di-
rect precursor adsorption on the dielectric still occurs at 225°C, al-
beit at a lower rate compared to 325°C. The total amount of Ru
deposited after 10 cycles was measured by Total X-Ray Fluores-
cence (TXRF). Particles are not expected to reach critical size by
surface diffusion in the first 10 cycles, meaning that differences in
Ru content can be attributed primarily to the differences in initial
precursor adsorption rate on the Si-CHs terminated dielectric. We
observe 5.3-10'° Ru at cm after 10 cycles at 225°C compared to
23.8-10% at cm2 after 10 cycles at 325°C. The reduced adsorption
rate and reduced surface diffusion result in significantly lower de-
fectivity at 225°C compared to 325°C. SF-SIMS shows that while
the defect level is significantly lower at 225°C, defects are still pre-
sent (Figure 5d) and a post-deposition etch step would still be re-
quired. For the 225°C process however, the defects are smaller than
the ~1nm SEM detection limit for an ASD-grown Ru layer of 4nm,
and as such this strategy significantly facilitates the post-deposition
etch. These results show that exploiting the EBECHRU/O2 growth
mechanism can effectively be used for defect mitigation during
ASD on nanoscale patterns.
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Figure 5: Comparison of Ru ASD at 325°C and 225°C by a) RBS
on TiN and SiO: substrates, b) the same RBS data focused in the
low areal density regime, ¢) SEM of SiOz substrates and TiN/SiO2
nanopatterns after 83 Ru ALD cycles at 325°C or 150 Ru ALD cy-
cles at 225°C, both corresponding to 4nm Ru ASD on TiN, d) SF-
SIMS RuSiO* ion intensity after 62 Ru ALD cycles at 325°C or
125 Ru ALD cycles at 225°C, both on SiO2. 83 and 150 Ru ALD
cycles were chosen for the SEM images because the Ru film on
TiN is easily distinguished for these cycle numbers, while 62 and
125 cycle numbers were chosen for SF-SIMS as these cycle num-
bers correspond to a 3nm Ru layer on TiN, which is the most prom-
ising condition for an ASD+etch strategy as identified in Table 1.

Bottom-up patterning enabled by Ru ASD

While a short O2/Cl2 etch is suitable to remove defects during the
initial stages of EBECHRu/O2 ASD, etching also attacks the selec-
tively grown film. The previous sections illustrated how the size-
dependent particle reactivity during EBECHRu/O2 growth can be
exploited to keep particles smaller compared to the selectively
grown film. This allows the Ru particles to be fully removed with-
out simultaneously removing the ASD pattern. This section evalu-
ates whether a window exists in which no more defects are ob-
served by SF-SIMS, while the pattern integrity resulting from Ru
ASD remains unaffected. If defectivity is insufficiently removed
during etch, residual defects on SiO2 will lead to undesired masking
during TI patterning (Figure 6a). If on the other hand the Ru etch is
too long, the Ru ASD pattern integrity is affected and is no longer
functional (Figure 6b). As both effects are easily observed in plan-
view SEM after Tl patterning, T is used to probe the potential for
Ru ASD to generate a functional pattern.

The potential of Ru ASD for Tl was investigated using 36nm
hole patterns, as these are relevant for the definition of interconnect
features in nanoelectronic device fabrication*%. Substrates were
DMA-TMS treated and subsequently received varying numbers of
Ru ALD cycles at 325°C corresponding to 1-4nm nominal Ru
thickness on TiN. After ASD, Tl was carried out by wet SiO2 re-
moval in buffered HF solution (bHF) which exposes the buried

TiN/SisNa line pattern except in those places where Ru was depos-
ited. The obtained pattern was then transferred down by etching the
exposed TiN. For all investigated Ru layer thicknesses, a continu-
ous Ru layer on TiN effectively protects the underlying TiN during
the pattern transfer etch (Figure 6a). The problem of defectivity be-
comes apparent when the patterns before (Figure 3a) and after (Fig-
ure 6a) Tl are compared, showing how the Ru defects on SiOz result
in excessive unwanted local protection of the underlying TiN.
Since an increasing number of Ru ALD cycles results in increasing
defectivity, the pattern obtained after T1 strongly diverges from the
initial hole patterns for the thicker layers. Inversely, for the thinnest
(1nm) layer, the pattern after Tl matches the initial pattern almost
perfectly, illustrating the potential of ASD for tone inversion pat-
terning. However, defects can still be observed albeit very sparsely
(~108 cm'?), and these defects negatively affect the performance of
the resulting devices. Defect mitigation is therefore required to ob-
tain a functional pattern.

These results are now compared to patterns on which a Ru defect
etch was applied after ASD. For each condition where the defectiv-
ity is below the ToF-SIMS LOD, the samples were subjected to Tl
patterning to validate the Ru pattern integrity. For the thinnest lay-
ers, the short defect etch unfortunately also removes or damages
the Ru pattern (Figure 6b). However a window exists at an ASD Ru
layer of 3nm (62 cycles) followed by a 5s defect etch, in which
defectivity is fully removed to below the ToF-SIMS LOD while the
Ru pattern remains intact and the Ru layer effectively protects the
underlying TiN (Figure 6c). As a result, no defects were observed
in the pattern after Tl. Figure 6d and 6e show the defectivity on
SiO2 before and after Ru defect etch, respectively in the centre and
each cardinal direction of a 300mm wafer. This illustrates that the
defect etch is effective across large-area substrates of industrial rel-
evance. For an initial Ru ASD thickness of 4nm (83 cycles) the Ru
layer on TiN is fully removed before defectivity is fully mitigated.
These findings are in agreement with the Ru morphology on these
nanopatterns listed in Table 1, as all defects are smaller compared
to the ASD Ru layer on TiN during the early stage (up to 62 cycles),
while later in the growth evolution (83 cycles) this is no longer the
case as particle coalescence and size-dependent particle reactivity
ensure that particles become too large to selectively remove.

3nm-5s

Ru,pattern.intact
Defectivity < TOFSIMS-LOD

Inm-5s
Ru removed




Figure 6: TI patterning is demonstrated using area-selective Ru
ALD at 325°C on TiN/SiOz patterns. a) plan-view SEM after Tl
patterning for 1nm (21 cycles), 2nm (42 cycles), and 4nm (83 cy-
cles) Ru ASD without defect etch b) plan-view SEM after Tl pat-
terning for 1nm, 2nm, and 3nm (62 cycles) Ru ASD and 5s post-

deposition Ru defect etch c) cross-view TEM of an ASD Ru layer
corresponding to 3nm Ru ASD followed by a 5s post-deposition
Ru defect etch d) Top-view SEM of various locations on 300mm
wafers after 3nm Ru ASD (62 cycles) before Ru defect etch €) Top-
view SEM of the same locations after Ru defect etch

These results show that when the EBECHRuU/O2 growth mecha-
nism is exploited, Ru ASD enabled by a DMA-TMS pretreatment
and a post-deposition etch step can yield a functional TI pattern
with no defects being detected even by the most surface-sensitive
techniques. Specifically, the distinct growth behaviour of EBE-
CHRu/O2 ALD on dielectrics in the initial regime enables the pos-
sibility of etching defects while they are still significantly smaller
compared to the ASD-grown film.

Conclusion

This work simultaneously demonstrates a Ru ASD process with
a defect mitigation solution and the application of this ASD process
in bottom-up nanopatterning, both of which are highly relevant for
industrial applications. We have designed a defect mitigation strat-
egy for ASD based on the size-dependent reactivity of Ru nanopar-
ticles. During the initial stages of EBECHRu/O2 ALD, this size-
dependent Ru particle reactivity suppresses defect growth, keeping
defects smaller compared to the thickness of the selectively grown
film. This results in a window in which the defects can be etched
with limited impact on the selectively grown film. We demonstrate
a Ru ASD process on TiN selective to SiO2 for which no defects
are observed by SF-SIMS, which is among the most surface-sensi-
tive techniques. This Ru ASD process yields a functional pattern in
36nm features across 300mm wafers.

Pattern surface composition, dimensions, and topography can
play an important role in ASD on nanopatterns, especially for dif-
fusion-mediated growth processes. For the EBECHRu/O2 ALD on
the nanopatterns considered here, the diffusion length is limited
compared to the feature dimensions. At smaller feature sizes, sur-
face diffusion could be used to move material from the non-growth
surface to the growth surface, providing another viable strategy to
enhance selectivity.

Bottom-up patterning becomes critical in nanoelectronics device
fabrication as feature dimensions go down, and defectivity is one
of the main roadblocks for ASD-based solutions. In addition to bot-
tom-up patterning, ASD of ruthenium is important for several other
applications including the production of core-shell catalytic nano-
particles and nano-interconnects. The ASD process and defect mit-
igation strategy as described here provide an excellent starting
point for the development of cyclic passivation-deposition-etch
processes, where each cycle increases the thickness of the selec-
tively deposited layer. Such processes become increasingly rele-
vant for applications which require high thickness of selective bot-
tom-up metal such as nano-interconnects. Ru ASD is highly rele-
vant for this application, as Ru outperforms Cu as a conductor both
in terms of resistivity and reliability at the nanoscale.

The defect mitigation approach followed in this work can poten-
tially be extended to other systems with size-dependent nanoparti-
cle reactivity, including most (noble) metals. This work also moti-
vates the further investigation into growth mechanisms and their
impact on ASD, to contribute to the development of defect mitiga-
tion solutions for other area selective deposition processes.

Experimental Details

All experiments were performed on 300mm Si(100) wafers cov-
ered with 100nm thermally grown SiO. Figure 7 provides an over-
view of each substrate used throughout this study. TiN substrates
were obtained by Physical Vapor Deposition (PVVD) using a Ti tar-



get and N2 ambient in an AMAT Endura PVD chamber. SiO2 sub-
strates were obtained by Plasma-Enhanced ALD (PEALD) at 75°C
using an ASM Eagle 12 chamber. To obtain TiN/SiOz line patterns
(Figure 7c), 256nm PVD TiN was deposited followed by 75nm
PEALD SiOz. Patterning was achieved by depositing 100nm SOC,
30nm spin-on-glass (SOG), 29nm Anti-Reflective Coating (ARC),
and 105nm photoresist (PR) in an ASML Twinscan NXT:1950i
193nm immersion scanner, followed by lithographic patterning of
line/space patterns. After pattern definition, trenches were etched
into the SiOz layer landing on TiN followed by in-situ strip of the
PR/SOG/SOC layers. SiO2 was etched by CF4/CHF3s, while in situ
strip was performed by Oz plasma. Finally a wet clean was applied
to TiN/SiO2 patterns to remove CFx residues from etch. The fabri-
cation method for TiN/SiO2 hole patterns with buried SisNa4 lines
(Figure 7d) is discussed elsewherel*, In the TiN/SiO2 hole pat-
terns, the SisNa4 lines are buried during ASD and are only exposed
during TI patterning after ASD, and serve only to define the under-
lying pattern for the application.
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Figure 7: Overview of the substrates used throughout this work. a)
15nm TiN, b) 15nm SiOz, ¢) 54nm wide TiN/SiO2 line patterns
produced by etching trenches in SiO2 exposing TiN on bottom, d)
TiN/SiOz structures used in Tl patterning, with 36nm-90um wide
holes in SiO2 partly exposing the TiN underlayer. SisN4 (dark blue)
and low-k dielectric (lilac) are buried during ASD, and are only
used after ASD to demonstrate the Tl patterning process (Figure 9).

Figure 8 illustrates both types of TiN/SiO2 nanopatterns used in
this study. The line patterns are shown in Figure 8a. SiO: lines are
37nm wide and alternate with 54nm wide TiN lines residing at the
bottom of each trench. Trench depth is measured at 70nm. The hole
patterns used to demonstrate Tl are shown in Figure 8b. Holes with
36nm-90um lateral dimensions are etched in a 35nm thick SiO2
layer, the smallest of which (36nm) are illustrated in the figure.

a)

Si0,

e e

Figure 8: a) cross-view SEM of 54nm TiN/SiO: line patterns, b)
cross-view SEM of 36nm TiN/SiO2 hole patterns for Tone Inver-
sion

Ru ASD was performed by a DMA-TMS surface pretreatment
step followed by Ru ALD. DMA-TMS is used to enable Ru ASD
on TiN vs SiOz, as aminosilanes can selectively inhibit growth on
dielectric surfacesl’-#12, The pretreatment is carried out in a TEL
Tactras system and consists of a thermal desorption step followed

by a vapour-phase treatment. First the substrate is kept in the closed
reactor chamber in 5 Torr N2 ambient at 250°C for 10 minutes to
desorb residual moisture and organics. Afterwards the reactor is
evacuated and filled with a mixture of 500sccm DMA-TMS and
350sccm N2 up to a pressure of 5 Torr. The substrates are kept in
this mixture for 300s to saturate the surface reactions. Ru ALD was
performed at 325°C and 225°C in an ASM Pulsar 3000 cross-flow
reactor connected to a Polygon platform. Substrates were sequen-
tially exposed to alternating pulses EBECHRu and Oz, separated
by N2 purges. The exposure times were 5s EBECHRu, 5s N2, 0.4s
02, 3s Nz in each case. On some substrates a short Ru etch was
applied after ASD to reduce defectivity on the SiO2 before contin-
uing with the remaining Tone Inversion steps. Ru etching was car-
ried out using a zero bias O2/Cl. plasma in a LAM Versys chamber
at 60°C with varying etch times.

Tone Inversion patterning was performed on substrates with
36nm-90um TiN/SiO: hole patterns after Ru ASD (Figure 9). First
the substrates were treated with bHF to remove the sacrificial SiO2,
exposing the buried SisN4 lines and remaining TiN (Figure 9c). The
bHF solution was prepared by combining solutions of 40% NH4F
and 49% HF in a 7:1 volume ratio. After SiO2 removal, the pattern
transfer into the TiN layer was performed by a two-step dry etch.
First, the TiN surface oxide is opened using 10s BCls, and the TiN
is subsequently etched using Cl2/N2/C2H4 for 22s. This etch step
opens the TiN where it is not protected by SisN4 lines or the selec-
tively deposited Ru layer (Figure 9d).
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Figure 9: Process for nanopatterning by ASD-enabled Tone Inver-
sion (TI). In TI, a pattern is obtained by etching features in a soft
material and filling those features with hard material. This is typi-
cally more straightforward than patterning the hard material di-
rectly. a) a regular line pattern of SisN4 spacers (dark blue) is cre-
ated on TiN (grey) by Self-Aligned Quadruple Patterning (SAQP).
The entire structure is then covered by sacrificial SiO2 (light blue)
and a hole pattern is etched. b) selective deposition of a Ru layer
on TiN inside the holes. c) SiO2 removal by bHF d) pattern transfer
into TiN by dry etching, exposing underlying low-k dielectric (li-
lac).

Substrates were characterized before and after Ru ASD, Ru de-
fect etching, and Tone Inversion using a variety of chemical and
morphological techniques. SEM was used to measure pattern di-
mensions, the thickness of the deposited layer on TiN, and the den-
sity and size distribution of Ru defects on SiO2. SEM was per-
formed with a Hitachi SU8000 microscope using a 10 kV/10 pA
incoming beam and a secondary electron detector, which can meas-
ure Ru particle sizes down to 1nm?. Particle radii were extracted
from SEM micrographs using the ImageJ software package. In

B




some cases the Ru morphology after ASD was studied by TEM us-
ing a Titan® G2 60-300 operated at 120kV, for which samples were
coated with SOC followed by Pt before liftout. The total amount of
deposited Ru on each substrate was characterized either by RBS
using a 1.523 MeV He* incoming ion beam and a silicon surface
barrier detector for analysis, or by TXRF using a Rigaku TXRF300
tool with a 24 keV beam to quantify Ru areal density. ToF-SIMS
was used to characterize surface species with a ION-TOF GmbH
ToF-SIMS IV instrument using a 25kV Bi3* analysis beam. Ru de-
fectivity on patterned substrates was measured using SF-SIMS. SF-
SIMS uses the principle that in SIMS, charged clusters consisting
of multiple atoms are primarily generated when those atoms are in
close proximity on the sample[8], As the Ru* signal from our sam-
ples can originate both from Ru on SiOz and Ru on TiN, the Ru
contribution from defectivity on SiOz is isolated by following the
RuSiO* cluster.
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