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ABSTRACT

In this paper, we present a topographically Selective Deposition process which allows the vertical only coating of three-
dimensional (3D) nano-structures. This process is based on the alternate use of plasma enhanced atomic layer deposition
(PEALD) and sputtering carried out in a PEALD reactor equipped with a radio-frequency substrate biasing kit. A so-called super-
cycle has been conceived, which consists of 100 standard deposition cycles followed by an anisotropic argon sputtering induced
by the application of a 13.56 MHz biasing waveform to the substrate holder in the PEALD chamber. This sputtering step removes
the deposited material on horizontal surfaces only, and the sequential deposition/etch process allows effective deposition on
vertical surfaces only. Thus, it opens up a route for topographically selective deposition, which can be of interest for the fabrica-

tion of 3D vertical Metal-Insulator-Metal devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5065801

The ongoing pace of size reduction along with the intro-
duction of materials in recent microelectronic devices truly
challenges lithography techniques beyond the 5nm node.' The
traditional top-down approach becomes more and more time
consuming and expensive, and most importantly, pattern align-
ment tolerances become very hard to maintain at the nm scale.
Area selective deposition (ASD) has recently been developed as a
time- and cost-effective solution based on a bottom-up
approach for accurate self-aligned patterning at the nm scale
without any lithography step.” * Thus, the ASD process prevents
any misalignment errors and should help strongly reduce pat-
terning costs due to multiple patterning steps for chip produc-
tion below the 5nm node."” Atomic layer deposition (ALD) is the
suitable deposition technique for area selective deposition, and
much progress on ASD has been made in the last few years
based on monitoring self-limited surface reactions by surface
passivation, activation, or inhibition.” **

Until very recently, plasma-enhanced ALD tools were
designed with the idea that any ion bombardment on the sub-
strate surface should be avoided in order to minimize any
plasma-induced defects. Thus, ALD plasma assistance relies on
radical species only, independent of the plasma discharge type,
whether capacitive or inductive.”> However, in PECVD pro-
cesses, ion bombardment is known to positively impact the
growth rate and microstructure and physical properties of the

obtained thin films.”® Thus, it is potentially of interest to take
advantage of the ion bombardment energy extracted from the
plasma in plasma enhanced (PE)-ALD processes. For this pur-
pose, a specific PEALD chamber design has been lately devel-
oped by Oxford Instruments, which is equipped with a
waveform bias kit system at the backside of the substrate. With
this 13.56 MHz radio-frequency (RF) substrate biasing, it
becomes possible to modulate the energy of ions extracted
from the plasma source and in turn to tune the growth per cycle
(GPC) and thin film properties. For instance, Kessels et al. have
reported a GPC increase during the deposition of HfO,, TiOs,
and HfN thin films, and a decrease in the case of TiN and SiO,
thin films.”°?® In the same vein, Karwal et al. have observed a
steady decrease in the electrical resistivity of HfNy films by two
orders of magnitude when the time-averaged substrate poten-
tial is increased up to —130 V.**

The aim of the present work is to develop a topographically
selective deposition process in a 3D patterned substrate, by
intercalating a sputtering step within a standard PEALD deposi-
tion process. The benefits of etching combined with PEALD pro-
cesses for ASD have been discussed in a previous paper on ASD
of oxides on metallic surfaces, on both 2D** and 3D surfaces.”’
Here, we propose to develop this process for a topographically
ASD on vertical features. Recently, ASD on vertical nano-pillars
using SAM molecules has been achieved by Dong et al.” with a
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process requiring several deposition steps and a final gold
removal step on non-coated surfaces: at first, gold is deposited
on the top and bottom horizontal surfaces of the pillars by an
anisotropic physical vapor deposition process. SAM molecules
are then selectively grafted on the gold coated area to prevent
any ZnO deposition on horizontal surfaces in the subsequent ALD
step. Thus, only vertical surfaces of the standing nano-pillars are
coated.” Recently, Kim et al. also realized the topographically
selective growth of Pt thin films along vertical sidewalls using an
initial CF, " plasma-based ion implantation treatment.*

The basic principle of the process that we have developed
is similar to the high-density plasma chemical vapor deposition
(HDP-CVD) process for gap-filling of sub-half-micron wide gaps
to avoid void formation in semiconductor manufacturing. It
relies on a simultaneous deposition and etching process
whereby loosely deposited materials that tend to accumulate on
trench corners are preferentially sputtered off in situ by Ar*
ions in order to leave the top of the trench opened to radicals
and reactive ions for filling.”” The topographically ASD process
that we have developed consists of two steps, as illustrated in
Fig. 1. First, a thin isotropic layer is deposited in a standard
PEALD step. Second, its anisotropic etching is performed by
argon sputtering leading to a selective deposition on sidewalls
only. The key-benefit of this ASD approach is the fact that it is
very easy to implement, each step being carried out within the
same experimental tool, and no subsequent gold or SAM etching
step being required.

This selective deposition along vertical sidewalls can be
applied for the fabrication of coaxial 3D metal-insulator-metal
(MIM) capacitors with increased capacitance density, where all
layered materials are deposited within the very same PEALD
biased substrate chamber. Such a 3D coaxial MIM architecture
is an interesting candidate for future circuits and systems, as
described in Ref. 34.

However, this approach can be limited by large recombina-
tion rates of plasma radical species during PEALD deposition.
Schindler et al. have observed poor step coverage during the
deposition of TiO, by PEALD in structures with an aspect ratio
(AR) of 1:30.% Further studies carried out in our laboratory (to be
published) have shown that spacers with a critical dimension
(CD) of 20 nm can be defined with this process.

The proof of concept of our ASD process has been carried
out with Ta,Os deposited on a silicon substrate. No pre-cleaning
of the silicon substrate has been carried out before deposition.
The Ta,Os thin film is deposited by PEALD in a FlexAL reactor
from Oxford Instruments using a tertbutylimido-tris-dimethyla-
mino tantalum (TBTDMT) precursor and O, plasma as an oxi-
dant, with a substrate temperature of 250°C. The TBTDMT is

Ar etching

# anisotropic
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heated at 60 °C and bubbled by a 100 sccm of argon flow for 1.5 s
in the deposition chamber. The inductive plasma is ignited by
application of a 3s, 300W RF power supply to the inductively
coupled plasma (ICP) coil. A 200 sccm argon flow of 2 s and 3 s is
used for the purge step of the precursor and of the plasma gas,
respectively. Under such experimental conditions, the GPC of
Ta,Os on the silicon substrate is estimated at 0.1nm/cycle.

The atomic layer etching (ALE) bias kit system implemented
in the FlexAL PEALD chamber allows the accurate tuning of the
ion energy during the plasma step. The backside additional RF
power induces a negative dc self-bias voltage Vg4 to the sub-
strate, which under our experimental conditions leads to an ion
energy proportional to the difference between the plasma
potential V,, and Vg.. The substrate RF power can be tuned
between 1W and 50 W, leading to dc self-bias absolute values of
a few tens of volts up to 300V, which in turn allow accurate
monitoring of ion energy values. The Ta,Os thin film growth is
monitored in situ using a Film sense FS-1 Multi-Wavelength
ellipsometer, for an excellent precision of film thickness mea-
surements during the precursor pulse and the argon purge.
Patterned Si substrates are realized in a dedicated deep reactive
ion etching (DRIE) equipment following a Bosch process:
trenches and holes with aspect ratios (ARs) of 7 and 5, respec-
tively, have been achieved by alternating Si etching steps by sul-
fur hexafluoride (SFg) and surface passivation treatment by
Octafluorocyclobutane (C4Fg).

Figure 2 shows the in situ variation of the Ta,Os film thick-
ness under growth, as measured by ellipsometry, during a stan-
dard PEALD process, without ion bombardment energy. Twenty
periodic patterns corresponding to 20 PEALD cycles are
observed, leading to a nearly steady growth rate.

The thickness variation during only one PEALD cycle is
zoomed in Fig. 3. The overall duration of the cycle is 11.5s and
five steps can be clearly identified, as described below. In the
first step, the TBTDMT precursor is injected into the PEALD
chamber. The metallic precursor chemisorbs on the substrate
surface, with its organic ligands leading to the strong thickness
increase. The second step is the precursor purge under an argon
gas flow, whereby no deposition or surface modification is
detected. The third step is a plasma stabilization step required to
stabilize the O, pressure within the reactor chamber. According
to the in situ thickness measurements, precursor molecules
adsorbed at the substrate surface do not react with O, gas, since
no thickness variation is evidenced. In step 4, chemically active
oxygen species from the O, plasma eliminate ligands from
adsorbed metallic precursors. This mechanism leads to a
decrease in the thickness induced by the evacuation of organic
ligands. In the final chemically inactive argon purge step, the

FIG. 1. Schematic diagram of topographic
selectivity after ALD isotropic deposition
and anisotropic argon etching.
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FIG. 2. In situ ellipsometric measurements of the Ta,Os film thickness during 20
PEALD cycles.

thickness shows a plateau, as expected. The overall thickness
variation from the beginning to the end of one PEALD cycle thus
corresponds to the GPC and is estimated at 0.1nm/cycle.

The behavior of the as-deposited Ta,Os material in pure
argon plasma has been studied as a function of the ion bom-
bardment energy. Figure 4 shows the obtained results at two
substrate biasing voltage values, respectively, —140V and
—239V. It can be seen that the Ta,Os thickness does not vary
significantly (around 1%) for a substrate bias of —140V, whereas
it decreases by nearly 10% for a substrate bias of —239V. These
variations correspond to a sputtering rate close to O nm/min at
a dc self-bias of —140 V, whereas it is close to 0.9 nm/min at a dc
self-bias of —239 V. These results show that a fine control of the
Ar” plasma ion energy through substrate biasing allows in turn
etching of Ta,Os.

T T L) L) L) T
1.2 - -
(2)
1.1 4 -
E 1.04 -
g 1
2 0.9 - -
s
3 —4— Precursor dose (1)
L= 0.8 - —¥— Precursor purge (2)
—&— Plasma gas stabilisation (3) GPC ~
—e— Plasma (4) 0.1 nm/cycle
0.7 o “— Post plasma purge (5]
T 1 T T L 1
58 60 62 64 66 68 70
Time (s)

FIG. 3. Thickness variation during one PEALD cycle: 1: precursor dose (pressure
80 mTorr), 2: precursor purge, 3: plasma gas stabilization, 4: O, plasma step (pres-
sure 15 mTorr), and 5: post plasma purge.
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FIG. 4. Ta,05 thickness variation during the argon plasma sputtering step, at two
substrate bias values.

The concept of the ASD process that we have developed
relies on the vertical geometry of the electric field induced by
the back side substrate bias in the FlexAL tool and on the fact
that only surfaces exposed to the Ar" plasma ion flux are prefer-
entially etched away. We thus expect that the introduction of an
Ar* plasma etching step within a standard PEALD deposition
cycle potentially leads to a selective Ta,Os removal on horizontal
surfaces, without affecting Ta,Os coated vertical flanks. We have
carefully optimized this ASD process by defining a super cycle,
as indicated in Fig. 5.

100 standard PEALD cycles lead to a conformal 10 nm thick
Ta,Os layer, so a 12 min Ar" sputtering step under a —239V bias
is required in order to etch it away. However, an additional 4 min
over-etching step is added to this to ensure full etching of hori-
zontal surfaces within the depth of the 3D patterned substrate.
The so-called super-cycle has been repeated seven times to
lead to a 70 nm thick anisotropic layer of Ta,Os.

Figure 6 shows the TayOs thickness variation as measured
by in situ ellipsometry during the seven super cycles of the ASD
process on a non-patterned Si substrate. It can be seen that
during the first super-cycle, the Ta,Os deposited layer is 10 nm

PEALD PEALD
(100 cycles) Etch cydle (100 cycles)

I | I | | I I | I | | I 0; plasma without
substrate biasing

FIG. 5. Optimized process of the area selective deposition: a super-cycle corre-
sponds to 100 PEALD cycles followed by an argon plasma etch cycle with sub-
strate bias.

Ar plasma with
substrate biasing
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FIG. 6. In situ monitoring of the ASD process: Ta,Os thickness variation during
seven super-cycles, as a function of time.

thick after the 100 PEALD cycles. However, its measured thick-
ness after the subsequent Ar* plasma sputtering step does not
drop back to zero nm as expected, but instead it reaches a
steady value of 2nm, even under a longer exposure to Ar" ion
bombardment. This 2nm value corresponds to a thin SiO, layer
growth at the interface between Si and Ta;Os in the standard
PEALD process. Under our experimental conditions, the oxi-
dized surface of the silicon substrate is not sputtered away by
the Ar* ion bombardment. The ellipsometry measurement indi-
cates an oxidized thickness of the order of 2 nm (corresponding
to the lowest point of the ellipsometry signature) at the end
of the first super-cycle and of 3nm at the end of the 7th
super-cycle. This thickness increase is within the measurement
uncertainty (+1nm) of our ellipsometer. It may be due to further
oxidation of the silicon substrate due to diffusion.

This result shows that the as-defined Ar* sputtering step
enables Ta,Os etching with a high selectivity with respect to the
SiO, underlayer. Figure 6 also indicates that during the 6 subse-
quent super-cycles, the global Ta,Os thickness increase over
one super-cycle drops to zero, once the 2nm thick SiO, inter-
face is formed during the first super-cycle. Indeed, the differ-
ence in the thickness increase between the first super-cycle
(10nm) and other cycles (12nm) can be attributed to different
substrate surfaces exposed to the precursor flux in the initial
stages of the PEALD process. In fact, the Si substrates are known
to inhibit the PEALD nucleation, as compared to oxidized sub-
strates, which are readily reacting substrates.

Moreover, the slight rise in the ellipsometry signature that
is systematically observed when the etching step is stopped is
attributed to a re-deposition of etched by-products. This phe-
nomenon is most likely to happen during the sputtering process.

These results can be taken as evidence that the thus-
defined ASD process has reached a steady state regime, with the
complete Art sputtering of the Ta,Os material on horizontal
surfaces coated during the previous PEALD step.

The topographical selectivity of the as-optimized ASD pro-
cess is illustrated in Fig. 7. It shows cross-sectional SEM images

scitation.org/journal/apl

FIG. 7. SEM cross-sectional images after exposure to 7 super-cycles of the ASD
process for (a) trenches and (b) holes.

of the two 3D patterned substrates with trenches [Fig. 7(a)] and
holes [Fig. 7(b)] having an aspect ratio AR equal to 7 and 5,
respectively.

These two images are zoomed in the bottom and top
regions for both hole and trench profiles in Figs. 8 and 9, respec-
tively. Each one of these regions is identified by a red square in
Fig. 7. As expected, we observe that only vertical surfaces of
both hole and trench 3D patterns are coated by Ta,Os thanks to
the use of the optimized ASD process. The nodules depicted on
the horizontal surfaces in Fig. 9 are most likely dust particles,
because the SEM tool is installed in a grey room environment.
The 2nm thick SiO, interface layer does not show up on these
SEM pictures, due to its small relative thickness.

This selectivity is attributed to the directionality of Ar" sput-
tering ions extracted from the plasma by the dc bias voltage of
—239V. Thus, only Ta,Os coated horizontal surfaces are exposed
to the Ar* ion flux and are selectively etched away, whereas verti-
cal sidewalls of the 3D structures remain unaffected by the intro-
duction of this etching step every 100 standard PEALD cycles.

We have designed a topographically selective deposition
process based on the alternate use of a standard PEALD deposi-
tion process and the subsequent in situ Ar* plasma anisotropic
etching step. The produced anisotropic selective deposition
shows up only on vertical surfaces and not on horizontal surfa-
ces of 3D patterned structures. The results obtained in this work
emphasize the importance of accurate ion energy control with
substrate biasing for topographically selective deposition.

FIG. 8. SEM cross-sectional images for the trench and hole zoomed at (a) position
1 and (b) position 1.
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FIG. 9. SEM cross-sectional images for trenches and holes: zoom at (a) position 2
and (b) position 2'.

Thanks to its relative simplicity, this selective deposition process
can potentially reduce time and costs in the fabrication of
advanced integrated devices, such as 3D coaxial MIM devices
with increased capacitance density or vertically coated nano-
pillar devices for CMOS technologies.

We acknowledge the financial support of LabEx Minos
ANR-10-LABX-55-01for Ph.D. funding of A.C. and S.B.
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