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Chapter 1

Introduction

This chapter provides the background on today’s worldwide developments in the field of selective atomic layer
processing involving material deposition and etching. These techniques hold great potential in mitigating the
process complexity and development costs currently faced by the semiconductor industry. In order to fully
exploit the potential of these techniques in modern (three-dimensional) device fabrication, knowledge
regarding challenges in state-of-the-art nanomanufacturing is a prerequisite.

In this chapter an outline of selective atomic layer processing techniques is given to provide a bird’s eye
perspective of nanomanufacturing and to guide the reader in comprebending the prospects of atomic layer
processing.

1t is important to note that the results of this dissertation are not solely aimed at specific applications in
semiconductor manufacturing but more at investigating atomic layer processing techniques. The main
objective was to develop area-selective deposition as well as selective etch processes using several materials as
case studies. At the same time, this has shed light on the chemical and physical phenomena imparting
selectivity in atomic layer processing. The insights thus obtained are expected to contribute towards the
implementation of selective atomic layer processes not only in the field of semiconductor nanoelectronics but
also in other application fields such as photovoltaics, displays, catalysis, etc.

1.1 Downscaling of electronic devices

Over the last six decades, the use of electronic devices has become prominent in our
society. The downscaling of the single components (e.g., transistors) and the
introduction of three-dimensional (3D) stacked integrated circuit designs have made
every-day-use objects such as laptops and smartphones possible. It is exemplarily
depicted by the fact that the first solid-state computer, the IBM 608 (shown in Figure
1a), commercialized in 1957, was sold for an equivalent of roughly 700 thousand dollars,
whereas today smartphones (an example is given in Figure 1b) are typically 8 orders of
magnitude smallet, 4 orders of magnitude faster, and 3 orders of magnitude cheaper.!



Figure 1.1: a) The first solid-state computer, the IBM 608 calculator, commercialized in 1957.2 b) Today’s
common smartphone.

In 1965 Gordon Moore envisioned a rule of thumb for increasing computing power
and cost efficiency that has been deliberately followed by chip manufacturers and has
led to incommensurable innovations.!> The downscaling of transistors, which are the
building blocks used to assemble complex electronic devices, has been following
Moore’s law which states that the transistor density doubles every two years. The
benefits of this downscaling pace in terms of device performance are described by
Dennard’s relation: for a constant electric field, the reduction of the critical dimensions
by a constant factor translates into a higher speed and a reduced power consumption
for each transistor generation.*>

Nowadays, device manufacturing has become extremely complex because of the high
density (with ever smaller dimensions) and the high aspect ratio (i.e., the length over the
width of a 3D feature) of 3D features that compose a multi-layered structure, as shown
in Figure 1.2. A large number of deposition, lithography and etching steps are required
to fabricate and interconnect multiple levels of an integrated circuit. The key challenge
in modern 3D device manufacturing is in building such a multi-layered device with every
single feature perfectly aligned on top of the feature in the underlying layer, thus
accurately located at the exact position required for the chip to operate correctly and
with the highest possible efficiency.

To enable further downscaling, the pattern-to-pattern alignment between the various
layers of the device, i.c., the so-called over/ay, needs to be improved. These alignment
issues originate from a complex combination of process variabilities during each
fabrication step. The number of process steps required to realize advanced devices
increases with every technology generation,S and each step can introduce variations that
may result in significant differences between the designed integrated circuit and the
fabricated one. Solving the overlay issue warrants innovation in all areas, from
lithography to deposition and etching.®-?
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For the aforementioned reason, advanced deposition and etching techniques that can
mitigate alignment issues are currently undergoing extensive research. The techniques
that potentially enable se/f-aligned processing are area-selective atomic layer deposition
(ALD) and selective atomic layer etching (ALE).

This dissertation focuses on the development of area-selective ALD and selective ALE
processes for oxide materials and on the understanding of the underlying basic
mechanism. The rest of this chapter is organized as follows. Firstly, in Section 1.2, the
challenges in feature alignhment currently faced in nanomanufacturing are described in
greater detail. Next, the fundamentals of the atomic-level processing techniques (ALD,
area-selective ALD and selective ALE) are briefly described in Section 1.3, together with
their key advantages over conventional techniques. Two self-aligned processes that rely
on area-selective ALD and selective ALE are also described. Finally, the research
questions that outline this dissertation are presented in Section 1.4.

1.2 Challenges in manufacturing

The shrinking of feature sizes has been largely possible because of the continuous
innovation in lithography. However, this downscaling is also accompanied by an
increased complexity and cost factor in device fabrication.!%!! The ovetlay requirement
typically has been "4 of the minimum printable size (also referred to as critical dimension,
CD). However, to successfully fabricate 7 or 5 nm technology nodes, the overlay must
be between 1/6 and 1/10 of the CD.!2!3 This means that the maximum misalignment
of a few nanometers that can be tolerated at present, needs to be reduced to < 1 nm,
i.e., < 5 silicon atoms wide. It can be understood how challenging that is and why
techniques that allow for Angstrém-level control over material deposition and removal
will become a necessity.

A figure of merit commonly used to quantify the misalignment is the so-called edge
placement error (EPE). The EPE can be thought of as the differences in position and in
shape between the intended and the actual pattern on the sample accumulated after all
the processing steps (deposition, lithography and etching).!4-16 If severe EPEs show up
during the manufacturing flow, these can lead to shorts or disconnections that result in
poor device performance and yield, i.e., the cost per chip will dramatically increase.
Therefore, controlling and minimizing the EPE represents the main bottleneck in
further downscaling.

To illustrate the impact of EPEs on a real device structure and to comprehend the
challenges involved in further downscaling, cross-sectional electron microscopy images
of a 3D Xpoint memory device (commercialized by Intel in 2017) are shown in Figure
1.2. Briefly, the 3D Xpoint is a non-volatile memory device, consisting of different
perpendicular metal lines (word lines and bit lines) that connect single memory cells
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made of a selector and a phase-change material, where the information is stored. In this
particular case, the two decks of the stacked memory cells share the bit line. What
should be noted is that some of the bit line connections are not exactly alighed on top
of each other, as highlighted by the dashed yellow lines in Figure 1.2b. It is likely that
the most severe EPEs might cause local hot spots which can decrease the performance
and lifetime of the memory cell, or lead to device yield loss due to misconnection.
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Figure 1.2: a) Cross-sectional SEM image of a 3D Xpoint memory device. b) Zoom-in TEM image of the
actual double-deck memory, with a shared bit line (green), two word lines (red) and a series of single
columns consisting of a so-called ovonic threshold switch (OTS, yellow) and a phase change material (PCM,
blue). Scale bar not available. The width of the metal connection in the bit line is estimated to be ~20 nm,
based on the dimensions of the transistors commonly used in memory devices. After Ref. 17.

In contrast, selective processing techniques, such as area-selective ALD as well as
selective ALE, can intrinsically enable perfect ovetlap between the features present at
the different levels of the device, or can be used to mitigate the alignhment issues and
therefore keep performance and yield as high as possible. Two examples of self-aligned
processing, one relying on area-selective ALD and one on selective ALE are described
below. Moreover, area-selective ALD allows for eliminating several processing steps as
compared to conventional fabrication methods. Therefore, the bottom-up fabrication
enabled by area-selective ALD also holds promise beyond the field of semiconductor
nanoelectronics, e.g., for catalysis and for flexible electronics.!8-23 For some of these
applications, reducing the number of photolithography and etching steps can be highly
beneficial, in terms of device performance and possible damage during etching steps.
Bottom-up fabrication can be achieved by local activation or de-activation of a
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substrate. When the activation step is performed using maskless techniques, the
combined process (activation + area-selective ALD) is referred to as direct-write ALD
(see Chapters 4 and 5). Before going into details, the basic principles of ALD, area-
selective ALD and selective ALE, together with their key advantages over conventional
techniques, are described in the next section.

1.3 Atomic-layer processing to the rescue!

Principle of ALD. ALD is a technique that enables layer-by-layer material deposition with
atomic-level thickness control. As shown in Figure 1.3a, ALD relies on the cyclic and
alternating exposure of a substrate to at least two vapor-phase reactants (typically a
metalorganic or halide precursor and an oxidizing (e.g., H2O, O, etc.) or reducing (e.g.,
H», NH3, etc.) co-reactant that undergo subsequent and self-limiting surface reactions.
These two half-reactions (A and B) are separated by purge steps in which excess of
reactants and by-products are removed from the reaction chamber. Reactions do not
take place in the gas-phase, thereby avoiding parasitic chemical vapor deposition (CVD)
components. Figure 1.3b shows the thickness per cycle that is added every ALD cycle
as a function of the exposures to precursor, purge, co-reactant and purge, respectively.

Conventional deposition techniques, like CVD, can lead to faster deposition at the
entrance of a high aspect ratio (HAR) structure because the deposition rate depends on
the local flux of chemical reagents on the surface. This dependence can lead to poor
step coverage in HAR (Figure 1.3c). Conversely, since in ALD the deposition process
is separated in two self-limiting half-reactions, the thickness deposited after each cycle
is uniform even on HAR and controlled at the Angstrém level (Figure 1.3d).24 Another
key advantage of ALD is that it typically allows for depositing materials at relatively low
substrate temperature. This is particulatly true in the case of plasma-based ALD
processes where the co-reactant is replaced by a plasma step involving highly reactive
radical species. Plasma co-reactants allow further reduction of the substrate
temperatures. Furthermore, the use of plasma during ALD has been demonstrated to
yvield improved material properties, enable the use of more precursors and therefore
more materials to be deposited (e.g., technologically relevant SiO2 and SiN)?5 and allow
for the use of temperature-sensitive substrates (e.g., polymer foils).
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Figure 1.3: Schematic of a) one atomic layer deposition (ALD) cycle and b) the saturation curves for the
various steps. The depicted processes consist of two self-limiting half-reactions A and B interleaved by
purge steps. The cycles are repeated multiple times to achieve the desired thickness of material deposition.
The saturation curves show that the exposure to precursor and co-reactant should be sufficiently long to
reach self-limitation for each half-reaction (i.e., saturation). The purging in between these steps should be
sufficiently long to avoid parasitic CVD reactions that compromise the ALD character of the processes.
Comparison of thickness uniformity attainable on 3D substrates by ¢) conventional deposition techniques
(e.g., CVD and PVD) and d) ALD. The arrows indicate the thickness of the deposited material. Thickness
non-uniformity can be observed in the first case and conformal deposition (i.c., uniform thickness on a
nanostructured sample) in the latter one.

Principle of area-selective ALD. In area-selective ALD, the chemical nature of the ALD
technique is harnessed to control the locations where material deposition takes place,
while ideally avoiding deposition where not needed. This is enabled by the fact that the
extent to which the precursor or the co-reactant surface reactions occur depends on the
specific chemistry of the substrate. A pre-requisite for area-selective ALD is that a
substrate is pre-patterned with multiple areas, as depicted in Figure 1.4a. From a
processing point-of-view, one area is active (referred to as growth area), and the other
areas are passive (referred to as the non-growth areas) towards the specific ALD chemistry.
In this way, by repeating the ALD cycles, material deposition occurs selectively on the
growth area. Compared to other fgp-down patterning methods (involving deposition,
lithography, etching) that suffer from alignment issues (Figure 1.4b), area-selective ALD
can enable bottom-up growth with near-atomic scale precision alignment (Figure 1.4c).
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Half-reaction A Half-reaction B
Self-limiting precursor Self-limiting co-reactant
a) adsorption Purge adsorption Purge
[ ]
® ® ® o O e ®e o ° selective
o ° e o ° atomic layer addition

i

r -. ..- -.“0..- -:0..&- -_-_I, I

{ One area-selective ALD cycle |

b) c)
area-selective
ALD

Figure 1.4: Schematic representation of a) one complete ALD cycle for area-selective deposition.
Deposition occurs only on one area (growth area), because the half-reactions A and/or B are inhibited on
the other surfaces (non-growth areas). Comparison of the resulting feature alignment for b) a conventional
top-down and c) an ideal bottom-up fabrication process employing area-selective ALD. The arrows in Fig. 1.4b
highlight the misalignment of the features in the case of top-down fabrication.

Principle of selective ALE. ALE is the etching counterpart of ALD, as it enables layer-by-
layer material removal with atomic-level thickness control. Particulatly relevant in ALE
is the ability to selectively remove one material while, ideally, leaving the other as it is,
as illustrated in Figure 1.5a. Although, many ALE processes have been reported in the
literature so far, ‘selective’ ALE processes have not been as frequently described even
though “selectivity” is an inherent component of etching processes. In this dissertation,
we explicitly address the aspect of selectivity in ALE in Chapter 3, followed by an
experimental example of selective ALE in Chapter 7. ALE relies on the cyclic exposure
of a material to (typically) two reactants which undergo self-limiting half-reactions. In
this case, unwanted etch reactions are avoided because of the interleaved purge steps
that ensure a surface-controlled process. The self-limiting nature of the two half-
reactions allows ALE to yield uniform film etching on large-area substrates. The main
difference with ALD is that ALE can be cither anisotropic/directional, if accelerated
ions or neutral beams are used in the co-reactant step, or isotropic, if only thermal or
radical-driven plasma reactions are employed (see Chapters 3 and 7). Figure 1.5b shows
the thickness per cycle that is removed every ALE cycle as a function of the exposures
to precursot, purge, co-reactant and again purge, respectively.

The etch rate in conventional dry etching techniques, such as reactive ion etching (RIE)
is determined by the fluxes of radicals and ions at the sutrface of the target material.
Their ratio can differ depending on the aspect ratio of the features to be etched since
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ions are ballistically accelerated towards the target material, whereas radicals are
transported by diffusion.26 The consequence of this flux-dependence is that the etch
rate varies for different aspect ratio structures, which is referred to as aspect ratio
dependent etching (ARDE), as depicted in Figure 1.5¢c. Another limitation of RIE is the
ion-induced damage, which in some cases has been shown to impact the uppermost 20
nm of a material and affect the device performance.?’” Furthermore, RIE can suffer from
bowing, microtrenching and other sorts of non-fidelity profiles.?

Half-reaction A Half-reaction B
Self-limiting precursor Self-limiting co-reactant
a) adsorption Purge reaction Purge
@ S ¢
o © e o L . @ selective
atomic layer removal
000000

I..- "N . -- L . -'_f

| . |
1 One ALE cycle I

O
~—

Parasitic
etch

Parasitic
etch

Saturation Saturation Saturation Saturation

Atomic layer
removed per
cycle

Exposure Exposure Exposure Exposure

selective
ALE

Figure 1.5: Schematics of a) one selective atomic layer etching (ALE) cycle and b) the saturation curves
for the various steps. The depicted processes consist of two self-limiting half-reactions A and B interleaved
by purge steps. The cycles are repeated multiple times to achieve the desired thickness of material removal.
The saturation curves illustrate that the exposure to precursor and co-reactant should be sufficiently long
to reach self-limitation for each half-reaction (i.c., saturation). The purging in between these steps should
be sufficiently long to avoid parasitic etching reactions that compromise the ALE character of the
processes. Selective removal of one material in the presence of another (hard mask) occurs, because the
half-reactions A and/ot B are inhibited on the hard mask material or a higher temperature (or ion energy)
is required to form a volatile product with the hard mask material. Comparison of etch profiles that show
c) aspect ratio dependent etching (ARDE) obtained after conventional reactive ion etching, and d) perfectly
etched trenches using ALE through different mask openings. The arrows indicate the difference in trench

depths.
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Atomic layer etching (ALE) provides the opportunity to overcome the shortcomings
of conventional etching techniques. The idea behind directional/anisotropic ALE is as
simple as effective: the effect of ions and radicals can be decoupled into two time-
separated and self-limiting steps, thereby allowing the etching to be flux independent
and eliminating ARDE effects as well as produce high-fidelity profiles, as shown in
Figure 1.5d. To ensure self-limiting behavior, the ion energy employed to provide
directionality in ALE has to be well controlled and below the threshold for material
sputtering, to avoid continuous material removal. This avoids ion-induced damage.
Moreover, the precise control exerted on ion energy enables higher selectivity to be
obtained, as compared to continuous etching. High selectivity can be obtained by
operating with ion energies above the threshold required to remove a generic material
A and below the threshold for removing a different material B.

Self-aligned processing enabled by area-selective ALD. Selective deposition may allow the
reduction of the number of lithography and etch steps, thereby resulting in lower
manufacturing costs. More importantly, area-selective ALD can ensure self-alignment
of features and therefore rule out the issue of EPE. For this reason, area-selective ALD
will play a key role in enabling further downscaling. In order to fully appreciate the
potential of the technique, an example of an envisioned application is presented in
Figure 1.6. Here, a conventional double damascene manufacturing flow for fabricating
a generic metal layer (Mx +1) that connects to the lower metal layer (Mx) is compared
with a self-aligned process that makes use of area-selective ALD.%

Figure 1.6a schematically represents a simplified double damascene process flow in
which a via (i.e., a vertical interconnect access) first and then a trench next are etched
in the interlayer dielectric (ILD) stack. The starting point is the metal layer Mx which
consists of patterned metal lines and ILD lines. Due to the small metal pitch (distance
between two adjacent metal lines) and the previously mentioned alignment issues, there
is a high probability that the metal wire, i.c., the contact between Mx and Mx +1,
partially lands on the ILD. If so, the metal wire may be too close to the adjacent Mx
line and this can cause shorts that result in device failure. Figure 1.6b represents a self-
aligned via process flow, that can be used to mitigate the alignment issues.>® During the
metallization step the presence of a selectively deposited dielectric layer ‘guides’ the
metal wire such that the latter lands exactly on the Mx line. At the bottom of Figure 1.6,
the side views of the contacts created with either the double damascene process or with
self-aligned via fabrication are compared in order to highlight the resulting alignment
differences (panels a.5 and b.6).
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a) Double damascene Metal layer Mx b) Self-aligned via, using

i g -

Short description of main b.1
process steps
b.1 Area-selective ALD of dielectric on
dielectric (ILD, interlayer dielectric).

a.1 & b.2 ILD layers deposition. b.2

) ‘ ’
a.2 & b.3 Via etching. Key in this step is b.3 -

a2 the ability to selectively etch the ILD with “
respect to the selectively deposited
dielectric. Etch stop layers can be used
IIIII to enhance the selectivity, but are not
shown here for simplicity.

a3 a.3 & b.4 Trench opening. b.4
The front ILD block is rendered -
transparent to show the via opening in
I I I I I the lower layer. I | | I
a4 a.4 & b.5 Metallization step b.5
a.b Metal layer Mx + 1 a.5 & b.6 show only the resulting metal b.6 Metal layer Mx + 1

wire connections in 3D as well as in side
view. Note the differences in alignment.

Side views I

|/ |’|"/ *"lrrm ______ |/ ﬁ’/ ’

EPE causing shorts between - . - Perfect alignment
two adjacent Mx lines

Figure 1.6: Simplified overview of the process flows for two different interconnects fabrication schemes
a) traditional double damascene and b) self-aligned via using area-selective ALD. For simplicity only the
most relevant steps to understand the process differences are included. Note that a more relaxed via size is
possible in the self-aligned process (b.3). The misalignment in the damascene process is highlighted by the
black arrows in the respective side view. In the self-aligned process, perfect alignment is ensured by the
presence of the selectively deposited dielectric ‘guides’. Compiled from Refs. 31 and 30.

Self-aligned processing enabled by Atomic Layer Etching. Selective ALE can be employed to
mitigate the issues in aligning the contacts at the transistor level. Figure 1.7 compares a
conventional continuous etching process (RIE) with an ALE-based process. In the
ALE-based process CiFs/Ar/O, plasma chemistry is alternated with Ar*
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bombardment. This etching process is used for the so-called self-aligned contact (SAC)
process. The aim here is to etch SiO; with extreme selectivity over the SiN capping layer
to create a slit that is used for the subsequent metal contacting at the transistor source
and drain level. In order to facilitate the understanding of this process, Figures 1.7(a,b)
provide a schematic representation of two gates and fins (a) before and (b) after SiO»
filling. Although, SAC processes are already known in conventional etching, at very
small dimensions, the etching process can fail because of unwanted etching of the SiN
capping corners (due to poor selectivity), pinch-off of the slit (because of too thick CFs-
polymer deposition) and tapered etch profile (because of CF.-polymer build-up at the
SiIN corners), as illustrated in Figures 1.7(c1, c2). The ion energy needs to be increased
to be able to etch through the SiO; slit, however this significantly increases the chances
of surface damage as well as SiN capping-layer overetching. The latter serves to insulate
the gate from the subsequent metal contact to either source or drain, therefore it is
necessary to keep it intact. Conversely, when using the ALE-based process, the SiO; slit
is completely etched, as illustrated in Figures 1.7(d1, d2). The benefit of using ALE in
this process is that a much higher etch selectivity (SiO2 over SiN) can be achieved, as
compared to the conventional etching process. The high etch selectivity stems from the
fact that a lower ion energy can be used and a thinner and more controlled CFy-polymer
thickness is deposited every cycle. This enables the use of the SiN spacer as a protective
‘guide’ for the subsequent metal filling that will serve to contact the source or the drain
of the transistor and to avoid possible shorting.

a) [ P

SiN capping
sio, ﬁlling/

Fin
Spacer

High-k dielectric Metal gate

Conventional RIE ALE-based etching

Etching of
corners

Figure 1.7: Transistor gates and fins a) before and b) after SiO; filling. Self-aligned contact (SAC) etch
process using conventional reactive ion etching (RIE) that shows clogging of the slit in both schematic c1)
and TEM image ¢2). SAC etch process using ALE-based processing that enables slit opening shown in
both schematic d1) and TEM image d2). Figures c2 and d2 after Ref. 32.
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1.4 Aim of the research project

The aim of the work described in this dissertation was three-fold, namely to: i)
experimentally develop area-selective ALD processes and to define a novel route toward
area-selective deposition using plasma-based ALD; ii) investigate the underlying
mechanisms imparting selectivity, mostly from a theoretical point of view, using density
functional theory (DFT) calculations, but also through experimental verification using
in-situ infrared spectroscopy measurements; iii) develop a novel isotropic ALE process
involving a plasma-based reaction step. The research questions that drove this work are
formulated below. Each research question is followed by a short description to clarify
how these questions have been addressed in the corresponding chapters.

Can we gain insights on the elemental reaction steps that impart selectivity in
ALD and ALE?

Several area-selective ALD processes have been developed to allow for the selective
deposition of various materials on patterned substrates. Nevertheless, many questions
and challenges remain regarding how the selectivity of these processes can be improved
to the point that it meets the stringent requirements necessary for industrial applications,
where single-digit nanometer process control is imperative. Chapters 2 and 3 provide
an overview of the recent advances in the field of area-selective ALD and selective ALE,
respectively. A categorization of the area-selective ALD in terms of a chemoselective
precursor ot chemoselective co-reactant mechanisms is given. The basic understanding of the
mechanisms underlying the selectivity is highlighted as a possible guide toward
improving the selectivity of area-selective ALD processes. Examples of correction steps
to improve the selectivity of the processes are also provided. Furthermore, optimization
of the process parameter optimization as a means to improve selectivity of area-selective
ALD is emphasized.

What patterning steps can be combined with area-selective ALD to achieve local
substrate activation and therefore bottom-up fabrication at micro and nanoscale,
in a direct-write fashion?

In Chapters 4 and 5, two processes for area-selective ALD of oxides are presented, i.e.,
In,O3:H in Chapter 4 and ZnO in Chapter 5. These are so-called direct-write ALD
approaches, since direct-write patterning techniques (i.e., maskless patterning) are
employed to locally activate the substrate. In particular, the use of a microplasma printer
to chemically activate the substrate could find applications in flexible electronics with
pattern sizes of the order of hundreds of um and beyond (Chapter 4). For smaller
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patterning sizes, of typically hundreds of nm and below, the substrate activation step
can be carried out using electron beam induced deposition (EBID) to deposit ultra-thin
seed layers (Chapter 5). It is important to note that the combination of area-selective
ALD with both activation techniques allow for obtaining patterns in a boztom-up fashion.

Can area-selective ALD be extended to plasma-based processes to enable
selective deposition of more materials?

The use of plasma during ALD allows for a wider process parameter window and range
of material properties compared with the conventional thermally driven ALD method.
For instance, lower deposition temperatures can be employed when using highly
reactive plasma-generated species. Moreover, several technologically relevant materials
such as SiO; and SiNjy are typically deposited using plasma-assisted ALD. Plasma co-
reactants are employed to facilitate reactions, whereas in area-selective ALD the aim is
to block reactions on specific areas of a substrate. Therefore, achieving area-selective
ALD, during plasma-assisted processes, represents a challenging problem. In Chapter
6, a novel approach for attaining area-selective ALD using plasma-based chemistry is
demonstrated. This process utilizes inhibitor molecules that selectively de-activate the
non-growth area, such that during the subsequent step, the precursor chemisorption is
hindered on this surface. The ALD cycle is then completed by a plasma co-reactant step
that removes the inhibitor as well as enables material deposition only on the growth
area. The underlying mechanism was investigated using DFT and infrared spectroscopy
methods.

Can we gain insights on the role of thermodynamics and kinetics of ALD
reactions in imparting selectivity?

Besides demonstrating the feasibility of the direct-write area-selective ALD processes for
InxOs:H and ZnO, the surface chemistry enabling the processes was investigated by
means of DFT calculations. These results are also presented in Chapters 4 and 5. The
selectivity of the two processes was attributed to a chemoselective precursor mechanism
that is thermodynamically controlled in the case of In»O3:H and kinetically controlled
in the case of ZnO. The effect of the deposition temperature was also investigated for
the case of ZnO. The selectivity of this process was observed to increase with the
deposition temperature. Physisorption of the precursor is suggested as a possible
mechanism that reduces the selectivity at low deposition temperature.
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Can plasma-based processing also lead to isotropic etch profiles?

Commonly, thermal ALE is typically associated with isotropic etch profiles and plasma-
induced ALE with anisotropic etch profiles. However, when no bias is employed and
the plasma parameters and chemistry are carefully chosen, also isotropic ALE profiles
can be obtained by using a plasma co-reactant step. In Chapter 7, a plasma-based
approach is demonstrated for the isotropic ALE of ZnO layers on 3D nanostructures,
consisting of an array of vertical nanowires. Damage-free and isotropic etch profile was
corroborated by high-resolution TEM inspections. A preliminary reaction mechanism
is suggested on the basis of infrared spectroscopic measurements. This was used to
provide a possible explanation of the high etch selectivity over SiO2 and HfOo.
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Chapter 2

Area-Selective ALD: an Overview

Semiconductor devices require the implementation of advanced process technologies with accurate position
alignment and atomic scale fidelity. Deposition techniques such as area-selective atomic layer deposition
(ALD) are needed in order to overcome the challenges in achieving near-atomic precision in the lateral
alignment between different layers and to engineer innovative structures. Area-selective ALD is based on
the initial differences in chemical reactivity of the precursor (or the co-reactant) and two diverse substrate
areas. During the past decade, several area-selective ALLD processes have been developed by taking
advantage of chemoselective precursor/ co-reactant reactions. Yet, there are fundamental difficulties in
obtaining high selectivity. In this overview, we discuss the basic principles underlying area-selective ALD
and emphasized on the important role of surface chemistyy for understanding area-selective ALD processes.
Nexct, we discuss how this knowledge can be used to acconnt for non-idealities and as a guide for tnuning the
reaction conditions for improving the selectivity.

2.1 Introduction

As described in Chapter 1, area-selective atomic layer deposition (ALD) can allow
bottom-up fabrication schemes. In such schemes, localized material deposition is obtained
by exploiting differences in chemical reactivity of different substrate areas with respect to
the precursor or the co-reactant (i.e. chemoselectivity). Area-selective ALD is envisioned as
a potential technological solution in various applications among electronics,
optoelectronics and catalysis.!-

Area-selective ALD is obtained on a pre-patterned substrate by making use of the
differences in thin film nucleation on chemically different substrate areas, i.e. areas with
diverse surface functional groups. Such surfaces can include self-assembled monolayers
(SAMs), polymers, oxides, nitrides, metals, etc. As depicted in Figure 2.1, the patterned
substrate is composed of multiple areas of two different materials and the aim is to
deposit selectively on one of them (hereinafter referred to as the growth area), while
preventing deposition from occurring on the remaining substrate surfaces (hereinafter
referred to as the non-growth areas).
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a) Patterned b) After
surface ALD

Non-growth area

Growth area

Figure 2.1: a) Starting patterned surface consisting of two different materials which represent the growth-
area on which deposition is required, and the non-growth area onto which deposition is undesired. b) The
same patterned surface after an ideal area-selective ALD process. Here, material deposition takes place
exclusively on the growth-area. Adapted from Ref. 3.

To date, many area-selective ALD processes have been developed to allow for the
selective deposition of several materials on different patterned substrates. Several
reviews on ALD have included the topic of area-selective ALD."+7 Recently, Cao ¢z .
have reviewed the application possibilities of area-selective ALD for the fabrication of
composite catalysts.” They highlichted area-selective ALD as a unique method for
tailoring interfaces, active sites and therefore, catalytic selectivity of the resulting

composite catalysts. Mackus ¢# /. distinguished two categories to achieve area-selective
ALD:®

- Area-deactivation, when areas of a substrate are rendered inert towards the ALD
chemistry (e.g., using SAMs or polymers)

- Avrea-activation, when a chemically inert surface is locally activated to enable
material deposition (e.g., by local surface modification or deposition of seed
layers)

Different ways of patterning result in a diverse number of steps and may be suitable for
a specific application. That review categorizes area-selective ALD as based on the
patterning step that defines two areas of a substrate with different chemical behaviour.

The content of this chapter is the following: in Section 2.2 we illustrate the concept of
nucleation delay. This is then linked to the ALD surface chemistry and a general notion of
thermodynamics and kinetics of surface reactions, discussed in Section 2.3. On the basis
of these considerations, in Section 2.4, we attempt a classification of the area-selective
ALD processes based on the mechanism that allows for attaining selectivity: chemzoselective
precursor ot chemoselective co-reactant mechanisms. In Section 2.5, recent processing strategies
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for improving the selectivity are reviewed and parallels with the literature for area-
selective CVD are drawn. Finally, in Section 2.6 a short summary and outlook conclude
the work.

2.2 Nucleation delay and selectivity window

Depending on the distinct chemical character of the substrate surface considered, as
well as the reactivity between the latter and the chemicals involved in the deposition
chemistry, the ALD process may experience a nucleation delay or trigger deposition.”!0
Figures 2.2(a-b) schematically depict the nucleation behavior of a generic ALD process
on two chemically different starting surfaces (represented in the insets). In the first case
(Figure 2.2a), immediate and linear thickness increase with the number of ALD cycles
indicates fast film nucleation on the starting surface, resulting in a controlled layer-by-
layer deposition of the desired material, as shown in Figures 2.2a1-a3. In the second
case (Figure 2.2b), film deposition is delayed for several ALD cycles. During this
nucleation delay, the starting surface ideally remains in its pristine non-reactive state, as
depicted in Figure 2.2b1. However, such a nucleation delay typically does not last for a
sufficiently large number of ALD cycles and film growth may start also on this surface,
as shown in Figure 2.2b2. There can be several reasons for which deposition starts after
a nucleation delay:

- a slow but gradual accumulation of deposited material

- uncontrolled changes of the starting surface during the ALD process (e.g.,
oxidation of the starting surface, or unwanted precursor or co-reactant
physisorption)

- presence of defect sites on which the ALD reactions can take place.

After the nucleation delay, and once the sutface is fully covered by the deposited
material, the growth proceeds similarly to the case of Figure 2.2a and layer-by-layer
deposition takes place also on this surface, as shown in Figure 2.2b3.
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Figure 2.2: Film thickness as a function of the number of ALD cycles for two different starting surfaces.
The cyclic dosage of precursor and co-reactant results in a) immediate and linear film thickness increase or
b) a nucleation delay. Pictures al-a3), and b1-b3) schematically represent three different stages of the film
deposition on the respective starting surface.

Such difference in nucleation behavior on diverse surfaces can be exploited (for a
limited number of cycles) to achieve area-selective ALD by creating a substrate with a
pattern of growth areas (Figure 2.2a) and non-growth areas (Figure 2.2b). To
schematically illustrate this, in Figure 2.3 a patterned surface, consisting of a growth and
two non-growth areas, is subjected to the same generic ALD process illustrated in
Figures 2.2(a, b). During the nucleation delay, area-selective deposition is obtained on
the growth area. After the nucleation delay, deposition starts also on the non-growth
area, i.e. the selectivity is lost.

From Figure 2.2, it becomes also clear that, for the same process, a longer nucleation
delay implies a larger selectivity. A selectivity window can be defined as the width (in
number of cycles) of the nucleation delay (Figure 2.3). In such a selectivity window the
amount of material non-intentionally deposited on the non-growth area remains
(ideally) zero and concurrently material can be deposited on the growth area. Outside
the selectivity window deposition take place also on the non-growth area, thus the
selectivity will decrease and - eventually — will be lost.

Studies of the early stages in thin film nucleation on different surfaces are therefore
extremely important to understand and develop area-selective ALD processes and often
represent the first test in exploring possible area-selective ALD processes.
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Thickness

1

Number of ALD cycles

Figure 2.3: Schematic representation of film thickness on growth and non-growth areas during area-
selective ALD on a patterned substrate. Three different stages are represented by the respective insets: 1)
no deposition on the non-growth area during the nucleation delay; this stage represents the selectivity
window. 2) At the edge of the selectivity window, deposition starts also on the non-growth area. 3) Outside
the selectivity window linear growth is observed on both areas.

At moderately low deposition temperature, the typical differences in nucleation delay
on growth and non-growth areas in ALD can be explained by the differences in
thermodynamics and/or kinetics of the surface reaction.!! The width of the selectivity
window is, therefore, governed by the ALD surface chemistry specific to the non-
growth area.

2.3 Thermodynamics and kinetic aspects of surface reactions

It is instructive to describe concepts from thermodynamics and kinetics that are useful
for the fields of area-selective CVD and area-selective ALD.

Thermodynamics. In the CVD literature, thermodynamic calculations have been
extensively used to estimate whether a deposition reaction is feasible or not. In
particular, if the change in Gibbs free energy is negative, AG < 0, a reaction may occur
because it is energetically favorable (exothermic), whereas if AG > 0, the reaction does
not occur because it is energetically unfavorable (endothermic).'? By definition AG =
AH - TAS, where AH is the change in enthalpy of reaction and AS is the entropy change.
Four possibilities are summarized in table I. If AH < 0 (neglecting kinetics) and AS > 0
the reaction take place spontaneously at all temperature, and if AH < 0 and AS < 0 only
at low temperature (as low as AG becomes negative). If AH > 0 and AS > 0 the reaction
is spontaneous only at high temperature (as high as AG becomes negative), and if AH
> 0 and AS > 0 is thermodynamically forbidden. A first estimation of the sign of AS
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can be obtained by considering the stoichiometry of a reaction (difference in number
of moles of gas between products and reactants).!? In the area-selective ALD literature,
the entropy term is typically neglected because at moderate low deposition temperatures
it has a minor contribution. Therefore, the thermodynamic feasibility of a reaction is
usually determined only by the sign of AH.

Table I: Four possibilities for enthalpy and entropy in determining the sign of the
Gibbs free energy.

AH <0 AH >0
AS >0 Always Spont.aneous at
spontaneous high T
AS <0 Spontaneous at Non-
low T spontaneous

Thermodynamic calculations have been extensively applied to provide a theoretical
explanatory background to area-selective CVD processes, and in some cases to predict
how experimental parameters might affect the selectivity. Figure 2.4 shows the so called
selectivity parameter, Rac, at different pressures and temperature, as a function of the molar
ratio between Hs and W for area-selective CVD of W. This parameter was introduced
by Carlsson and co-workers and represents the ratio of the magnitude of the AG of
reactions on growth and non-growth areas.'* Ra¢ > 1 indicates the onset of selective
deposition on the growth area in the presence of the non-growth area; for larger Rac, a
larger selectivity can be expected. From this calculation it was concluded that lower
temperature, lower total pressure and lower Hz concentration will favor higher W
selectivity, in agreement with experimental results.

Rag T
——————— 10 kPa
— 0.1 kPa
s b
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Melar Ratio Hy/WFRg

Figure 2.4: Selectivity parameter, Rag, for the W area-selective CVD on silicon in the presence of SiO; as
a function of the Hy/WF; molar ratio for different temperatures and total pressutre. After Ref. 14.
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Kineties. 1f a reaction is thermodynamically favored, it should be assessed whether it is
also kinetically feasible. In the CVD literature, for a specific deposition system there can
be several reaction pathways that are thermodynamically feasible, however in practice
these are irrelevant for the deposition process when they proceed too slowly.!> Let us
consider two reactions 1 and 2. The rate constant (k) of reaction 1 is given by &, =4
exptEa/RD) where A is the pre-exponential factor, E, is the activation energy, R is the
gas universal constant, and T is the absolute temperature. If £;is much larger than the
rate constant of reaction 2, k2, then reaction 1 will proceed to completion in a
considerably shorter time than reaction B. In Figure 2.5 we plotted the calculated reaction
half-life (i.e. the amount of time required for a reaction to half the initial concentration
of reactant) as a function of the activation energy and for two different temperatures.
Assuming a pre-exponential factor of 1013 s-1, first-order kinetics, and a temperature of
300 K, for an activation energies of 0.8 ¢V and 1 eV the reaction half-life are ~2 s and
1 h, respectively. For the same activation energies, increasing the temperature to 500 K
decreases the reaction half-life to ~8¢ s and ~8* s, respectively. Depending on the
activation energy (and the temperature) a reaction may be defined as kinetically feasible
if the half-time is in the range of seconds and kinetically hindered if the half-time is of
the order of minutes or hours.

Reaction half-life (s)
S

avd sovmed ool oomd ol sovmd soud s vd soud o sieed v sieed s ued 0
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Figure 2.5: Reaction half-life as a function of the activation energy for 300 and 500 K.

Thermodynamic and kinetic considerations can be used as a guide for understanding
nucleation delays. In short: if the deposition reactions are thermodynamically and
kinetically feasible, nucleation and film growth is generally “immediate”. Conversely, if
the reactions are either thermodynamically or kinetically hindered, the deposition can
experience a nucleation delay.
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2.4 Surface chemistry underlying area-selective ALD

This section focuses on how selectivity can be achieved on the basis of ALD surface
reactions and provides an overview of the area-selective ALD processes reported in the
literature. For the examples described in this section the area-selective ALD has been
proved experimentally and the mechanism underlying the selectivity has been
investigated using DFT calculations. A drawback of DFT simulations is that many
alternative reaction pathways may be present in reality but not always considered during
the modelling. For the same reaction pathway, there are differences in adsorption
energies calculated wusing different DFT methods and adsorption energies
experimentally determined (it should be also noted that the accuracy of experimentally
determined values depends on experimental setup, calibrations and uncertainties in
which reaction is exactly observed, among multiple that may happen at the same time).!¢
In addition, most of the time DFT models consider crystalline surfaces whereas
amorphous surface are more frequently encountered during ALD experiments.
Nevertheless, in relative terms the energy values of the same reaction on different
surfaces can provide useful insights into the possible mechanism underlying selectivity
in area-selective ALD.

In ALD, the precursor and co-reactant are separated into two half-reactions that are
alternated in a cyclic fashion, thus selectivity may stem from one of the two half-
reactions. Depending on the substrate and on the chemistry of the process, area-
selective ALD can therefore be controlled by a:

o Chemoselective precursor mechanism, or
o Chemoselective co-reactant mechanism

In the case of a chemoselective precursor mechanism, the precursor chemisorption on the non-
growth area can be hindered for thermodynamic or kinetic reasons. As a result,
deposition will be inhibited for at least a certain number of ALD cycles. In the case of
a chemoselective co-reactant mechanism, the precursor chemisorbs on all areas, but area-
selective ALD may be obtained when the co-reactant reactions are unfeasible or slow
and therefore require a surface that can trigger such reactions, i.e. the growth area.
Below, we describe several examples of area-selective ALD processes that fall in the
two categories of chemoselective precursor or chemoselective co-reactant mechanisms,
in Section 2.4.A and 2.4.B, respectively. A more comprehensive overview of these two
categories is presented in Tables II and III, after which general considerations are
drawn.
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2.4.A. Chemoselective precursor mechanism

The differences in reactivity between surface groups with given precursors have been
largely explored for achieving area-selective ALD of oxides, nitrides and metals.
Commonly, the differences in reactivity of a precursor with SAM tail groups (-CHs; -
NHoy; -SHy, -OH)51"-19 or with different silicon substrate terminations (-OH; -H; -
NH;)20-23 are exploited as a means to control the precursor chemisorption step. For
example, according to DFT calculations performed by Lee e¢7 4., area-selective ALD of
PbS was obtained because of the thermodynamically unfavorable reactions (2.1)
between the lead precursor, Pb(tmhd)> (or Pb(Ci11H190O2)2), and the surface groups
present on the non-growth area, ie. CHjs-termination present on the tail of
octadecyltrichlorosilane (ODTS) SAMs (Figure 2.6a).! Conversely, the reaction (2.2)
with OH-terminated silicon surfaces was calculated to be thermodynamically feasible
(Figure 2.6b). These reactions, together with the associated activation energy, E,, and
the chemisorption enthalpy change, AH, are listed below:

CH;CH,CH5* + Pb(C11H1902)2 > CH3CH2CH2Pb(C11H190z)* + HC11H 19O (21)

with E,= 2.39 eV ; AH =139 ¢V
SiIOH* +Pb(C11H190z)2 - Si-OPb-C;1H1002* + HC11H1905 (22)

with E,= 0.61 eV ; AH = -0.60 eV
where the asterisks represent the surface species. Consistent with the endothermic
nature of the precursor chemisorption on a CHjs-terminated SAM surface, PbS
deposition was inhibited for as long as 80 ALD cycles before a noticeable Pb 4f signal

was detected by X-ray photoelectron spectroscopy (XPS) on the SAM-coated
substrate.!”
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Figure 2.6: Energetics profile for the Pb(tmhd); reaction on: a) CHjs-terminated alkane chain, representing
the SAM-tail and b) hydroxylated silicon surface. The insets correspond to the static points of the energetic
profile: physisorbed state, activated transition state (T'S) complex, chemisorbed product, and desorbing by-
product. Adapted from Ref. 19.

Besides SAMs, which are commonly used to inhibit precursor chemisorption, H-
terminated Si or NH-terminated SiNiH, surfaces are also known for being relatively
inert surfaces toward several ALD precursors.2+2¢ In the work presented in Chapters 4
and 5, we used these surface terminations to achieve area-selective ALD of In,O3 and
ZnO on hydroxylated SiO: in the presence of H-terminated Si or NH-terminated
SiN:H,.?” Detailed descriptions of these processes are given in the respective Chapters.

An interesting example with reverse selectivity can be found for the case of the area-
selective ALD of cobalt (Co) metal. Supported by DFT calculations and zn-situ infrared
spectroscopy measurements, Kwon ¢ a/. explained the substrate selectivity for Co ALD
on H-terminated Si in the presence of SiO;, using ‘Bu-allyl-Co(CO)s3
(CH3);C=CH2CH:Co(CO)3) as the precursor and dimethylhydrazine (CH3(INH).CHs)
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as the co-reactant.?8 Opposite to what is observed for the cases of In2O3 and ZnO, this
precursor allows for Co deposition on H-terminated Si and not on SiO,. A model for a
simplified precursor surface reactions underlying this process together with DFT-
calculated reaction energies is listed below:

Si-OH* + (CH,=CHCH,)Co(CO); > Si-OCoH(CO)3(CH,=CHCH,)" 2.3)
with E, = 1.74 eV; AH = 0.65 eV
Si-H* + (CH,=CHCH,)Co(CO)3 = Si-CoH(CO)s(CH,=CHCH,)" 2.4)
with E, = 0.91 eV; AH = -0.58 eV

According to DFT calculations, the precursor chemisorption reaction (2.3) on
hydroxylated SiO> was found to have a relatively high activation energy of 1.74 eV and
to be 0.65 eV endothermic. Therefore, this reaction is assumed to be thermodynamically
unfavorable. Conversely, reaction (2.4) on H-terminated Si was shown to have a lower
activation energy of 0.91 eV and to be exothermic by -0.58 eV, making it more favorable
thermodynamically.28

In Table II we make an attempt to provide an overview of the area-selective ALD
processes that are assumed to exploit a chemoselective precursor mechanism. ‘This
categorization includes published results for which the key role of the precursor in
achieving selectivity has been explicitly suggested in the publication. For the ALD of
W, the mechanism is derived from data reported in area-selective CVD literature.

TABLE II: Overview of area-selective ALD processes employing chemoselective precursor
chemisorption. For each material, the precursor, co-reactant, growth and non-growth areas as well as the
selectively grown thickness are listed. List of abbreviations: PVP = polyvinylpyrrolidone; ODPA =
octadecylphosphonic  acid; ODDC= n-octadecyldimethylchlorosilane; PMMA = poly(methyl
methacrylate); OTS = octadecylthrichlorosilane; Ps-b-PVP = poly(stryrene-block-2-vinylpyridine); DAT =
dodecanethiol; FOTS = trichloro(perfluorooctyl)silane; HDMS = hexamethyldisilazane; ODS =
octadecyltrimethoxysilane; ODTS = octadecyltrichlorosilane; dmamb = dimethylamido-2-methyl-
2butoxide; acac = acetylacetonate; thd 2,2,6,6-tehtramethlylheptane-3,3-dionate; AMD = N,N’-
diisopropylacetamidinate; EBECH = ethylbenzyl(1-ethyl-1,4-cyclo-hexadienyl)

Growth Non-growth  Liickness
Material Precursor Co-reactant ow on-gro selectively Reference
area area .
deposited (nm)
AlLOs (CH3)2A1(0OC5H>) HO SiO2 pPvVP 85" 29
Al(CH3)s H>O SiO2 ODPA on Cu 6 30
ODPA on Cu
SiO2 + HCO:H 60 30
etching

Ti ODPA 60 31

AZO  (CH3)»AIOCsH7), Zn(CaHs) H.0 SiOs PVP 250" 29
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TABLE II: continued

Materi Non-growth ThiCk.neSS
aterial Precursor Co-reactant  Growth area area selectively  Reference
deposited (nm)
SiO» HLSI(NCsH )2 O plasma Siozéj‘N" H(;?::] ;:10;55&, ~1 Ci;?i .
HfO;, etc.
TiN Ti[N(CH3)2]4 NH; HfO; O?{I?gzon 30 32
TiO2 TiCls HO SiOs PMMA 33
TiCls H20O SiOs OTS on SiO: 7 34
TiCls HO SiOs Si-H 3 22
TiCls Ti[OCH(CH3)2]4 SiOs Si-H 2 35
Ti[OCH(CH3)2]4 HO SiOs PMMA 35 33
e-beam
Ti[OCH(CH3)2J4 H.0 modified  OTS on SiO: 20 36
OTS
Ti(OCH:)4 H.0 Si0; PMMA 25 37
Co Co(Pr-AMD), Ha Si OTS ~45 38
Co(Pr-AMD). NH; Si oTS 24 39
BuAllylCo(CO); CH;(NH);CH; Si-H Si0; - 28
CoSiz BuAllylCo(CO)s SisHs Si-H SiO: - 40
Ni Ni(dmamb)z NH; SiO2 OTS on SiO2 55 41
ZnO Zn(CoHs), HO SiO; PVP 300" 29
Zn(CoHs), H,O Si0,  ODPA on Cu 36 42
Zn(C2Hs)z H20 SiO: DAT on Au 30 43
Zn(C2Hs)z H20 SiO: [CE{a ~15 44
Zn(CzHs)2 HO SiO2 a-Si:H 7 Chapter 5
ZnO:N Zn(CzHs)2 H>O + NH3 SiO2 PVP 200" 45
7rO; ZrCly Hz0 CNT <C1*H”PNtH2) on - 46
ZtCly CH3CH.OH SiO: Cu ~3 47
Ru RuCp2 air Si PMMA 41 37
RuCp: air RuOx Si, SiO2 29 48
H> plasma
dielectric
Rh Rh(acac)s Oz SiO2 photoresist ~30 50
1,05 InCp O + H0 Si0s a-SicH, Si, 35 27and

SiNx:H ) Chapter 4
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TABLE II: continued

Non-growth Thickness

Material Precursor Co-reactant ~ Growth area area sele.ctively Reference
deposited (nm)

HfO> HIfCly H.O SiO2 FOTS on SiO2 ~4 51
HfN(CH3)2]4 H.0 SiOs Oﬁ{gg’r 10 52
Hf(NCzHs)4 H.O SiO2 Cu ~3 53
Ta0s  (CH3):CNTa(N(CH;)2)s O plasma TiN Si,$i0;  virtually infinite 54
W WF, SiH, si e Té(r?() <14 55
WEs + Ha SiH4 Si 2‘1%3 T;;O ~20 56
WSz WFs H.S a-Si c-ALO; ~5 57
Ir Ir(acac)s Oz SiO2 ODS 22 58
Ir(acac)s Oz Si PMMA 29 37
Ir(acac)s Oz Si PVP 17 59
Pt (CH3)CpPt(CH3)s Oz Si [CFy]a 25 2
(CH3)CpPt(CH3)s Oz Si PMMA 71 37
(CH3)CpPt(CH3)s Oz Si PVP 24 59
PbS Pb(tmhd)2 HoS SiO2 ODTS ~5 19
CeOx Ce(thd)s O3 Pe(111) Pt(100) ~2 60

* Note that the extremely high selectivity exhibited for the Al,O3, AZO, ZnO and N:ZnO in combination
with a PVP non-growth area is due to the large under-saturation conditions adopted during the respective
spatial-ALD processes.

From the area-selective ALD processes listed in Table 11, a few general observations
can be made. The chemoselective precursor mechanism has been largely explored to
achieve area-selective ALD, mostly for the selective deposition of oxides. This
mechanism is common in combination with SAMs and polymers, because these
surfaces generally lack the suitable reactive sites (e.g., OH-groups) for metalorganic
precursor adsorption. H-terminated silicon substrates or, in a few cases, metallic
surfaces can also be employed as effective non-growth areas in area-selective ALD. The
exception is when H-terminated silicon surfaces act as the growth area by participating
as an active reactant in the precursor half-reactions, during the deposition of some
specific metals, e.g. W, Co and CoSi2.2840:6! For example, Si can reduce WFs through a
highly exothermic reaction and thereby favor the deposition of W and likely the
formation of HF by-products. Area-selective ALD of Co is thought to proceed through
a reaction that parallels a catalytic hydrogenation reaction. Thus, it requires a surface
that acts as an hydrogen donor (like H-terminated Si), instead of a surface that acts as a
source of protons (like Si-OH).13:28
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From the values of selectively grown thicknesses reported in the literature (summarized
in Table IT) and comparative studies of precursor adsorption on different surfaces,? it
can be speculated that halide-precursors are in general highly reactive and therefore
inhibiting the precursor adsorption is more difficult. This indicates that when using
halide precursors it is more difficult to achieve area-selective ALD,17-3462 which is likely
due to their high reactivity. An exception is the case of area-selective ALD of W using
WFs as discussed above. Conversely, many cyclopentadienyl-based precursors have
been reported to exhibit long nucleation delays on different surfaces and therefore are
more suited for achieving area-selective ALD.37:63

2.4.B. Chemoselective co-reactant mechanism

Area-selective ALD can also be achieved during the second half-reaction of the process
by exploiting the differences in reaction energetics on different surfaces. This
mechanism was found to be particularly useful for achieving area-selective ALD of
noble metals. In this case the precursor chemisorbs on both growth and non-growth
areas, however the commonly-used co-reactants such as Oz and Hadisplay low reactivity
(particularly at low temperature) with the chemisorbed precursors.®* Therefore, a
substrate-catalyzed dissociation of the co-reactant is required to effectively remove the
remaining precursor ligands and thereby allow deposition to take place. An example is
the case of area-selective ALD of Cu on Pt/Pd in presence of SiO, ITO, TaOy, FeOx,
NiOy, TiN and Au.9>-68 In this case, the Cu precursor, Cu(thd), (or Cu(Ci11H19O2)2),
chemisorbs on all surfaces giving stable chemisorbed Cu(C11H19O2)* and (C11H19O2)*
species on the surface. However, the ability to remove the remaining ligand is dependent
on the substrate on which the precursor has chemisorbed. Since H» dissociation is much
less likely on an oxide substrates (reaction 2.5), this reaction requires high temperature
or long co-reactant doses to take place.’> Conversely, in the case of a Pt substrate, the
catalytic activity toward H> dissociation favours the elimination of the ligands (reaction
6), and therefore allows Cu growth to take place.®> This mechanism for area-selective
ALD is supported by infrared measurements performed by Sekine ¢ /. who showed
that Cu(C7H19O2) adsorbs on oxides substrates, while the elimination of the Cu ligand
is inhibited by the low reactivity of H».%%70 The general surface reactions are listed below:

MOCu(C“ngOz)* + H, 2 MOCu* + HC1H190» (2.5)
PtCu(CnHmOz)* +H, 2 Pt Cu(CnHsz)* + 2H-> PtCu-H + HC;1H190> (26)

where the asterisks represent the surface species and M the generic cation composing
an oxide substrate. Unfortunately, the associated activation energy and enthalpy change
of these reactions have not been calculated. However, the difference in the reaction
rates for reactions (2.5) and (2.6) can be estimated by considering the activation energies
reported in the literature for the Ho dissociation. An activation energy of 2.50 eV has
been reported for the dissociation of Hz on SiO; and 0.06 to 0.40 eV on Pt(111).71.72
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These values suggest that it may be difficult to activate Hz on oxides substrates in order
to produce atomic hydrogen needed for the hydrogenation of the adsorbed ligands.™
Using the Arrhenius equation and assuming the pre-exponential factors to be of the
same magnitude, the different activation energies translate into a ~1023 to ~1020 times
faster reactions on the Pt surface at 250 °C, thereby explaining the good selectivity of
this process.

Mackus ef a/. demonstrated the area-selective ALD of Pt using (MeCp)PtMes; and Oz on
Pt, in the presence of Al2O3 and SiO2.8 In particular, the nucleation delay that allows
for selective deposition, was studied as a function of the O, pressure. At Oz pressures
as low as 8 mTorr, no Pt deposition could be obtained on AlLOs. However, when
increasing the Oz pressure to 800 mTorr the nucleation delay drastically decreased to
50 cycles. The nucleation delay is plotted as a function of the co-reactant pressure in
Figure 2.7. Furthermore, the nucleation delay was also observed to be dependent on the
dosing time of the co-reactant,”® which suggests that the limiting step for nucleation is
the co-reactant step. As a matter of fact, the chemisorption of Pt(MeCp)Me; has been
demonstrated to take place on surface hydroxyl groups by several experimental and
simulation studies,” and even at room temperature.” Also this area-selective ALD
process can be explained by a kinetically hindered co-reactant reaction which is a
function of both temperature and dose (pressure x time) of O2.75 A similar dependence
on the total co-reactant dose was also found for Ru ALD, suggesting this effect to be
common for noble metals.
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Figure 2.7: Growth delay of Pt ALD as a function of the O pressure as measured by zn-sitn SE on Al,O3
and Pt starting surfaces. After Ref. 8.

In Table I1I we make an attempt to provide an overview of the area-selective ALD
processes that are assumed to exploit a chemoselective co-reactant mechanisms. This
categorization includes published tresults for which the key role of the co-reactant in
achieving selectivity has been explicitly suggested in the publication.
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TABLE III: Overview of area-selective ALD processes employing a chemoselective co-reactant reaction
mechanism. For each material, the precursor, co-reactant growth area and non-growth area as well as the
selectively deposited thickness are listed.

Growth Non- Thickness
Material Precursor Co-reactant area growth selectively References
area deposited (nm)
Fe203 Fe(CsHs)(CsH4C(CH3)3) O2 Pt SiO2 20 77
Cu Cu(thd)> Ho Pd/Pt SiO2 - 64
Pd SiOz, Au 14 65,67
SiOy,
Pd Pd(hfac). Ho Pt ALO, - 78
SiOg,
Pt (CH5)CpPt(CH3)3 Oz Pt ALOS 19 79

From the area-selective ALD processes reported in Table 1II, a few general
considerations can be drawn. Chemoselective co-reactant mechanisms are exploited
mostly for noble metals and in combination with a growth area that acts as a catalyst
for the co-reactant dissociation. The presence of a catalytically active growth area is
fundamental in lowering the activation energies that may be involved during the co-
reactant step. Fe2Os is the only oxide material for which the area-selective ALD process
may be explained by recurring to a chemoselective co-reactant mechanism. A drawback
of this mechanism is that area-selective deposition can proceed only when the deposited
material itself can catalyze the co-reactant dissociation or if the co-reactant can diffuse,
reach the catalytic substrate, dissociate and effuse to the surface.

2.5. Processing conditions for improving the selectivity

As anticipated in Section 2.2, area-selective ALD usually does not retain its selectivity
for an infinite number of cycles and material deposition can also start on the non-
growth area, leading to selectivity loss. For example, in the case of kinetically-hindered
surface reactions, although the rate of reaction on the non-growth area can be extremely
slow, material may gradually deposit on this surface. In other cases, the precursor can
strongly physisorb on the non-growth area and act as a reactive site for further reactions,
ot the co-reactant can chemically change the non-growth area, for instance HoO may
slowly oxidize H-terminated silicon surfaces. Finally, the presence of defect sites
(dangling bonds, strained bonds, etc.) on the non-growth area can significantly affect
the reaction energetics for instance by lowering the required activation energy.s

Controlling the selectivity during an ALD process under these circumstances can be
very challenging to achieve. First-level approximations can be derived from DFT
calculations of the energetics involved in the surface reactions. During ALD reactions,
the situation is typically very complex and alternative reaction pathways can have a
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profound influence on the selectivity.8-8! In this respect, zz-sifu measurements can be
used to identify secondary reaction mechanism and non-idealities.

If the mechanism for selectivity loss is understood, one way to tackle the challenging
problem of retaining the selectivity for a large enough number of ALD cycles is tuning
the processing conditions to avoid unwanted reaction pathways. Nevertheless, at a more
pragmatic level, correction steps can be inserted to remove undesired deposition from
the non-growth area(s) and possibly refresh the latter back into its pristine state such
that the mechanism that leads to selectivity can be resumed.

In this section we describe different strategies that have been adopted to improve the
selectivity of area-selective ALD processes. Figure 2.8 summarizes these approaches.
As illustrated in Figure 2.8a, a lower precursor/co-reactant dose and/or a larger purge
dose can widen the selectivity window (green arrows). The deposition temperature can
be varied to expand the selectivity window (Figure 2.8b). Gas additives that can be co-
injected with the precursor can promote side-reactions leading to zu-sitn passivation of
the non-growth area (Figure 2.8c). High selectivity can be obtained by inserting etching
as correction steps, which can be performed either ex-siz# and selectively on the non-
growth area (Figure 2.8d) or in-situ in a super-cycle fashion (Figure 2.8¢). The main
requirement is that the etching step does not change the surface chemistry of the non-
growth area. Also, depending on the application, the correction step may or may not
lead to etching of the non-growth area.

Below, we describe detailed examples for each approach and highlight the
similarities with known area-selective CVD processes, when available.
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Figure 2.8: Schematics of various types of processing options for improving area-selective ALD: a)
decreasing reactants (green arrow) and increasing purge doses (green arrow) may widen the selectivity
window (green arrow) as illustrated in the corresponding nucleation curves (dashed line for the growth-

area and solid lines for the non-growth area). However, decreasing the reactants dose below the saturation

value can result in lower growth per cycle; b) variations of deposition temperature (T and T2) can also be

exploited to widen the selectivity window; c) co-injection of gas additives may cause passivation of (or

other side-reactions on) the non-growth area and thereby expand the selectivity window (green arrow); d)
post-deposition selective etching of the non-growth area with the undesired material deposited atop yield
higher selectivity; e) supercycles of deposition and interleaved etching steps can ideally lead to infinite
selectivity.
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2.5.A. Effect of precursor and purge dose (pressure x time)

Recently, in-depth insights about how precursor and purge doses affect the selectivity
were published by Seo ¢ a/3 They demonstrated the possibility of achieving highly
selective ALD of ALOj using SAMs as the non-growth area by carefully tuning the
Al(CHa)3 precursor and Ar purge dose. The water contact angle (WCA) was used as a
figure of merit to evaluate the adsorption of TMA on the SAM-coated surfaces. In
Figure 2.9 the observed change in WCA is shown as a function of TMA or Ar dose,.
Low-pressure and short TMA dose are required to effectively minimize TMA
physisorption on the SAM-coated substrate. Furthermore, high doses of Ar during the
purge step are also necessary to completely remove unwanted physisorbed TMA. Using
DFT calculations Seo ef a/. found that the chemisorption of TMA on a CHs-terminated
SAM is endothermic (+0.1 eV), however TMA strongly physisorbs (-0.66 eV) on the
SAM surface. Starting from these energetic considerations, it was experimentally
demonstrated that decreasing the TMA dose and increase the Ar purge dose enabled
the selective deposition of 60 nm thick Al>Os on Ti and not on ODPA-coated Ti areas.
The drawback of too strong reduction of the precursor dose is that severe under-
saturated ALD regimes can lead to non-conformal deposition on high aspect ratio and
to poorer material properties.
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Figure 2.9: Differential water contact angle (WCA) of the SAM-coated surface as a function of the TMA,
and Ar purge doses, expressed in Langmuir. The change in WCA is calculated with respect to the starting
WCA measured on the as-deposited SAM. AWCA is, therefore, taken as a measure for the loss of
selectivity, ze. the deposition of Al,O3. Small precursor doses and high purge doses lead to better selectivity.
Compiled from Ref. 30.
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2.5.B. Effect of deposition temperature

Besides dosing and purging strategies, the selectivity can also be improved by adjusting
the deposition temperature. We recently developed such an approach for the case of
Zn0 area-selective ALD on SiO» in the presence of hydrogenated amorphous silicon
(a-Si:H), which is discussed in more detail in Chapter 5. For a fixed number of cycles,
the selectivity was observed to increase upon increasing the deposition temperature
from 100 °C to 250 °C. We explained this effect by considering that for lower deposition
temperatures a physisorbed precursor or co-reactant can cause undesired surface
reactions. A similar effect of the temperature on the selectivity was also reported by
McDonnell ¢ al. for the area-selective ALD of TiO; on SiOz in the presence of H-
terminated Si40 In their case, for temperatures as low as 30 °C, the selectivity was
obsetrved to be lowest as compared to those obtained at 100 °C and 150 °C. This effect
was attributed to the physisorption of H>O at low temperature, which causes parasitic
surface reactions at the expenses of selectivity. The opposite behavior was observed by
Lemaire ef al. for the area-selective ALD process of W on Si-H in the presence of SiO5,
using WFs precursor with SiH4 co-reactant.>* Here, the selectivity was observed to
decrease upon increasing the reaction temperature from 160 to 240 °C. The selectivity
loss with increasing temperature can be attributed to the faster reaction kinetics of SiHy
and WTs on both growth and non-growth areas. 352

2.5.C. Effect of gas-additives

The use of gas additives has been extensively explored in area-selective CVD. In many
of these processes, exerting control over the partial pressure of gas additives allows one
to modify the surface reaction kinetics,?? or to promote etching reactions.3486 This way
the reaction equilibria are altered to favor deposition on the growth area, or to promote
etching reactions on the non-growth area. As an example, in the selective epitaxial
growth of Si in the presence of SiOs, the selectivity can be optimized by co-injecting
HCI which decreases the nucleation rate on SiO», as shown in Figure 2.10 a-b. The
addition of HCI shifts the reaction equilibria to the reagents side, and therefore the
nucleation rate is decreased.’*87 In the field of area-selective ALD, adding gas-additives
is a somewhat less explored processing option. An example is the extension of the
selectivity window for the area-selective ALD of W: Kalanyan e¢# o/ demonstrated an
increased selectivity during ALD of W on Si in the presence of SiO» surfaces when co-
dosing H> and WFg, followed by SiHy as the co-reactant.> The addition of H> leads to
the formation of HF, which was demonstrated by 7#-situ spectroscopic measurements.
As shown in Figure 2.10 c-d, the HF may attack the SiO; surface and form SiFy surface
groups, with x < 4. From CVD literature on selective deposition of W, using the same
chemistry, it is known that the SiFy groups do not react with WFs (highly endothermic
reaction with AG= +3.9 eV).13 The authors suggest that the resulting fluorinate silicon
surface inhibits also the SiHy co-reactant adsorption. In this way the thickness that can
be selectively deposited was increased by ~6 nm. The absence of W nuclei on the non-
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growth area (SiO») when using H» as a gas additive, demonstrates a higher selectivity as
compared to the standard (without Hz) ALD recipe for W.

SIHd/WFG

d) S|H4/(WF6+H2)

Slor} .....
40 cycles

20 cycles, SiH,,/WFG 20 cvcles, SiHa/(WF6+H2)
B L o % ~ Y

Figure 2.10: Two examples of gas-additives for area-selective CVD and area-selective ALD.

a-b) Selective Si epitaxial growth in the presence of SiO; using SiH2Cl; as a single soutce precursor at 950
°C. Poor selectivity obtained without HCI b) high selectivity using HCI as a gas additive. After Ref. 84.
c-f) Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) surface maps on patterned Si/SiO:
surfaces after different numbers of W-ALD cycles: ¢) without Hy; and d) with H; gas additive during the
precursor step. The transmission electron microscopy images are taken from the patterned substrate after
20 cycles of W area-selective ALD e) without H» and f) with Ha. See Ref. 55 for details.
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2.5.D. Correction strategies based on etching steps

Hashemi ez a/. used a so-called self-correcting process to improve the selectivity of Al,O3
and ZnO area-selective ALD processes when using SAMs of octadecylphosphonic acid
(ODPA) on Cu surfaces.?? This process is schematically illustrated in Figure 2.11a.
Instead of interrupting the ALD process at the onset of the selectivity loss, due to
parasitic deposition on the SAM-coated Cu substrate, more cycles are applied. Similarly
to a lift-off approach, an acetic acid post-etching process is then used to remove the
uppermost oxidized Cu surface together with the SAMs and the material that has been
deposited atop. By using this strategy, the selectivity was increased by a factor of 10.
Furthermore, such process may be re-iterated several times to further increase the
selectivity window.

@ ALD precursor

.. Cuoxide

Figure 2.11: Two examples of etch-back correction steps for area-selective ALD and area-selective CVD.
a) Schematic representation of the area-selective ALD process using a combination of selective deposition
of ODPA on copper in the presence of silicon and a selective post-process etching step. After Ref. 29.

b) Top-view SEM of selective vertical interconnect aperture (via) W CVD filling, using 18 cycles of WE;
+ H> deposition and interleaved F, etch-back steps. The growth area is Si and the non-growth area is SiO-.
The process resulted in ~1 um thick selectively deposited W. Without etch-back steps the selectivity was
lost after 150 nm thick W deposit. After Ref. 88.
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A similar approach involving etch-back correction steps is the one reported by Vallat ez
al. for the area-selective ALD of Ta;Os on TiN in the presence of Si and SiO2.53 This
has been achieved by using (CH3);CNTa(N(CHs)2); and O plasma as the co-reactant.
This process represents a particular case because a plasma co-reactant step was used
here. Indeed, obtaining area-selective ALD using plasma co-reactants may be possible
only in the case of a chemoselective precursor mechanism as the plasma co-reactant is
typically highly reactive (Note: a novel approach to obtain area-selective ALD of SiO»
using a plasma-assisted ALD process is described in detail in Chapter 6). The solution
adopted by Vallat et al. is to exploit a short nucleation delay on Si and SiO> surfaces
which is revived every 9 ALD cycles by a NF; plasma etch-back step that removes
Ta20s5 nuclei from the non-growth areas, together with some of the Ta,Os deposit on
the growth area. After the etch-back step, the ALD process undergoes another
nucleation delay on the non-growth area. Ideally, this process can be repeated as long
as needed, in a supercycle fashion. A similar approach was also reported for the area-
selective CVD of W. In this process NF; or > thermal or plasma etching steps were
demonstrated to selectively deposit W-films as thick as ~1 pm. This supercycle

approach for area-selective CVD was tested for bottom-up vz filling as shown in Figure
2.11b.88

2.6. SUMMARY AND OUTLOOK

In this Chapter, we have discussed the basic principles undetlying area-selective ALD
and emphasized the crucial role of surface chemistry. As discussed in Section 2.2, area-
selective ALD is obtained by exploiting the differences in nucleation delays of a
deposition process on substrates with diverse chemical nature. The nucleation delay
depends on the rate of the surface reactions involved and on the reaction conditions
(temperature, dose, etc.). The most important challenge in area-selective ALD is
selectively deposit sufficiently thick films on the growth area, while avoiding any
deposition on the non-growth area.

Area-selective ALD can be accomplished with either a chemoselective precursor or co-
reactant mechanism being the selectivity controlling half-reaction. In this respect ab znitio
methods such as DFT prove resourceful in gaining insights into the reaction
mechanisms and the energetics (thermodynamics and kinetics) of the elemental steps
involved in each half-reaction on the growth and non-growth areas. This knowledge
can be used as a guide to understand the key factors that lead to area-selective ALD,
and to make correlations to the field of area-selective CVD. The new insights can be
utilized to improve the selectivity by carefully tuning the reaction conditions.

Possible experimental parameters to improve the selectivity and to eliminate unwanted
side reactions are precursor and purge doses, deposition temperature and the use of gas-
additives. Alternatively, selectivity can be increased by employing etch-back correction
steps, as discussed in Section 2.5.D. Particulatly effective are zn-situ etch-back steps such
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that the entire process can be carried out without breaking the vacuum. A requirement
for this approach is that the etch step does not significantly affect the non-growth atea.

We believe that the field of area-selective ALD will continue to grow, and find
immediate application in advanced nanodevice fabrication flows, where novel and more
complex atomic layer processing concepts are needed in the near-future (e.g., multi-step
cycles, different temperature steps, insertion of etching reactions, etc.). This overview
may provide the elements to advance, both theoretically and experimentally, the
potential of area-selective ALD with the aim to improve the selectivity.
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Chapter 3
Synopsis of Selective ALE

The continnous drive for shrinking device components requires innovations in both deposition and etching
technologies. Atomic layer etching (ALE) holds potential to etch materials with atomic-scale control over
etch profiles, virtually free of surface damage and with high etch selectivity. This synopsis provides a brief
overview of the ALLE processing options and discusses the mechanisms underlying selective ALLE by means
of examples from the literature. From a chemistry point-of-view diverse reaction pathways and the differences
in reactivity of precursors or co-reactants with various materials can enable selective removal of a material
in the presence of other materials. A comparison between selectivity in area-selective ALD and selective
ALE concludes this Chapter.

3.1 Introduction

Dry etching techniques are ubiquitous in device fabrication as they allow for patterning
nanometer-size features. There are four plasma-based dry etching types: 1) chemical
etching, 2) physical etching (also called sputzering), and 3) reactive ion etching (RIE).
Purely chemical etching is often zsotropic in nature,! while the rest is anzsotropic (or
directional). Directional/anisotropic etching is caused by the trajectory of the ions that
are accelerated perpendicularly to the substrate following the field lines in the so-called
plasma sheath before impinging on the substrate surface. In RIE, the etching is
accomplished by a synergetic effect of the plasma-generated reactive species that
includes both radicals and ions.

Upon exposure to the plasma, reactive radicals diffusing towards the substrate react
with and modify its surface. At the same time, owing to the negative bias applied to the
substrate, ions are accelerated in the plasma sheath which leads to energetic ion
bombardment. This weakens the atomic bonds in the surface and sub-surface regions
of the substrate and makes those regions more prone to attack by the aforementioned
reactive radicals. As a result the etch rate of the target material is significantly
enhanced.?

A key requirement in etching is the ezh selectivity of the process, defined as the ratio
of the etch rate of material A to that of another material B.

As discussed in Chapter 1, for conventional etching techniques there are several
challenges associated with etching high aspect ratio structures, controlling the etch
profile, and achieving high uniformity and high etch selectivity. Atomic layer etching
(ALE) holds promise to overcome most of those shortcomings by dividing the etch
process into two time-separated and self-limiting steps: half-reaction A and half-
reaction B. Generally, during the first half-reaction the top surface of a material is
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chemically modified. During the subsequent half-reaction, the modified top layer is
removed through the formation of a volatile product which is purged or pumped off.
In this chapter we will focus on the aspects of etch selectivity in ALE and describe the
mechanisms underlying selective ALE through a few selected examples that have been
reported in the literature. The content is organized as follows. In Section 3.2 various
approaches for achieving ALE are briefly described. In Section 3.3 the concepts of ezch
delay and efch selectivity for a generic ALE process are discussed by drawing analogies with
continuous etching techniques. In Section 3.4 the fundamental reasons underlying etch
selectivity of selected ALE processes are discussed. Section 3.5 concludes the chapter
with a comparison with the selectivity in area-selective ALD.

3.2 Approaches for ALE

Directional/ anisotropic ALE is achieved by using accelerated ions (or neutral species),
while isotropic ALE employs non-directional species (typically in thermochemical
reactions). To ensure self-limiting behavior, the ion energy employed in
directional/anisotropic ALE has to be well-controlled and below the threshold for
material sputtering, thus avoiding continuous material removal. Furthermore, the use
of low and precisely controlled ion energy can enable higher selectivity, as compared to
continuous etching.*¢ Besides the mainstream concepts of directional plasma ALE and
Zsotropic thermal ALE,” hybrid approaches have been developed in order to expand the
ALE toolbox. Such approaches involve the combination of half-reactions that exploit
either radical-driven plasma reactions with thermochemical reactions or with
annealing/cooling steps as reported by Shinoda 7 a/.8

Figure 3.1 summarizes six possible ALE approaches, in which either plasma-based, or
thermochemical reactions ate used at least in one of the two half-reactions (A and B).
In directional/ anisotropic ALE, plasma-generated radicals (half-reaction A) can be used for
isotropic surface modification, and ions (half-reaction B) for inducing directional
removal of the modified layer (Figure 3.1a).> Alternatively, thermochemical reactions
with a vapor-phase precursor (half-reaction A) can be used in combination with
accelerated ions/neutral species (half-reaction B); see Figure 3.1b. In Chapter 7 we
introduce a novel concept for Zotropic ALE, in which a thermochemical reaction (half-
reaction A) is used to remove material. This reaction appears to be self-terminating due
to the formation of a surface layer that inhibits further etching. A radical-driven O»
plasma pulse (half-reaction B) is then used to reset the surface for the next ALE cycle
(Figure 3.1c). Isotropic ALE can also be obtained by using a plasma-based process in
which radicals modify the surface (half-reaction A) and an annealing step (half-reaction
B) is used to desorb the modified layer (Figure 3.1 d)8-10. Precursor and co-reactant
thermochemical reactions can be alternated in both half-reactions to achieve isotropic
ALE (Figure 3.1¢).!12 Otherwise, a thermal annealing step (half-reaction B) can be used
to desorb and etch the layer that was modified by a thermochemical reaction during
half-reaction A (Figure 3.1 £).13
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Figure 3.1: Schematic overview of several approaches of ALE. Directional/anisotropic ALE can be
obtained by the alternated exposure to a) a plasma-generated radical precursor or b) a thermochemical
precursor that modifies the material surface during the half-reaction A. In the subsequent half-reaction B,
a-b) plasma-generated ions or neutral beams are used to remove the modified layer in a directional
fashion.! Isotropic ALE can be obtained using: ) a thermochemical reaction that removes the material in
a self-terminating manner, during the half-reaction A, and a radically-driven plasma step that resets the
surface during the half-reaction B (see Chapter 7 for more details); d) exposure to a plasma-generated
radical precursor that modifies the material surface, during half-reaction A, and a subsequent thermal
annealing step to desorb the modified layer, during half-reaction B;-10 e) alternated exposure to a
thermochemical precursor that modifies the surface and a co-reactant that removes the modified sutrface
layer; 7121518 or f) exposure to a thermochemical reaction with a precursor that modifies the surface and a
thermal annealing step to desorb the modified layer.!3
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3.3 Selectivity and etch delay

In continuous etching, the etch selectivity is traditionally defined as the ratio between
the etch rates of two different materials, A and B. Obviously, the same definition of
etch selectivity applies for the case of ALE. An extreme case is when the chemistry
utilized for etching material A does not form a volatile product containing B. In such
case the etch rate of B is zero, resulting in a selectivity that is infinite by definition. In
addition, a situation analogous to the phenomenon of nucleation delay that was
discussed in Chapter 2 for deposition, has been observed in conventional etching
processes (Figure 3.2). The so-called dead time that occurs between the beginning of an
etch process and the onset of actual material removal can also be defined as the e#h
delay.’ The phenomenon of etch delay has not been explicitly reported in the ALE
literature. However, the possibility of such delay taking place should not be excluded
priori. Actually, etch inhibition or etch enhancement in the eatly ALE cycles has been
discussed by Lemaire ¢f /2 They observed differences in the etch per cycle between
the initial and the steady state of a thermal ALE process for TiOa, using WFs as the
precursor and BCls as the co-reactant.
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Figure 3.2: Etching depth for pristine and BCls-pre-treated AlGaN. The etch delay (also called dead time)
observed for the pristine sample was attributed to the presence of a difficult-to-etch native oxide. A pre-
treatment with BCl; effectively removes the native oxide thereby eliminating the etch delay. After Ref. 19.

Figure 3.3 schematically depicts the etching behavior of a generic ALE process for two
different materials, A and B. For material A (Figures 3.3a-3.3a23), an immediate and
linear thickness decrease with the number of ALE cycles indicates controlled /ayer-by-
layer etching accomplished by the cyclic exposure to a precursor and a co-reactant. In
the case of material B (Figures 3.3b-3.3b2), the same ALE process initially results in no
etching, thus the film thickness remains constant for several cycles. After this ezh delay,
the etching of material B starts (Figure 3.3b3). Here, a significant difference compared
to area-selective ALD as discussed in Chapter 2 should be highlighted. When, after a
transient growth regime in the case of area-selective ALD, deposition finally starts on
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the non-growth area, the growth per cycle values are equal on both growth and non-
growth area. This is because after the nucleation delay the material is deposited on itself.
Once the etching starts for an ALE process, an etch delay may or may not exist and the
etch rates of materials A and B will remain fundamentally different. For this reason, an
analogous expression or parallel definition of the selectivity window as given for area-
selective ALD (i.e. defined by the number of cycles, see Chapter 2) cannot be defined
for the case of ALE.

The differences in etching behavior (in terms of etch delay or etch rate) can be exploited
to achieve selective ALE, when materials A and B are present in a patterned fashion on

a substrate, as depicted in Figure 3.3 c.
————B~__ ]
L etch delay ]

o
N
=

Thickness of material A
Thickness of material B

Number of ALE cycles Number of ALE cycles

(2]
-~

| —— Material A
Material B

Thickness

Number of ALE cycles

Figure 3.3: Film thickness as a function of the number of ALE cycles for two different starting (binary
element) materials, A and B. The cyclic dosage of precursor and co-reactant results in a) an immediate and
linear film thickness decrease for material A and b) a delayed decrease in film thickness (etch delay) for
material B.. Once the etching commences for material B, its etch rate (represented by the slope) is typically
not identical to that of material A. al) - a3), and b1) - b3) schematically represent the different stages of
the etching for the respective materials A and B. To cleatly illustrate the concept of etch selectivity, a pattern
consisting of ¢) materials A and B is subjected to ALE. The insets show the selective removal of material
A in the presence of material B, for different numbers of ALE cycles.
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3.4 Surface chemistry underlying selective ALE

Generally, etch selectivity with respect to a particular reference material may result from
the fact that there is no suitable chemistry available to etch that material.2!22 This holds
for both conventional etch processes and ALE. The key difference is that the etching
reaction in ALE is divided into two half-reactions. High etch selectivity can therefore
be imparted by differences in the thermodynamics or kinetics of each half-reaction (see
Chapter 2 for clarification) for diverse materials. Therefore, depending on the choice of
the substrate and chemistry of the ALE process, high etch selectivity can occur due to
a:

o chemoselective precursor mechanism, or

o chemoselective co-reactant mechanism

Note that in the following sub-sections, we define the precursor step as the half-reaction
that leads to material surface modification and the co-reactant step as the half-reaction
that releases a volatile product containing the target material. By this definition, plasma
radical-driven reactions or thermochemical reactions are considered as the precursor
step, while ion-surface interactions, thermochemical reactions or annealing steps are
considered as the co-reactant step.

3.4.A. Chemoselective precursor mechanism

Highly selective ALE of Si in the presence of SiO» was demonstrated by Tan e7 a/.,?3
using a Cly plasma step as the precursor and Ar* ions in the co-reactant step, at a
substrate temperature of -45 °C. As shown in Figure 3.4a, ‘infinite’ etch selectivity was
obtained for low ion energies. Since Si and SiO; have similar Ar* energy thresholds for
commencing etching/sputtering (around 40 eV),2324 the ion enetgy during the co-
reactant step can play only a minor role in imparting selectivity. Thus, the authors
ascribed the selectivity to the precursor step. The etch selectivity can be understood by
considering the Si-O bond energy. When a Si-atom is backbonded to another oxygen
atom (Eosi.o = 4.68 V) the Si-O bond energy is much larger than the Si-Cl bond energy
for an O-backbonded Si (Eosi.ct = 0.95 eV).2> Therefore, the chlorination of a SiO;
surface from molecular Cl, is likely a thermodynamically unfavored process because the
energy needed to dissociate a Cl, molecule and to break a OSi-O bond is much larger
than the energy gained in forming an OSi-Cl bond. In agreement, Chang and Sawin
demonstrated that for a continuous etch process at room temperature, molecular Clp
does not enhance the etch yield of SiO,. However, Cl-radicals enhance the etching yield
by a factor of 3-4, Figure 3.4b.2* Based on these experimental results, it was concluded
that when using Cl, the primary mechanism for etching SiO; is sputtering due to Ar*
which explains the decrease in selectivity at higher bias voltages shown in Figure 3.4a.24
Another factor for the high selectivity could be the extremely low etching temperature
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(-40 °C) that may sensibly slow down the kinetics of plasma surface chlorination on
SiO..
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Figure 3.4: a) Etch selectivity (Si over SiO;) as a function of the RF bias voltage for ALE (filled circles)
and continuous etching (open circles). After Ref. 23. b) Etching yield of SiO; as a function of the square
root of the ion energy for: Art(diamonds), Art + Cly mixture (triangles), and Art + Cl (squares). The
threshold for all processes is ~40 eV and the etching is enhanced significantly only when dosing Cl. After
Ref. 24.

3.4.B. Chemoselective co-reactant mechanism

Etch selectivity in ALE can also be obtained by exploiting the differences in reaction
energetics with different materials, during the co-reactant half-reaction of the process.
Below, we discuss the role of three possible co-reactant steps: ion bombardment in
directional ALE, thermochemical reaction in thermal ALE and thermal annealing in
hybrid ALE approaches.
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Directional ALE. Fine control over the ion energy can be exploited during the second
half-reaction to achieve high etch selectivity, if the materials subjected to the ALE
process have different bond energy. This is the case for ALE of Ge in the presence of
Si. Here, a Cl plasma is used to chlorinate both surfaces followed by an argon ion
bombardment to remove the modified layer.2¢ Etch selectivity of Ge over Si is obtained
by tuning the applied RF bias voltage and thereby the Ar* ion energy. Ion energies of
20-30 eV are sufficient to remove the chlorinated Ge, whereas energies between 40-60
eV are required to achieve ALE of Si.26 This can be explained by considering the bond
energies in the bulk and at the surface for the two different materials. During the
precursor step, the chlorination weakens the Ge-Ge and Si-Si bonds in the subsurface
through the formation of strong surface bonds (> 4 eV), as schematically depicted in
Figure 3.5. Due to the strong electronegativity of Cl, the bond energies of sub-surface
Ge-GeCl and Si-SiCl are lower: <2.7 eV and <3.2 eV, respectively. As a result, the ion
energy threshold required for breaking Ge-GeCl bonds is lower than the threshold
needed to break the Si-SiCl bonds.?> By controlling the ion energy below the threshold
for silicon, etch selectivity of Ge over Si can be achieved in ALE.

Cl Cl

|4.o eV | 43eV
Ge Si

<276V <326V
Ge Si

|27 ev | 32ev
Ge Si

Figure 3.5: Schematic representation and bond energies for the chlorination of Ge and Si. Compiled from
Ref. 25.

Thermal ALE. Etch selectivity during ALE may also result from the differences in
reaction thermochemistry between the co-reactant and the modified substrate surfaces.
This is the case for the selective ALE of HfO; in the presence of ALOs. Lee e al.
demonstrated that, up to a temperature of 350 °C, no etching of ALO; occurs when
using HF as the precursor and SiCly as the co-reactant.?” During the first half-reaction,
HF fluorinates both HfO, and ALO; surfaces through a thermodynamically feasible
reaction, lLe., a reaction with a negative change in Gibbs free energy (AG < 0). In
contrast, the ligand exchange reaction during the co-reactant step was calculated to be
thermodynamically unfavored in the case of HfF, (reaction 3.1), and thermodynamically
favored in the case of AlF; (reaction 3.2). The authors explained the etch selectivity by
the proposed mechanism below:
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SiCly() + HfF, (s) — SiFs (o) + HECL (g) 3.1)

AG = -0.43 eV
SiCly (@) + 4/3 AlF;5 (s) — SiFy () + 4/3 AlCL () (3.2)
AG = +1.13 eV

The formation of AlCl; from AlF; and SiCly requires a too high energy, therefore this
process is unlikely to take place under the experimentally investigated conditions.

Hybrid ALE. When an annealing step is used it can be considered a ‘co-reactant’. High
etch selectivity during ALE may then be obtained by controlling the annealing
temperature such that the modified layer of one material is volatile enough to evaporate,
whereas the modified layer of the other material is not. An example of this approach is
the isotropic ALE process demonstrated by lkeda ¢f a/. for Ge in the presence of Si.13
This hybrid ALE process involves the alternated chlorination of the Ge and Si surfaces
by Cl gas at room temperature. The chlorination step is followed by an annealing step
at 400 °C, which enables the removal of the chlorinated germanium surface layer. Etch
selectivity of Ge over Si can be achieved by controlling the annealing temperature well
below 650 °C. Indeed, as calculated by Tang ez al., GeClz is volatile (partial pressure of
~700 mTorr) at 600 K, while SiCl, requires temperatures above 800 K to be sufficiently
volatile. This is shown for a system involving Ha, Cl, Ge and Si in Figure 3.6.28 The
same calculations also show that SiCls has a high partial pressure even below 800 K,
which has made SiCly a very popular vapor phase silicon precursor in conventional
CVD. Nevertheless, SiCly (likewise GeCly) cannot be directly formed on the surface
because the adsorption of Clz on Si is known to form a chlorinated layer that inhibits
further reactions.? Hence, under the particular experimental conditions
(thermochemical chlorination reaction) the formation of SiCly (and GeCly) is a negligible
process on the substrate surface and only the SiCl and GeCl, species can be considered
for the ALE process. In the light of these considerations, the temperature at which the
ALE process for Ge is carried out imparts the selectivity by governing the volatility of
the reaction products.
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Figure 3.6: Variation of the gas phase partial pressures for the systems a) Si-Cl-H and b) Ge-CI-H. The
total pressure considered is 1 bar. From Tang ¢ al., Ref. 20.

3.4.C. Miscellaneous ALE selectivity mechanisms

We realize that the above classification of ALE selectivity mechanisms is sufficient but
not exhaustive. A particular case not considered yet is the etch selectivity of SiNy in the
presence of SiO; demonstrated by Shinoda and co-workers.? In this ALE-based
process, high selectivity is obtained during the precursor step by using a
hydrofluorocarbon plasma step (at 20 °C) that leads to modification of SilNy (conversion
to an ammonium fluorosilicate surface layer) and, at the same time, to fluorocarbon
deposition on material SiO,. The ALE cycle is completed by a thermal annealing step
(at 100 °C) that leads to the desorption of the ammonium fluorosilicate layer, i.e. etching
of the modified SiNy as shown in Figure 3.7, while a fluorocarbon protective layer
remains the SiO.. Similar selective etch chemistry has also been demonstrated for the
selective ALE of TiN in the presence of Si05.8

Plasma IR lamp
(NH4) SiF, ,,\\"l'l'l'l'

?v'}; "004

N - BN - e

Figure 3.7: Schematic representation of a hybrid ALE approach for the etching of SiNy. During the half-
reaction A, a low temperature plasma step is used to convert the SiNy surface into an ammonium
fluorosilicate layer, (NH4)2SiFg, which is subsequently desorbed in half-reaction B, by rapid thermal
annealing with IR lamps. After Ref. 9.
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3.5. Selectivity in ALE and in area-selective ALD

When comparing the fundamentals underlying the selectivity in ALD and ALE, many
similarities can be found. The essence lies in controlling the relative reaction feasibilities
and rates for the different materials at a substrate surface. To this end, thermodynamic
and/or kinetic analyses can be useful in providing qualitative insights into the problem
of selectivity and in facilitating the design of novel processes to be benchmarked with
experimental results.

A major difference between selective ALE and area-selective ALD is that in the first
case control over the energy of directional ions (or neutral beams) is largely exploited
to achieve selectivity. The role of ions influencing the chemical composition and film
microstructure has only been recently investigated in-depth in the field of ALD.3!.32
Inert ions and/or reactive ions might offer extra parameters to obtain or improve the
selectivity also for the case of area-selective ALD. lon-induced changes in
microstructure (stress, damage) or chemically induced modification (e.g. surface de-
hydroxylation) may be used as a surface preparation step to manipulate the reactivity of
a specific surface. Alternatively, so-called topographically selective processes can be
obtained by depositing materials with different chemical or physical properties on
planar and 3D vertical surfaces, as recently demonstrated by Karwal e 2/ 3 and Faraz et
al. 31

Another characteristic of ALE which does not have its direct counterpart in the field of
area-selective ALD, is the use of simultanecous deposition on one material and etching
of another material. If compatible with the specific fabrication step, a mirrored
approach could be used to obtain high selectivity when the non-growth area is etched
while material is deposited on the growth area. In this respect, it is also believed that
ALD and ALE can be combined in more complex schemes to achieve high deposition
selectivity and, vice versa, high etch selectivity.33.34
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Chapter 4

Area-Selective Atomic Layer Deposition of
In,O05:H Using a p-plasma Printer for Local
Area-Activation”

Area-selective atomic layer deposition of In203:H was achieved using a u-plasma printer by locally
activating the surface of various H-terminated silicon-based materials (HF-last $i(100), a-Si:-H and a-
SiNH) before initializing the ALD cycles. With this direct write ALD technigne, In205:H patterns
ranging from 0.6 to 3 mm in width were prepared at 100 °C, from indium cyclopentadieny! (InCp) and
a mixcture of H20 and Oz. The selectivity of the ALD process was demonstrated by X-ray photoelectron
spectroscopy. A resistivity value of 0.59 m&2 cm was obtained on patterns grown using 780 ALD cycles
(~75 nm thick). Density Functional Theory (DFT) calculations provided a quantitative understanding
of the surface chemistry that lies at the basis of the high selectivity.

4.1 Introduction

Electronic device fabrication generally requires several lithographic steps to obtain well-
aligned features. This is becoming ever more challenging in the semiconductor industry
as feature dimensions of state-of-the-art devices keep shrinking,'=* It is, however, not
only the semiconductor industry that faces such challenges. Some of the challenges in
patterning for nanoelectronics share common ground with those of microscale
patterning as used in large-area electronics. Furthermore, removing material by etching
can be detrimental in terms of materials damage and contamination.> Moreover, for
large-area electronics cost per unit and throughput considerations also limit the use of
expensive and iterative ‘litho-etch’ steps. This holds for example for patterned
transparent conductive oxides (TCOs).8 TCO films are ubiquitous in many devices
such as displays,’-'2 solar cells,!? solid state lighting and sensors,”8 including those based
on emerging organic light-emitting devices (OLEDs)!* and on halide perovskite
materials. To date, methods used for patterning TCOs such as such as rapid laser
patterning!®> often have limited uniformity and resolution or suffer from material
degradation during the etch processes.® Furthermore, more than six steps are typically
required to fabricate patterned TCOs.5-816 Hence, several applications that require
millimeter and sub-millimeter patterned TCO films would benefit from the availability
of alternative patterning methods.”-12

*Published as: Mameli, A.; Kuang, Y.; Aghaee, M.; Ande, C. K,; Karasulu, B.; Creatore, M.; Mackus, A. J.
M.; Kessels, W. M. M.; Roozeboom, F. Chem. Mater. 2017, 29, 921-925.
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Area-selective atomic layer deposition has emerged as a promising solution to push
device manufacturing towards new frontiers. Significant efforts, in academia and
industry, are currently devoted towards the development of area-selective ALD
techniques that can be incorporated within existing fabrication schemes. To date, most
of these efforts have been inspired by the need to prepare nanoscale features in the
semiconductor industry as an alternative or a possible solution for extremely complex
lithography schemes. Although the number of viable methods is still very limited, the
approaches for achieving area-selective ALD can be categorized as: (1) area de-
activation, in which a part of the surface is rendered inert towards a specific ALD
process; and (2) area activation, where conversely, an inert surface is locally activated for
a specific type of ALD chemistry.!”-1” A prototype example of the first case is area de-
activation of a surface by blocking it with self-assembled monolayers.22021 A particular
case of the latter approach is the direct activation of a surface region without any
subtractive steps. This can be referred to as direct-write ALD21822 and it enables
patterning and ALD to be combined into a truly bottom-up process drastically reducing
the number of required fabrication steps. One embodiment of direct-write ALD was
developed by Mackus et al. by exploiting the catalytic activity of a Pt seed layer grown
locally using electron beam induced deposition (EBID). After EBID, ALD was applied
for selectively thickening the Pt seed layers into high-quality Pt nanostructures.>!822

In this work, we present a novel method for area-selective ALD which targets the
preparation of microscale features relevant in large-area electronics. It is a direct-write
ALD process of In;Os:H, a highly promising and relevant TCO material,?> which makes
use of printing technology for surface activation. As schematically depicted in Figure
4.1, first the surface of H-terminated silicon materials is locally activated by a u-plasma
printer in air or O2,2* and subsequently InoO3:H is deposited selectively on the activated
areas. The selectivity stems from the fact that ALD In»OsH leads to very long
nucleation delays on H-terminated silicon materials.?> In this work it is demonstrated
that this method allows for preparing microscale InoOs:H features in a true bottom-up
approach on surfaces of H-terminated Si(100), a-Si:H or a-SiNg:H with the In,Os:H
material quality being as high as for blanket films.?6 This novel approach for direct-write
ALD of In»Os:H holds therefore potential for applications in large-area electronics
which make use of patterned TCOs such as displays and solar cells.
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1) Patterning step 2) Building step
Surface modification by p-plasma Area-selective ALD

o °

1 ALD cycle nt* ALD cycle

Figure 4.1. Schematic representation of the area-selective ALD process of In,O3:H on H-terminated
silicon materials. In the first step (1) microscale patterns are defined by activating the surface with a p-
plasma operated in air or Oa. In the second step (2) the In2O3:H is deposited selectively on the activated
areas in a building step. The ALD process consists of two alternating half reactions: InCp precursor dosing
in pulse A and a mixture of Oz and H>O dosing in pulse B. Note that in the case that conductive substrates
are used, a thin dielectric membrane (Al2O3) is positioned between the needles and the substrate, as shown
in Figure 4.A1 (a).

4.2 Experimental methods

For the experiments an Oxford Instruments Opal™ ALD reactor was used to deposit
the InpOs:H films. Indium cyclopentadienyl (InCp) served as indium precursor and a
mixture of HxO and O3 as co-reactants.?’” A standard recipe was employed as detailed
elsewhere.?32” The reactor pressure was ~150 mTorr throughout the cycle with a
pressure spike of ~200 mTorr during the 20 ms H>O dose. All samples prepared in this
study were deposited at 100 °C.

Films of a-Si:H and a-SiN«H on p-type Si(100) served as substrates. These 10 nm
thick films were prepared by inductively coupled plasma chemical vapor deposition
(ICP-CVD) from SiH4and Ar at 50 °C and from SiHs and NH; at 80 °C for a-Si:H and
a-SiN:H, respectively. Alternatively, H-terminated Si(100) was prepared by dipping the
wafer in diluted (1% vol.) hydrofluoric acid (HF) for 2-3 minutes.?® Furthermore, a 400
um thick stainless steel foil with 20 nm of a-Si:H on top was used as a flexible substrate.
After preparation, the surfaces were locally activated by a p-plasma printer developed
by the company InnoPhysics. The print-head of this p-plasma printer consists of
actuated needle electrodes in a multi needle-to-plate dielectric barrier discharge
configuration.?* It allows varying the patterning width by setting the number of actuated
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needles and achieving high throughput (1 cm? in less than 5 s). For this study air and O
plasmas at atmospheric pressure were used to locally activate the surface of the silicon
based materials.

4.3 Results and discussion

By carrying out the sequence of local plasma activation and the ALD cycles as illustrated
in Figure 4.1, the area-selective deposition was demonstrated for a macroscopic pattern
on a large area. Figure 4.2a shows a 4-inch wafer covered with 10 nm a-Si:H onto which
the Eindhoven University of Technology (TU/e) logo was prepared by p-plasma
patterning and 400 ALD cycles. This resulted in ~35 nm thick In»O3:H locally deposited
as measured by ex-si## spectroscopic ellipsometry (SE) at two different angles (65 and
75 degrees, using an M-2000D system from J. Woollam Co. with photon energy range:
1.2 to 6.5 V). The selectivity of the process was confirmed by XPS measurements
using a Thermo Scientific K-Alpha system probing distinctive points inside and outside
the patterned area. The In3ds/> and In3ds2 signals for two of such points are shown in
Figure 4.2b. High signals were collected on the patterned area whereas a negligible signal
was measured outside the pattern. This demonstrates the excellent selectivity reached,
even after 400 ALD cycles. This finding was substantiated by I-V measurements within
and between the different letters of the logo in Figure 4.2a (see the Appendix, Figure
4.A3).
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Figure 4.2. a) Photograph of a 4-inch Si(100) wafer covered with 10 nm of a-Si:H on which the logo of
the Eindhoven University of Technology (TU/¢) was deposited using the direct-write ALD process of
In;O3:H. The number of ALD cycles was 400 and the thickness of the In,O3:H was ~35 nm. b) XPS
signals for the In3ds/2 and In3ds/2 binding energy measured for two distinctive points: black, inside and
red, outside the patterned area.
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Figure 4.3. a) Photograph of In»Os:H lines being 3.0 and 0.8 mm wide as prepared by the direct-write
ALD process with 400 cycles. XPS line scans for the patterns depicted in a) showing the atomic percentages
related to b) In;O3 (In 3ds/2 and O 1s) and c) the Si substrate (Si 2p).

The patterning capabilities of the p-plasma printer were subsequently investigated using
three active needle combinations to pattern lines which were 3.0, 0.8 and 0.6 mm in
width. This is done by actuating 12, 4 and 3 needles, respectively, yielding the result in
Figure 4.3a. All three patterns are shown in Figure 4.A1 (b) in the Appendix. The
material at the surface was probed by XPS through line scans across the 3.0 and 0.8 mm
wide lines. The XPS spot size was 400 um and the distance between successive sampling
points was 600 pm. For clarity, only the atomic percentages of In and O bonded to In
(Figure 4.3b) and Si (Figure 4.3c) are reported. The complete XPS data, together with
the results on a-SiNg:H, are shown in Figure 4.A2 of the Appendix. The XPS line scans
reproduce the patterns in Figure 4.3a as atomic percentages of In and O, while the St
atomic percentage was observed to be complementary to the InoOs:H signals. The In
atomic percentage decreased from a maximum of ~30% inside the pattern area towards
0% in between the patterns, again demonstrating the high selectivity of the ALD
process. The result also demonstrate the capability of the p-plasma printer to pattern
microscale features on a large-area substrate. In the current p-plasma printer
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configuration, the smallest achievable feature size is ~200 pm. This limitation is caused
by the tip radius/shape of each of the actuating needles (for an impression of the p-
plasma printer configuration see the Appendix). It was also verified that the area-
selective processing does not affect the material properties as compared to full blanket
films. The resistivity of the In,Os:H patterns was measured using a four-point probe
station on 3 mm wide patterns. In this case the patterns were prepared on a wafer with
450 nm thick thermal SiO> and 10 nm a-Si:H. The In>Os:H prepared by the direct-write
ALD process had a resistivity of 0.59 m€-cm, which corresponds well with results
obtained for blanket films.2> In addition the microstructure of the films probed by
cross-sectional SEM was found to be comparable to what obtained for blanket films
(Figure 4.A4).

As mentioned in the introduction, the selectivity of the In,Os:H ALD process is
stemming from the fact that very long nucleation delays are obtained on H-terminated
surfaces of silicon materials whereas the nucleation delay on oxide surfaces is
considerably shorter as shown in Figure 4.4.2>

70k —-’—‘—SiO2
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Figure 4.4. Film thickness measured by ## situ SE as a function of the In;O3:H ALD cycles on SiO; (open
triangles) and on a-Si:H (open circles). Ex-siz# SE measurements were taken only for 600 and 780 ALD
cycles on a-Si:H. Above 600 ALD cycles the selectivity of the process appears to degrade.

To elucidate the role of the surface groups during ALD of In,Os:H, first-principle
calculations have been carried out using density functional theory (DFT)¥-3 with the
Perdew—Burke—Ernzerhof (PBE) exchange correlation functional.3-32 Van der Waals
interactions were also accounted for on an empirical basis.?3 Additional computational
details can be found in the Appendix section 4.A4. The structures and associated relative
energies have been calculated for the stationary points along the anticipated reaction
pathways for the chemisorption of the InCp precursor and proton transfer from the
substrate to the Cp ligand of the precursor. This was done for: (1) hydrogenated silicon
and (2) hydroxylated silicon oxide surfaces, as these are expected to represent the H-
terminated and plasma activated surfaces to a good approximation.
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The reactions considered are therefore:

Si-H* + InCp — Si-In* + HCp (4.1)
Si-OH* + InCp — Si-O-In* + HCp  (4.2)

where the asterisks indicate the surface species involved in the reactions.

Figure 4.5 shows the corresponding energies obtained by the DFT calculations. The
results reveal that reaction (4.1) is endothermic and requires an energy input of 0.31 eV
to proceed, with associated activation energy of 0.36 eV. For reaction (4.2) the activation
energy of 0.28 eV is slightly lower and in contrast to reaction (4.1), the overall process
is exothermic.

Based on the Arrhenius equation, assuming the pre-factor is similar in magnitude for
both surface reactions, this difference in activation energies translates into a ~13-fold
higher rate for reaction (4.2) in comparison to reaction (4.1) at the ALD temperature
of 100 °C. Moteovert, the proton transfer reaction for reaction (4.2) is exothermic and
releases energy (0.30 eV). By contrast, reaction (4.1) requires an energy intake of 0.31
eV to take place, such that reaction (4.2) likely proceeds with a much higher probability.>
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Figure 4.5. Energy profiles computed by DFT method (PBE-D3) for the chemisorption of InCp on a)
hydrogenated silicon (Si-H termination) and b) on hydroxylated silicon oxide (Si-OH termination).

The predicted reaction energies therefore point to the thermodynamically favored
nature of InCp binding on the hydroxylated SiO surface as opposed to the H-
terminated silicon. This can explain the high selectivity that can be reached for the area-
selective ALD process of In,OsH on activated and non-activated surfaces of H-
terminated silicon materials.
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4.4 Conclusions

In conclusion, a novel direct-write ALD process has been demonstrated for InoOs:H, a
highly relevant TCO material. By combining local activation of H-terminated surfaces
of silicon materials by a p-plasma printer and area-selective ALD of In,Os:H,
microscale patterns can be generated in a true bottom-up process. Excellent selectivity
and low resistivity of the In,Os:H were demonstrated. The method therefore provides
bright prospects for large-area applications because both the p-plasma printing and the
area-selective ALD process are scalable. Large-area applications employing flexible
substrates such as OLED displays and flexible photovoltaics are of particular interest
due to the current trend towards printing technology and roll-to-roll ALD processes.?5-
37 Therefore, as a first demonstrator, the direct-write ALD process was employed on a
flexible stainless steel foil with 20 nm thick a-Si:H as is shown in Figure 4.6. Transferring
the technology to printing on flexible substrates combined with spatial ALD processes
will be the next steps. Also the extension of the process to other substrate materials and
ALD materials systems will be considered. Other ALD precursors that undergo similar
surface reactions can possibly also be used to develop area-selective ALD in a few
cases.283438 Finally, we note that preliminary investigations using a focused electron
beam have yielded promising results with respect to the extension of the current dzrect-
write ALD process of In,Os:H towards nanoscale dimensions.

Figure 4.6. Eindhoven University of Technology (TU/¢) logo created by direct-write ALD of a 35 nm thick
In;Os:H film on a flexible stainless steel foil covered with 20 nm of a-Si:H. This serves as a first
demonstrator of the capability of the direct-write ALD process for large-area and flexible electronics.
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Appendix

Area-Selective Atomic Layer Deposition of
In,0;:H Using a p-Plasma Printer for Local
Area-Activation

4.A1 Patterning Capabilities of the p-Plasma Printer

The p-plasma printer consists of two rows of twelve needles that can be individually
actuated on the substrate. The substrate holder is kept at high voltage and the plasma is
ignited as one or more needles pass a certain threshold distance when moving down to
the substrate. This distance is defined by the Paschen curve, for a specific voltage and
feeding gas.! As shown in Figure 4.A1 (a), in case of conductive substrates, a 260 um
thick AbO3 dielectric membrane layer is used between the needles and the substrate.
The patterning capabilities of the p-plasma printer were investigated using three active
needle combinations to pattern lines which are 3.0, 0.8 and 0.6 mm in width. This is
done by actuating 12, 4 and 3 needles for each row, respectively, yielding the result in
Figure 4.A1 (b). Since the size of single plasma filament generated from one needle is
approximately 200 um, the smallest pattern achievable in the cutrrent configuration of
the p-plasma printer is of approximately this dimension.?3
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Figure 4.A1: a) Schematic of the p-plasma printer head working principle. When a needle is actuated a p-
discharge is ignited. For conductive substrates, a thin Al;O3 membrane is placed at 150 um from the
substrate. b) Photograph of InyOj3:H lines of 3.0, 0.8 and 0.6 mm wide prepared by the direct-write ALD
process using 400 cycles.

The ultimate patterning resolution of the p-plasma printer was found to be dependent
on the gas supply composition and the number of passes (print repeats). In particular,
the latter was found to have an influence on the pattern width and on the In,O3H
nucleation as well. The width of the patterns was found to increase nonlinearly with the
number of print repeats. It is believed that this effect is related to the diffusion and the
lifetime of the radical species produced during the discharge. Furthermore, the
resolution can be influenced by the applied voltage and the distances between the p-
plasma printer head, the substrate and dielectric membrane layer. More information can
be found in reference 24 of Chapter 4.

4.A2 Selectivity of In;O3:H on a-Si:H and a-SiN:H

A large part of the study presented here has been carried out on a-Si:H starting surfaces
for which the selectivity of the direct-write process has been investigated by XPS line scan
measurements (XPS spot size is 400 um). For completeness, Figure 4.A2 (a) shows the
atomic percentages of all species present on the surface after 400 cycles of area-selective
ALD InxOs:H on a-Si:H surface. We also investigated the suitability of a-SiN«H as a
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substrate for achieving area-selective ALD of In,Os:H. In this case 200 ALD cycles
were used to grow In2O3:H on the area activated using an O p-plasma printer. An XPS
line scan from the In»O3:H pattern to the non-treated a-SiNy:H area was conducted to
evaluate the selectivity. Figure 4.A2 (b) shows that In»O3:H was deposited only on the
activated area, whereas moving away from the pattern an increase in Si and N signals
confirms that on the non-activated area no In,Os:H can be detected after 200 ALD
cycles. This confirms that area-selective ALD of InO3:H can also be carried out on a-
SiN:H starting surfaces.
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Figure 4.A2: XPS surface line scans for area-selective ALD of InyO3:H prepared by the direct-write ALD
process. Different starting surfaces and numbers of ALD cycles were used: a) 10 nm of a-Si:H on Si(100)
and 400 ALD cycles; b) 20 nm a-SiNy:H on Si (100) and 200 ALD cycles. Being a surface scan, the carbon
(C) is mostly adventitious.

The selectivity was corroborated by current-voltage (I-V) measurements between the
letters “I” and the ‘U’ of the area-selective ALD grown pattern, which is shown in Figure
4.2a of Chapter 4, and compared with the I-V curve measured within the letter ‘U”. The
conductivity data represent a good figure of merit for the selectivity and demonstrate
the electrical isolation between the patterns, hence the excellent selectivity.



80

80

6ok V between T and U o0
A between T and U ~©

40F O withinU O ]

Current (nA)

Voltage (V)

Figure 4.A3: I-V measurements of area-selective ALD InyOs:H within the ‘U’ (open circles) and between
the “T” and the ‘U’ letters (open triangles) of the pattern reported in Figure 4.2a of Chapter 4. The
measurement between the separated patterns was done twice to verify reproducibility.

4.A3 In203:H crystallinity

In our ecarlier work it has been shown that the substrate material influences the
crystallinity and nuclei formation of In,O3 ALD films.# We found that the In,Os:H is
polyctystalline when prepared at 100 °C on a blank a-Si:H surface after Oz plasma
activation. Consistently, polycrystalline In,O3:H was also observed in the case of the
area-selective process, as shown in Figure 4.A4.

Figure 4.A4: a) Plan view and b) cross-sectional SEM images of 75 nm thick InoO3:H prepared by the
direct-write. ALD process using 780 ALD cycles. The InpOj3:H pattern was 3 mm wide and was prepared on
Si(100) with 10 nm a-Si:H on top.
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4.A4 Computational Methods

All electronic structure calculations were done using the projector augmented
wavefunction (PAW)5¢ as implemented in Vienna Ab Initio Simulation Package (VASP
v.5.3.5).7-10 We used the generalized gradient approximation (GGA) to density
functional theory (DFT)!112 jointly with a plane-wave basis having a kinetic energy
cutoff of 400 eV. We employed the Perdew—Burke—Ernzerhof (PBE) exchange
correlation functionall3!# along with the Grimme’s DFT(PBE)-D3 method including
Becke-Jonson damping!> to account for Van der Waals interactions on an empirical
basis. We note that a non-local density functional that explicitly treats the pairwise non-
bonded interactions (e.g. optB88-VAW, VAW-DF/2, etc.) is expected to predict more
accurate binding energies for aromatic systems like InCp, as previously demonstrated
for graphene.!® However, detailed benchmarks show that the empirical method (e.g.
DFT-D3) can successfully reproduce the qualitative picture predicted by VdV-DF for
a lower computational cost.!”-!8 We also considered the spin-polarized formalism to
account for the possible radical pairs created during the detachment of Cp. Structural
relaxations were carried out using the conjugate gradient algorithm, where they were
considered converged once all forces deviate less than 0.01 eV A~! in two consecutive
ionic steps. Besides, we used the default accuracy parameters for the FFT grid and real
space projectors alongside a Gaussian smearing of 0.1 eV. Minimum energy paths
(MEPs) along the predefined reaction pathways connecting a reactant-product pair were
computed by optimizing several geometries collectively with the climbing-image nudge
elastic band (CI-NEB) method.’” CI-NEB optimizations were done with a looser
convergence criterion on forces (0.1 eV A—1) utilizing the Hessian-based (G)-LBFGS2
and FIRE?! algorithms as implemented in VIST tool set.?? In order to accommodate
an InCp precursor on a given surface and to minimize the resulting interactions via
periodic boundary conditions, supercells were kept rather large in the xy plane. Likewise,
for avoiding the image interactions, the slabs in each prepared model system were
separated along the z-axis by a vacuum thickness of 15 A or more. We considered the
18 layer model for the hydroxylated SiOz as suggested in a previous study.?? Due to their
large size, the supercells could be integrated in reciprocal-space with only one k-point
centered on the I'-point. Relevantly, all of the supercells considered here are optimized
in terms of size and shape using a rather large kinetic energy cutoff of 520 eV, only
containing the silicon or SiO; surfaces. Optimized supercells are later used in the
simulations of InCp binding on the relevant surfaces. We computed the binding
energies of InCp on wvarious silicon sutrfaces through physisorption (AE,) or
chemisorption (AE)) using Eqn. 4.A1.

AE,)=Eps-Ep-Es (4.A1)
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where Eps is the total energy of the physisorbed/chemisorbed substrate-precursor
complex, Ep and Ey are the total energies of an isolated InCp precursor and a given
substrate surface. Here, physisorption can be described as the weak physical (non-
covalent) binding of the InCp precursor onto a given silicon surface, whereas the
chemisorption requires the chemical (covalent) binding of indium that is likely
accompanied by the decomposition of InCp.
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Chapter 5

Area-Selective Atomic Layer Deposition of
ZnO by Area-Activation using Electron
Beam Induced Deposition”

Area-selective atomic layer deposition (ALD) of ZnO was achieved on SiO seed layer patterns on H-
terminated Si substrates, using diethylzine (DEZ) as the Zn precursor and HyO as the co-reactant.
The selectivity of the ALD process was studied unsing in-situ spectroscopic ellipsometry (SE) and scanning
electron microscopy (SEM) for different deposition temperatures, between 100 and 250 °C. Density
Sfunctional theory (DET) calculations were performed to corroborate the experimental results obtained
and to provide atomic-level understanding of the underlying surface chemistry. A kinetically hindered
proton transfer reaction from the H-terminated Si was conceived to underpin the selectivity exhibited by
the ALD process. By independent SE and SEM measurements, the selectivity of the process was found
to improve with increasing the deposition temperature. The selectivity was investigated further using
transmission electron microscopy and energy dispersive X-ray spectroscopy. We suggest that this trend in
selectivity may be due to a strong DEZ or H,0 physisorption on the H-terminated Si at low deposition
temperature, which highlights the temperature as an extra knob to improve the selectivity.

5.1 Introduction

The scaling in state-of-the-art device nanofabrication requires ever finer lithographic
steps with increasing demands on feature alignment. This scaling poses serious
challenges as the features become smaller than what can be patterned with conventional
top-down fabrication.! Nanopatterning involving area-selective deposition, in particular
area-selective atomic layer deposition (ALD), has been identified as a potential solution
to aid nano-scale device manufacturing.!~*

ALD relies on the self-limiting surface reactions that take place between surface
functional groups and vapor-phase precursors. The chemospecific nature of the
technique allows precise control of the location where these reactions take place by
tailoring the surface chemistry. From a patterning point of view, two main approaches
for achieving area-selective ALD can be distinguished:

(1) area-deactivation, in which a part of the surface is rendered inert toward the ALD
process chemistry;> and

(2) area-activation, where conversely, an inert surface is locally activated to enable a
specific ALD chemistry.67

*Mameli, A.; Karasulu, B.; Verheijen, M.A.; Barcones, B.; Mackus, A. J. M.; Kessels, W. M. M.;
Roozeboom, F. in preparation for publication
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When no subtractive steps are employed, the latter approach is referred to as direct-
write ALD.4™Y This specifically combines patterning and ALD into a bottom-up (i.c.
additive) approach. Recently, we have demonstrated an area-selective ALD approach
for In,Os:H with micrometer scale pattern dimensions, consisting of area-activation
using a p-plasma printer, followed by thermal ALD of In,O3:H.? This approach relies
on the long nucleation delay observed for In,Os:H ALD on H- and NHi-terminated
silicon substrate surfaces, when using indium cyclopentadienyl (InCp) precursor and a
combination of H>O and O3 as co-reactants. Conversely, deposition takes place almost
directly on OH-terminated silicon surfaces.!® High selectivity was demonstrated for this
process, and the material properties were shown to be similar to those of the In,O3:H
deposited on blanket silicon substrates. The high selectivity could be attributed to the
thermodynamically unfavorable chemisorption of the precursor, InCp, on the H-
terminated surfaces.

In this work, we extend the approach to another metal oxide, i.e. ZnO, which can be
considered as a model system for a class of oxides that are technologically relevant for
applications in sensing, optoelectronic and memory devices.!>1> ZnO was deposited
from diethylzinc (DEZ) and H>O. In this case, the area-activation step has been
performed at nanoscale dimensions which aligns with the aforementioned search for
new nanopatterning approaches. The combination of the direct-write activation step
with the subsequent ALD building step is schematically illustrated in Figure 5.1. In the
patterning step, an ultra-thin SiO; seed layer is locally deposited using electron beam
induced deposition (EBID).!" In this way, nanoscale OH-terminated regions are defined
that are reactive toward the ZnO ALD chemistry, as opposed to the H-termination of
the starting surface. In the building step, ZnO is grown with digital thickness control
on the activated area by alternating the two ALD half-reactions (pulses A and B) in a
cyclic fashion.

1) Patterning step 2) Building step
Seed layer deposition by EBID Area-selective ALD
o &
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Figure 5.1: Schematic representation of the area-selective ALD approach of ZnO on an H-terminated
amorphous silicon layer. First, nanoscale patterns are defined by depositing a SiO; seed layer using EBID
(patterning step 1). Next, ZnO is deposited selectively on the activated areas (i.e. SiO2 seed layer patterns)
by area-selective ALD (building step 2). This ALD process consists of cycles of two alternating half-
reactions: precursor dosing in pulse A and co-reactant dosing in pulse B.
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Due to its ability to directly deposit nanostructures with sub-10 nm lateral dimensions
without shape constraints, the EBID technique allows to meet the stringent
requirements of modern and future device manufacturing in terms of resolution.!”-20
Furthermore, the EBID technique enables deposition of materials in a direct-write (i.e.
no subtractive steps) fashion on various substrates, including polymers.2! This unique
capability makes it a suitable technique for high-resolution bottom-up patterning of
areas consisting of different materials having specific chemical functionalities.

In this Chapter, the key factors that impart selectivity to the ALD process for ZnO are
discussed in terms of nucleation delay, as measured by z»-situ spectroscopic ellipsometry
(SE). The selectivity is further elaborated on a molecular-scale level, as corroborated by
density functional theory (DFT) calculations. Furthermore, the area-selective ALD was
experimentally demonstrated using scanning electron microscopy (SEM) and for the
most illustrative sample, using transmission electron microscopy (TEM) cross-section
inspection combined with energy dispersive x-ray spectroscopy (EDX) performed in
scanning TEM mode. The effect of the deposition temperature on the selectivity (for
which a definition is reported in section 5.3.B) between 100 and 200 °C is also studied
through a combination of in-situ SE and scanning electron microscopy (SEM). The
selectivity is found to be higher at high deposition temperatures. Several mechanisms
that may play a role in the selectivity loss at lower temperatures will be described.

5.2. Experimental section
5.2.A. Substrate Preparation Method

10 nm thick a-Si:H films were deposited on bare p-type ¢-Si(100) coupons with native
oxide, using inductively-coupled plasma chemical vapor deposition (ICP-CVD) from
SiH4and Ar at 50 °C.

5.2.B. Patterning Step

After deposition of the a-Si:H starting surfaces, the samples were quickly transferred to
the SEM system. Here, localized activation was achieved by depositing an ultra-thin
seed layer of SiO» using EBID. The nanoscale patterns were generated in an FEI Nova
600 NanoLab DualBeam™ SEM. Tetraethyl orthosilicate (TEOS) was used as the Si-
precursor, together with H>O to generate S1O» (with ~26% C impurities) patterns. Both
gases were simultaneously fed into the SEM chamber through a Gas Injection System
(GIS) at a pressure of 2.5 10> mbar. The SiO» nanoscale patterns were generated by
scanning an electron beam with 2, 5, 10, 15 or 30 kV acceleration voltages and currents
between ~0.04 to ~0.14 nA. The volume per dose (i.e. the yield of SiO; EBID) was
calculated for both 30 and 5 kV by depositing test structures and measuring their
volume by SEM inspections. The values thus calculated were used to select settings for
deposition of SiOz seed layers as thin as ~1 nm for all the accelerating voltages described
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above. The best spatial resolution of the seed layer was obtained for acceleration
voltages of 15 kV and currents of 0.14 nA, which were therefore used in this work.
Right after the patterning step, the samples were transferred to the ALD reactor. The
transfer was done within a few minutes in order to minimize possible oxidation and
degradation of the H-termination of non-treated the surface of the substrates, due to
their exposure to the ambient atmosphere.

5.2.C. ALD Process

For this study a commercial ALD reactor (OpAL™, Oxford Instruments) was used for
depositing intrinsic ZnO. Diethylzinc (DEZ) was employed as the zinc precursor and
H>O as the co-reactant. A standard recipe was employed, for which the details can be
found elsewhere.?? The patterned ZnO samples described in this study were prepared
using 80 ALD cycles at temperatures ranging from 100 to 250 °C. Deposition
temperatures higher than 250 °C were not investigated as the H-termination of the a-
Si:H is expected to be stable only for temperatures below 300 °C.4!

The chamber pressure during the ALD process was ~170 mTorr during the 50 ms
DEZ pulses and the Ar purges, with a spike of 250 mTorr during the 100 ms H>O
pulses.

5.2.D. Analytical Methods

Nucleation studies were carried out using in-situ spectroscopic ellipsometry (SE),
performed with a J.A. Woollam M2000D ellipsometer. Morphology and surface
coverage analyses of the ZnO structures prepared by area-selective ALD were carried
out in an FEI Nova 600 Nanolab DualBeam™ SEM system using 10 kV and 0.54 nA.
The same SEM system was used to prepare a cross-sectional lamella by means of
focused ion beam milling. Before the lamella preparation, a protective layer of AlO;
was deposited by thermal ALD using trimethylaluminum and H>O as the precursor and
co-reactant, respectively. Cross-sectional TEM studies were performed in high-angle
annular dark-field (HAADF) STEM and in bright-field TEM modes using a probe-
corrected TEM system (JEOL JEM ARM 200F) equipped with a 100 mm? Centurio
SDD Energy dispersive X-ray spectroscopy (EDX) detector for chemical analysis. TEM
studies were employed to assess the selectivity of the process.

5.2.E. Density Functional Theory Methods

All electronic structure calculations were performed using the projector augmented
wave function (PAW)2+% as implemented in Vienna Ab Initio Simulation Package
(VASP v.5.3.5).26-28 First-principles calculations were carried out using the generalized
gradient approximation (GGA) to the DFT.?%30 Perdew—Burke—Ernzerhof (PBE)
exchange correlation functional® were employed and the Van der Waals interactions
were also accounted for on an empirical basis (PBE-D3).32 Hydroxylated «-SiO clusters
were used as approximations of the EBID SiO; seed layers and c-Si with native oxide
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utilized in the experiments. Accordingly, H-terminated c-Si clusters were employed as
approximations of the a-Si:H used in the experiments.® These simulation models of the
a-S102 and H-terminated c-Si surfaces have been utilized for studying the precursor
adsorption step in similar ALD processes.”!1033 Minimum energy pathways (MEPs) for
the chemisorption of a single DEZ precursor molecule on each surface were computed
using the climbing-image nudge elastic band (NEB) method,>* as implemented in
VASP-VTST tools.?> The same method was used to study the chemisorption of a H>O
molecule on a H-terminated c-Si surface. Further details on model preparations and
computations can be found in our previous reports.”!? Binding energies of DEZ or
H>O on various silicon surfaces through physisorption or chemisorption (AE,,,) were
evaluated using Eqn. 5.1.

AE/,/[:EPJ‘—EP—EA' (51)

where Eps is the total energy of the physisorbed/chemisorbed substrate-precursor
complex, Ep and Ey are the total energies of an isolated DEZ precursor and a given
substrate surface. Here, physisorption can be described as the weak physical (non-
covalent) binding of the DEZ precursor on a given surface, whereas the chemisorption
requires the chemical (covalent) bonding of the precursor (or the co-reactant),
accompanied by the loss of one of the ligands.

5.3. Results and discussion
5.3.A. ALD of ZnO: nucleation on SiO; and a-Si:H

Figure 5.2 shows the ZnO film thickness as a function of the number of ALD cycles,
as measured by zz-sitn SE, for a deposition temperature of 100 °C. The nucleation
behavior was measured on a freshly deposited ~10 nm a-Si:H film or on c-Si coupons
with native oxide (hereinafter referred to as SiO»), which can be considered as
representative for the SiO2 EBID seed-layers. A relatively long nucleation delay of ~80
cycles was observed on the a-Si:H substrate. After a transient regime, 3 linear growth
starts with a growth per cycle (GPC) of ~1.6 A/cycle. Conversely, a very short
nucleation delay is observed on SiOz before the film growth becomes linear with a GPC
of ~1.6 A/ cycle. The results of Figure 5.2 represent a first indication that area-selective
ALD of ZnO can be obtained by exploiting the difference in nucleation delays on the
two surfaces. Furthermore, the nucleation curves suggest a selectivity window
(expressed as the number of ALD cycles for which no deposition is obtained on the a-
Si:H) of about 80 ALD cycles before deposition occurs on both surfaces and the
selectivity is lost.
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Figure 5.2: ZnO film thickness measured by zz-sitn SE as a function of the number of ALD cycles
petformed on substrates with a native SiO; surface (closed squares) and with a ~10 nm-thick a-Si:H layer
(open squares). The ZnO film thickness increases linearly after a short delay of a few cycles on SiO»,
whereas the ZnO deposition experiences a relatively long nucleation delay on a-Si:H. Only after 80 ALD
cycles the growth also starts on the a-Si:H and enters a linear regime at about 120 cycles. Both depositions
wete catried out at 100 °C.

The key reason for the difference in nucleation delay lies in the sutface chemistry,
because dissimilar surface groups have distinct kinetic barriers towards various
thermodynamically favorable end states. Two reaction pathways were proposed to
investigate the chemisorption of DEZ on the different surfaces from a theoretical point
of view. Using DFT methods, activation and chemisorption energies were therefore
calculated for the following reactions:

Si-H* + Zn(CzH_r,)z — Si-Zn-CoH5* + CoHg (528.)
Si-OH" + Zn(CHs), — Si-O-ZnC:H5* + CoHe (5.2b)

where the asterisks indicate the relevant surface groups.

DFT calculations indicate that the physisorption of DEZ on both surfaces is
exothermic with similar energy gains (AE,= -0.37 eV vs. -0.34 eV, see Figure 5.A1).
Figure 5.3 shows the corresponding DFT-based energy profiles connecting the
physisorbed and chemisorbed species given in reactions 5.2a and 5.2b. Both reactions
are thermodynamically favored, with chemisorption energies of -0.98 and -1.25 eV,
respectively. However, an activation energy of 1.16 eV was calculated for reaction 5.2a
and 0.81 eV for reaction 5.2b. The difference in energy barriers points toward a more
kinetically hindered surface reaction in the case of DEZ on an H-terminated surface.
This may explain the difference in nucleation delay observed in Figure 5.2. Assuming
the pre-exponential factors in the Arrhenius equation to be similar in magnitude for the
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Figure 5.3: DFT/PBE-D3-level energy profiles for the chemisorption of DEZ on a) H-terminated Si and
b) OH-terminated SiO». The zero corresponds to the physisorbed states: DEZ on H-terminated Si, AE,=
-0.37 eV and on OH-terminated SiO, surface, AE,= -0.34 eV, respectively. Color code: light gray: carbon;
light orange: silicon; red: oxygen; white: hydrogen; blue: zinc.

two reactions, at 100 °C the difference in kinetic barrier translates into a rate constant
5.4 104 times higher on SiO; than on a-Si:H.

Since either DEZ or H>O surface reactions can play a role in the loss of selectivity
after a prolonged number of ALD cycles (as shown in Figure 5.2), the reaction
energetics of the co-reactant with the H-terminated c-Si was also investigated (see
Appendix, Figure 5.A2). H>O exposure might cause uncontrolled surface activation
through parasitic oxidation reactions of the a-Si:H. Figure 5.A2 shows the
corresponding DFT energy profile. The oxidation of H-terminated surface by HO was
found to be a slower process (with an activation energy of 1.49 eV), as compared to the
DEZ chemisorption (reaction 5.2a). These findings are in agreement with the well-
known stability of H-terminated surfaces towards mild oxidants.’”° Based on these
considerations and neglecting other possible effects that in reality may affect the
deposition process (e.g., presence of: multiple reaction pathways, surface defects, or
impurities), the DFT results suggest that reaction 5.2a forms the limiting step eventually
leading to selectivity loss and therefore to the nucleation of ZnO on a-Si:H.

5.3.B. Selectivity at 100 °C

To demonstrate the feasibility of the area-selective ALD method, ALD was performed
to deposit ZnO on 500 x 500 nm? SiO, EBID patterns that were created on a ~10 nm
a-Si:H-coated substrate. Figures 5.4(a,b) show 35 SiO, EBID patterns before and after
80 ALD cycles of ZnO at a deposition temperature of 100 °C. ZnO deposition occurred
predominantly on the SiO, EBID patterns, although some ZnO nucleation was
observed outside the patterns, as will be discussed below.
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Figure 5.4: a, b) Top-view SEM image of 35 EBID SiO; seed layers with an area of 500 x 500 nm? and
~1 nm thick. The high magnification image in b) shows a single pattern. ¢, d) Top-view SEM image of a
similar sample after 80 ALD cycles of ZnO, deposited at 100 °C. The high magnification image in d) shows
a single pattern on which the polycrystalline ZnO is cleatly visible.

The selectivity, .5, was defined by Gladfelter in the field of area-selective CVD as:*0

s =Neazlnea iy <5 <1 (5.3)
Nga+ Nnga

Here, N¢. is the amount of material deposited (i.e. in terms of thickness, coverage, ez.)
on the surface on which growth should take place, referred to as the growth area (GA).
Nnc. is the amount of material on the surface on which growth should be inhibited,
referred to as the non-growth area (NGA). We note, that the same surface areas (or
area-normalized measurements) should be considered when calculating the selectivity.
By definition, S = 1 for petfectly selective processes and S = 0 for non-selective
processes.

Using the definition above, the selectivity of the ZnO ALD process was calculated
using the thickness as measured by the SE data shown in Figure 5.2 or the coverage as
imaged by the SEM in Figure 5.4d. After 80 ALD cycles of ZnO at a deposition
temperature of 100 °C, the selectivity was measured to be 0.96 by SE and 0.83 by SEM.
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This difference in selectivity indicates that the SE data can overestimate the selectivity,
which might be due to optical modelling as well as to difficulties in modelling a non-
continuous film. Nevertheless, SE provides a good first indication of the selectivity and
of its changes with the number of ALD cycles. These aspects will be elaborated more
in detail below. Furthermore, it should be noted that the EBID grown SiO; and the c-
Si native oxide may also behave differently, since a high concentration of carbon
impurities (~26%) was measured for the SiO2 deposited by EBID (see Appendix, Figure
5.A3).434 Such high carbon contents might lead to slightly longer nucleation delays.

5.3.C. Effect of the deposition temperature on selectivity

The temperature dependence of the selectivity was assessed by in-situ SE
measurements and further corroborated by SEM inspections. This dependence can
provide additional insights into the mechanisms leading to selectivity loss after a certain
number of ALD cycles. Figure 5.5a shows the evolution of the ZnO thickness as a
function of the number of ALD cycles on blanket SiO» and a-Si:H samples for
deposition temperatures of 100 and 250 °C. A larger nucleation delay is observed for
deposition at 250 °C. Figure 5.5b shows the corresponding selectivity as a function of
the number of ALD cycles, for 100 and 250 °C. The selectivity was calculated by
combining the datasets shown in Figure 5.5a. For a deposition temperature of 100 °C,
the selectivity decreases from 1.0 to 0.96 at 80 ALD cycles. By further increasing the
number of cycles, the selectivity drops to 0.85 (at 100 cycles), which corresponds to a
ZnO thickness of ~1 nm on the non-growth area. For a deposition temperature of 250
°C, the selectivity, .5, remains 1 until 110 cycles and then decreases to 0.95 at 140 ALD
cycles.

These results clearly show an important aspect concerning the selectivity of this
process: the selectivity window can be extended by tuning the deposition temperature.
According to the idealized kinetic model described by DFT-calculations in Section
5.3A, one would expect the selectivity to increase with decreasing temperature since the
chemisorption of DEZ on H-terminated Si surface would be even slower. In contrast,
the experimental results demonstrate that selectivity increases with the deposition
temperature, thereby highlighting that several other factors may play a role in causing
selectivity loss, as discussed below.
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Figure 5.5: a) ZnO nucleation curves on SiO; (closed symbols) and a-Si:H (open symbols) as measured
by in-situ SE for two different temperatures: 100 (square) and 250 °C (circle). b) Selectivity as a function of
the number of ALD cycles, for deposition temperatures of 100 °C (square) and 250 °C (circles). The
horizontal dotted line at § = 1 indicates perfect selectivity.

To further investigate the effect of the temperature, the selectivity was measured for
different deposition temperatures, while keeping the number of ALD cycles fixed at 80.
In this case, the selectivity was calculated using the ZnO surface coverage in and outside
the patterned area, as measured by top-view SEM. Figure 5.6 shows the selectivity after
80 ALD cycles as a function of the deposition temperature, together with the SEM top-
view images of the patterns deposited at 100, 150 and 250 °C as insets. The selectivity
increases from 0.83 (at 100 °C) to 0.97 (at 150 °C) and 0.99 (at 200 and 250 °C). In oder
words, the SEM-measured selectivity data confirmed the results obtained with SE: the
selectivity increases with the deposition temperature up to 250 °C.

The effect of the temperature on the selectivity has been also reported by McDonnell
¢t al. for area-selective ALD of TiO» on SiO; in presence of H-terminated Si.#! In their
case, for temperatures as low as 30 °C, the selectivity was much lower as compared to
those at 100 °C and 150 °C. This was attributed to the presence of physisorbed H>O,
which causes parasitic surface reactions and therefore drastically reduces the selectivity.
Recently, trimethylaluminum physisorption has also been identified as the cause of
selectivity loss using SAMs as the non-growth area and titanium as the growth area.*?
Likewise, at decreasing temperature DEZ (or H2O) molecules may remain physisorbed
on the surface and cause undesired (CVD-regime) side reactions. This may also explain
our experimentally observed selectivity shift with deposition temperature.
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Figure 5.6: Selectivity for 80 ZnO ALD cycles as a function of the deposition temperature. The insets
show the top view SEM images of patterns realized using the same EBID parameters and number of ALD
cycles, but different ZnO growth temperatures (100, 150 and 250 °C); scale bars are 500 nm. The hotizontal
dotted line at § = 1 indicates perfect selectivity.

5.3.D. Evidence of area-selective ALD by cross-sectional TEM analysis

Area-selective deposition was further investigated by cross-sectional TEM analysis of a
pattern similar to those shown in the insets of Figure 5.6. Figure 5.7a shows an
HAADF-STEM cross-section image of a ~1 nm thick SiO, EBID layer with a ~7 nm
thick ZnO layer deposited by area-selective ALD using 80 ALD cycles at a deposition
temperature of 250 °C. In Figures 5.7 a-b, low magnification images clearly show that
Zn0 deposition took place only on the activated area, Ze. the SiO; seed layer. To further
prove this, high-magnification images were taken from the central area of the pattern,
and from the region 250 nm away from this area (Figures 5.7c-d). Figures 5.7(e-f)
present the EDX elemental mappings of the pattern shown in the corresponding TEM
images, which confirm the presence of Zn on the activated area. No Zn could be
detected in the regions outside the SiO, EBID pattern, clearly demonstrating the good
selectivity of the ALD process.
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SiO, pattern with ZnO

Figure 5.7: a-b) Cross-sectional TEM images of a ZnO thin film that was selectively deposited (using 80
ALD cycles) on a ~1 nm thick SiOz EBID pattern with a width of ~500 nm. The images show a pristine
non-growth area outside the patterned growth area, indicating that no ZnO deposition occurred on these
surfaces. ¢) High magnification images showing the patterned growth area and d) a region 250 nm away
from the pattern, confirming the selectivity of the process. e-f) EDX elemental mappings of the same
pattern at two different magnifications also show the presence of ZnO on the SiO; growth area and the
absence of ZnO on the a-Si:H non-growth area.

5.4. Conclusions

We demonstrated a boftom-up patterning process at the nanoscale involving area-selective
ALD of ZnO with good selectivity on SiO» with respect to H-terminated silicon. This
process exploits the direct-write patterning capabilities of EBID to locally activate H-
terminated surfaces, by the deposition of SiO; seed layers. Considering a defect-free H-
terminated c-Si surface model, the energetics of the surface reactions were calculated by
DFT methods. The results suggest that the selectivity originates from a kinetically-
limited surface reaction between the DEZ precursor and an H-terminated Si surface,
with respect to the same reaction on an OH-terminated SiO; surface.

Based on this model, the chemisorption of the H>O co-reactant was calculated to be
a much slower process. Thus it can be inferred that, at a fixed deposition temperature,
the limiting step that causes selectivity loss is the DEZ precursor chemisorption on H-
terminated Si. From these modelling results it can be stressed that reaction kinetics play
a key role in controlling selectivity during ALD.

Experimentally, we observed that increasing the deposition temperature plays a
significant role in improving the selectivity of the process. Here, we suggest that
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physisorption of DEZ or H>O at low temperatures can contribute in hampering high
selectivity. Improving the selectivity remains a challenging problem since multiple
processes (kinetics, physisorption, etc.) can cause effects in opposite directions. These
results demonstrate that opposite effects can play a role in determining the selectivity
and more detailed investigations are required to find the optimum deposition conditions
for achieving high selectivity.
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Appendix

Area-Selective Atomic Layer Deposition of
ZnO by Area-Activation using Electron
Beam Induced Deposition

5.A1. Diethylzinc physisorption energetics

Figure 5.A1 shows the physisorption energies of dietylzinc (DEZ) on H-terminated Si
and OH-terminated SiOp, as calculated by DFT. It should be noted that Van der Waals
interactions were accounted for on an empirical basis, which decreases the accuracy of
the physisorbed state. Furthermore, the DFT models consider crystalline surfaces
whereas amorphous surfaces are employed for the ALD experiments.
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Figure 5.A1: DFT/PBE-D3 level optimized geometries of the physisotbed DEZ on a) Si or b) SiO;
surfaces. Corresponding physisorption energies (A5) are also given in brackets. Color codes: grey, carbon;
pink, silicon; red, oxygen; white, hydrogen; violet, zinc.
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5.A2. Effect of the Co-reactant Exposure on H-Terminated Silicon oxidation

Since H>O exposure during the co-reactant pulse can cause oxidation of the a-Si:H
surface, ze. uncontrolled surface activation, the energetics for the reaction between HO
and H-terminated silicon were calculated. Figure 5.A2 shows the energetics of H.O
chemisorption on H-terminated silicon, as calculated by density functional theory
(DFT/PBE-D3) simulations (see SECTION 5.2.E). It was found that the
hydroxylation of an H-terminated silicon surface is an exothermic process with an
energy gain of 0.44 eV. However, an extremely high kinetic barrier is predicted to be
associated (1.49 eV) with the reaction:

Si-H* + H,O = Si-OH* + H, (5.A1)

This confirms the relative stability of the a-Si:H surface toward oxidation, which has
been documented also experimentally.'-3 The DFT prediction that the activation energy
for the hydroxylation is higher than the activation energy for the reaction between DEZ
and H-terminated silicon suggests that, considering perfect surfaces, the rate-limiting
step, causing a loss of selectivity is the chemisorption reaction of DEZ. Note, that the
presence of defects on experimental substrate surfaces can significantly affect the
energetics of both reactions.
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Figure 5.A2: Energy profiles computed by DFT method (PBE-D3) for the chemisorption of HO on H-
terminated Si. The overall reaction was found to be exothermic (- 0.44 eV) but with a high energy barrier
(1.49 eV), which points to a kinetically hindered reaction. Color codes: pink, silicon; red, oxygen; white,
hydrogen.
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5.A3. Elemental Analysis of EBID SiO,

A SiO3 pattern with 1 x 1 um? size and 500 nm thickness was deposited and analyzed
in-sitn for its elemental composition by energy dispersive X-ray spectroscopy (EDX)
performed in the same vacuum chamber as where the EBID was conducted. An
acceleration voltage of 5 kV was employed during EDX analysis. This gives an
interaction depth of ~300 nm, thereby ensuring that the signal is collected only from
the EBID SiO; and not from the substrate. From the EDX spectrum shown in Figure
5.A3 an O/Si ratio of ~1.8 was calculated from the integrated area of the EDX signals
for oxygen and silicon. Moreover, a high level of carbon contamination, 26 % was
detected. This amount of carbon impurities is in agreement with previous reports
utilizing TEOS and H>O for SiO; EBID.45

400 —— ; ' r T
350 F
300 F

o 250+

b=

S 200 F SiK .

(@]

O 150}
100 |

50 F

0.0 0.5 1.0 1.5 2.0
keV

Figure 5.A3: Energy dispersive X-ray spectroscopy spectrum of a 1 x 1 x 0.5 pm3 SiOz EBID pattern. The
atomic percentages were calculated to be O = 48 at. %, Si= 26 at. %, and C= 26 at. %.
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Chapter 6

Area-Selective Atomic Layer Deposition
of Si0, Using Acetylacetone as a
Chemoselective Inhibitor
in an ABC-Type Cycle”

Area-selective atomic layer deposition (ALD) is rapidly gaining interest becanse of its potential application
in self-aligned fabrication schemes for next-generation nanoelectronics. Here, we introduce an approach for
area-selective ALD that relies on the use of chemoselective inbibitor molecnles in a three-step (ABC-type)
ALD cycle. A process for area-selective ALD of $iO; was developed comprising acetylacetone inhibitor
(step A), bis(diethylamino)silane precursor (step B), and Oz plasma reactant (step C) pulses. Our results
show that this process allows for selective deposition of SiO on GeOy, SiNy, SiO2 and WO, in the
presence of ALOs, TiOs, and HfO2 surfaces. In-situ Fourier transform infrared spectroscopy experiments
and density functional theory calenlations underline that the selectivity of the approach stems from the
chemoselective adsorption of the inbibitor. The selectivity between different oxide starting sufaces as well as
the compatibility with plasma-assisted or ogone-based ALD are distinct features of this approach.
Furthermore, the approach offers the opportunity of tuning the substrate-selectivity by proper selection of
inhibitor molecules.

6.1 Introduction

Directing matter to create structures with atomic level control of physical and chemical
properties is a long sought-after goal in nanotechnology. The deposition of atoms at
specific locations on a surface can boost advances in catalysis,'- energy harvesting* and
semiconductor device fabrication.” Today, the semiconductor industry is one of the
main driving forces that pushes for advancing the field of area-selective deposition.s.’
As the state-of-the-art technology is entering the sub-10 nm scale, the conventional
patterning of thin-films is becoming extremely challenging in terms of atomic scale
precision and reliable processing. Current semiconductor manufacturing requires many
lithography and etching steps to fabricate multi-layered 3D devices with perfectly
aligned features.® Especially alignment issues leading to the so-called edge placement
errors (EPE) have become the prime bottleneck for continued downscaling.” Therefore,
innovative bottom-up techniques are requited to treplace or complement Zzop-down
fabrication schemes.

*Published as: Mameli, A.; Merkx, M. J. M.; Karasulu, B.; Roozeboom, F.; Kessels, W. M. M.; Mackus, A.
J. M. ACS Nano 2017, 11, 9303-9311
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One of the main emerging solutions is to implement self-aligned fabrication schemes,
in which a material is deposited on a pre-determined area in a selective manner. Area-
selective deposition will reduce the number of photolithography and etching steps and
thereby enable cost-effective options to create these structures in a bottom-up approach.
Hence, a significant effort is underway in both industry and academia to develop robust
area-selective deposition techniques.!?

Atomic layer deposition (ALD) enables layer-by-layer growth with atomic-level
thickness control. The technique relies on the cycle-wise and alternate exposure of a
substrate to various vapor-phase precursors that undergo self-limiting surface reactions,
thereby allowing for uniform and 3D-conformal film deposition.!! However, ALD
typically leads to deposition on the entire surface, and therefore the process needs to be
adapted to enable area-selective deposition.”12-15 To date, most of the efforts in the field
of area-selective ALD include substrate patterning steps before the area-selective
ALD.121617 On the other hand, in self-aligned fabrication, a partially-processed device
architecture is taken as starting point, where patterning has been performed in a
previous processing step. Thus, the sample surface consists of several different
materials, and the challenge is to selectively deposit on the surface of only one or a
subset of these materials. The area-selective ALD processes developed so far often
concern metal-on-metal or oxide-on-oxide deposition.!8-2! However, self-aligned
fabrication can also require other material combinations to be deposited in an area-
selective manner. For example, some applications might demand area-selective ALD on
a specific metal oxide in the presence of other oxide surfaces.

In this work, an approach for area-selective ALD is introduced. It is based on a
three-step (ABC-type) ALD cycle, where step A is the exposure of the surface to
inhibitor molecules and B and C are the steps of a regular ALD process. Eatlier
investigations in chemical vapor deposition illustrate some of the advantages of using
inhibitors for achieving area-selective deposition.?2 Our approach is inspired by the
work of Yanguas-Gil ef a/. who used inhibitor molecules (e.g. ethanol, acetone, hexane)
in ABC-type ALD cycles to improve the doping efficiency in ALD grown materials.?3
Instead of reducing the growth per cycle by partial blocking of the adsorption sites for
the precursor molecule,® we intend to completely block precursor adsorption on
specific starting materials.

Our approach for achieving area-selective ALD is illustrated in Figure 6.1. In step
A, we use an inhibitor molecule that selectively adsorbs on certain materials on which
no deposition is desired (referred to as the non-growth area). The inhibitor blocks the
precursor adsorption during the subsequent step B. The cycle is completed in step C by
removing the precursor ligands together with the inhibitor molecules, and by activating
the surface for the next cycle. This approach should ideally allow for area-selective ALD
on surfaces where the inhibitor does not adsorb (referred to as the growth area).

A pronounced benefit of this approach is that the selectivity does no longer rely
solely on the chemoselective adsorption of an ALD precursor on a specific surface.
Chemoselective adsorption is decoupled from the precursor by inserting an inhibitor
step, and this will therefore yield more freedom for developing area-selective ALD
processes. Similar to previous work on the application of self-assembled monolayers
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(SAMs) for area-selective ALD, this approach relies on the blocking of surface sites for
precursor adsorption. However, the main difference is that the inhibitor molecules are
re-applied every single cycle, which can potentially lead to a more robust approach that
does not suffer from a gradual degradation of the blocking layer.!3 Another advantage
of re-applying the inhibitor every cycle is that it renders area-selective deposition
compatible with (or accessible to) more types of ALD processes, including plasma-
assisted or ozone-based ALD. This will therefore extend the set of materials that can
be deposited by ALD in an area-selective manner.

inhibitor @
Growth area precursor @F

oxygen @
NonE &

Patterned After
surface ALD
)

? o %
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Figure 6.1: Schematic illustration of an ideal area-selective ALD using ABC-type ALD cycles with inhibitor
molecules. The starting point is a patterned surface with two different materials: the growth area on which
selective deposition is desired, and the non-growth area on which deposition should not occur. In step A,
the inhibitor molecules selectively adsorb on the non-growth area. These inhibitor molecules block the
precursor adsorption in step B, such that precursor molecules only adsorb on the growth area. This results
in area-selective deposition on the growth area after removal of the precursor ligands and inhibitor
molecules in step C. By repeating the cycles, material can be deposited by ALD area-selectively. It should

be noted that in reality some inhibitor adsorption could still be allowed on the growth area, provided the
growth rate and/or material propetties of the deposited film are not significantly affected.

In this article, we demonstrate a proof-of-concept for using ABC-type ALD cycles to
achieve area-selective ALD of SiO», a low-x material that is ubiquitous in many devices.
The process consists of acetylacetone (abbreviated in the literature as Hacac) as the
inhibitor, bis(diethylamino)silane (BDEAS) as the Si precursor, and O plasma as the
co-reactant. In contrast to previous area-selective ALD studies in which typically only
two surfaces were considered, the nucleation behavior of this ABC-type ALD process
is investigated here on as many as 14 different starting surfaces. As a proof-of-concept,
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the process was tested on patterned ALO3/GeOz samples, and the selectivity was
probed using surface analysis techniques. Theoretical calculations as well as in-situ
studies were performed to determine the mechanistic aspects of the chemoselective
inhibitor adsorption and the precursor blocking. The basic understanding obtained this
way can be used to further improve the selectivity of the current approach. Finally, the
opportunities enabled by this area-selective ALD approach will be discussed.

6.2. Results and discussion
6.2.A. Impact of Hacac adsorption on SiO; nucleation

Saturation curves for the ABC-type ALD cycle, included in the Appendix (Figure 6.A1),
demonstrate that the saturation behavior and the growth per cycle are not influenced
by the addition of the Hacac step. ABC-type ALD cycles of SiO; were carried out on
various starting surfaces to identify on which surfaces deposition of SiO; is obtained,
and on which ones it is blocked. Figure 6.2 depicts the nucleation curves as measured
by in-sitn spectroscopic ellipsometry (SE). The graph shows that SiO, grows without
any nucleation delay on GeOz, SiO2, WO3, and SiNy. On these substrates a growth per
cycle of approximately 0.09 nm/cycle was obtained. This is comparable to the growth
per cycle of the regular two-step ALD process, consisting of BDEAS precursor and O»
plasma pulses (referred to as the BC process).?* Figure 6.2 also shows that growth delays
for ABC-type ALD of SiO; are observed on ALOs (15 cycles), TiO2 and HfO» (both
10 cycles). The growth delay of 15 cycles that is obtained when using the ABC-type
cycles on ALO3 means that a SiOz film of ~1 nm in thickness can be selectively
deposited on GeO: in the presence of AlOs. Nucleation curves for the BC process are
shown in Figure 6.A2, demonstrating that there is no nucleation delay for the regular
ALD process on these starting materials. Additional data for ABC-type ALD cycles of
SiOz0n Pd, Pt, Ru, ZnO, FeOy, MoOy and CoOx starting surfaces, presented in Figure
6.A3a, show immediate deposition on Pd, short nucleation delays (of ~ 5 cycles) on Ru,
ZnO, FeOy, and Pt, and longer delays (of ~8-12 cycles) on MoOy and CoOsx. Figure
6.A3b depicts that the deposition temperature also plays a role in determining the extent
of the nucleation delay, slightly better results were obtained at 200 °C.
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Figure 6.2: Nucleation curves for ABC-type ALD of SiO; on different starting surfaces. The graphs show
the thickness as a function of the number of ALD cycles as measured by in-situ SE. We note that due to
the use of an O3 plasma as the co-reactant, the topmost layer of the starting surfaces can be oxidized during
the first few ALD cycles, which was accounted for in the SE modelling of SilNy.

To gain insights into the inhibited deposition on ALO3 and the immediate deposition
on SiO», SE measurements were conducted after every individual sub-cycle. Figures
6.3(a-b) show the results for a sequence of AC, ABC, and BC cycles on Al,O3 and SiO:
starting surfaces. Similar data are presented for other starting surfaces like TiO2, GeO:
and HfO; in Figure 6.A4. The data for the AC cycles on ALOs3 in Figure 6.3a show a
thickness increase after each A step, and a decrease after every subsequent C step. This
suggests that Hacac adsorbs on ALOs3, and can be removed by an Oz plasma pulse. The
thickness increase does not correspond directly to the thickness of the Hacac
monolayer, because its dielectric function is unknown and not taken into account in the
SE modelling. However, the thickness increase can be considered as a measure for the
amount of adsorbed material, and is therefore represented as an apparent thickness.2>
Pulse C removes the adsorbed Hacac by combustion reactions and prepares the surface
for the subsequent cycle. The thickness does not decrease completely to zero during the
first O, plasma step, which is attributed to a slight change of the optical response of the
underlying Al,Os film affecting the ellipsometry modelling. The middle part of Figure
6.3a representing the ABC cycles indicates that after exposing the AlOs3 surface to
Hacac (A), no significant amount of BDEAS adsorption takes place (B). Conversely,
when exposing the ALOj; surface to BDEAS (B) and O plasma (C), as shown at the
right-hand in the graph, there is a net thickness increase indicating deposition of SiO:
with a growth per cycle of ~0.09 nm/cycle.
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Figure 6.3: Apparent thickness as measured after every reactant dosing pulse on a) AbO3 and b) SiO».
The left-hand part of the figure represents 3 AC cycles with Hacac (A) and O3 plasma (C) pulses, the middle
part 3 ABC cycles with Hacac (A), BDEAS precursor (B), and O; plasma (C) pulses, and the right-hand
part 3 BC cycles with BDEAS precursor (B), and O3 plasma (C) pulses. The apparent thickness is used to
reflect that the SE modelling did not take into account the dielectric function of the surface groups such
that the thickness after step A might not correspond to the physical thickness.?> The starting surfaces were
prepared by regular ALD.

Marked differences are observed when performing AC, and ABC cycles on a SiO»
substrate (Figure 6.3b). There is virtually no change in apparent thickness during AC
cycles on SiO», which indicates that Hacac adsorbs, at most, in minute and ineffective
amounts on a SiO» surface. Consequently, ABC-type cycles on SiO; result in the same
growth per cycle (~0.09 nm/cycle) as observed for regular ALD using BC cycles. This
demonstrates that the addition of Hacac does not significantly influence the SiO»
deposition on SiOs starting surfaces. To conclude, Figure 6.3 suggests that the selectivity
of the ABC-type process stems from the chemoselective adsorption of Hacac, and that
Hacac - once adsorbed - effectively blocks the precursor adsorption.

6.2.B Proof-of-concept of area-selective deposition

ABC-type ALD of SiOz was performed on ALOs; and GeO: surfaces. GeOz was
selected as a starting surface because it shows similar behavior to SiOp, Ze. the addition
of an Hacac pulse to the cycle does not significantly affect the deposition of SiO2 on
this surface. Moreover, the GeOs surface allows for quantification of the amount of
SiO2 deposited using X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectroscopy (TOF-SIMS). Figure 6.A5 shows the Si 2p signals for
SiOz after 12,15 and 21 ABC-type ALD cycles of SiO; on both GeO2 and ALOs3 starting
surfaces. After 15 ABC-type ALD cycles the ratio of the Si 2p integrated peak areas on
AlLOs and GeOs is ~0.11. Consistent with the SE data, the integrated peak areas for the
Si 2p peak confirm the blocking effect of Hacac.
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The selectivity was further investigated on a patterned AlO3/GeO; sample. To this
end, an ALD-prepared ALOs layer was patterned on a GeOz surface using a regular lift-
off method. Figures 6.4a-c show the TOF-SIMS elemental mapping images for the Ge™,
Al* and Si* secondary ions for the patterned sample after 15 ABC-type ALD cycles of
SiOs. The mappings confirm that ALD of SiO; occurred predominantly on the GeO:
regions. The line scans, presented in Figure 6.4d, show a high Si* signal in the regions
not covered by Al,Os, indicating area-selective deposition of SiOz on GeOs. Only a very
small amount of Si is also present on Al>Os, which was quantified to correspond to a
0.01 nm thick SiO; layer, as derived from calibration measurements (see the Methods
section). Also, lateral broadening of ~1 nm, the so-called mushrooming effect, is expected
to take place given the nature of the ALD technique. This will mainly impact (and be
observable for) nanoscale patterns and the effect will be investigated on such samples

in future work.
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6.2.C. Surface chemistry of the ABC SiO; ALD process

In order to investigate the Hacac and BDEAS adsorption on SiO» and ALOj3 starting
surfaces, 7n-situ infrared absorption spectroscopy experiments were performed on
pellet-pressed SiO2 powder using a Fourier transformed spectrometer (FTIR). To this
end, the SiO; powder was first coated using 30 ALD cycles of SiOs or AlLOs,
respectively. FTIR spectra were collected after coating the powder, and after the
subsequent Hacac and the BDEAS dosing steps. Figure 6.5a shows the results on Al>O3
as difference spectra, using the spectrum collected after Al,O3 coating as the reference.
The results confirm that Hacac adsorbs on ALOs3, as indicated by the absorption peaks
in the wavenumber range 1300 — 1650 cm™.2627 Subsequent dosing of BDEAS
precursor causes only a minor change in the spectrum, which confirms that the pre-
adsorbed Hacac molecules act as inhibitors and block the impinging BDEAS molecules
from chemisorbing onto the AbLOs surface. It is estimated that the minor change
corresponds to a fraction of ~ 8% of the amount of BDEAS molecules adsorbed on
bare Al>Os. This indicates that Hacac is not fully effective in blocking the precursor
adsorption.
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Figure 6.5: In-situ infrared absorption spectra recorded after Hacac dosing (step A) and BDEAS precursor
dosing (step B) during ABC-type ALD of SiO; on a) an Al;Os-coated substrate, b) a SiO-coated substrate.
The graph for Al,O3; shows the adsorption of a large amount of Hacac, and the blocking of BDEAS
precursor adsorption during the subsequent pulse. The graph for SiO reveals that only a small amount of
Hacac adsorbs on SiO;, which does not significantly affect the adsorption of the BDEAS precursor. The
spectra collected after step A and B are both referenced to the starting surface (7.e. AlO3 and SiO»).

A similar experiment on the SiOz-coated sample, using identical Hacac and BDEAS
dosing times, revealed a distinctly different behavior, as shown in Figure 6.5b. Now,
only 8% of Hacac adsorbs on SiO; as compared to the amount that adsorbs on the
AlOs-coated surface. Consequently, the adsorption of BDEAS is not significantly
affected on this surface, as shown by the large (positive) absorption peaks. BDEAS
adsorption results in positive peaks in the wavenumber ranges 2800 - 3000 cm! and
2130 - 2240 cm, originating from the C-H and Si-H stretching vibrations of the
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adsorbed BDEAS molecules.?8? Concurrently, there is a loss of absorbance around
3740 cm!, characteristic for the O-H stretching vibrations of the surface hydroxyl
groups that are consumed during BDEAS precursor adsorption.?830

In conclusion, the FTIR studies confirms that Hacac selectively adsorbs on ALO3, and
subsequently inhibits the BDEAS adsorption. Yet, the studies also provide insights for
further improvement of the process that will be discussed below.

6.2.D. Mechanism underpinning the chemoselective adsorption of the Hacac
inhibitor

Density functional theory (DFT) calculations were performed to better understand the
mechanism of the chemoselective Hacac adsorption at a molecular level. Hydroxylated
surfaces of «-ALO;s (0001) and «-SiO> (0001) were employed to represent the
experimentally used AlOs and SiO» surfaces. The calculations revealed that Hacac
prefers to bind in a chelate configuration on both surfaces, with both of its oxygen
atoms bonded to AB*/Si*+ surface sites. Alternative binding configurations were also
found, as discussed below. Concertedly, H>O is predicted to form as a by-product on
both surfaces through a proton transfer to a hydroxyl surface group. The H>O by-
product is expected to stick to the surface, where it plays an important role in stabilizing
the chemisorbed acac product through H-bond interactions (see Appendix, Figure
6.A7 and the accompanying discussion).

The structures and associated relative energies were calculated for the stationary points
along the suitable reaction pathways (Ze. minimum energy paths, MEPs) for the
adsorption of the Hacac inhibitor on Al,Oj3 and SiO> (Figure 6.6). For the first step in
Hacac binding, ze. physisorption, two distinctive binding orientations were identified by
the DFT calculations (horizontal and vertical, see Figure 6.A6 and detailed description
in the Appendix). As evident from Figure 6.6a, the dissociative binding of Hacac on
AbLO:s is associated with an overall exothermic reaction with an energy gain of 0.49 eV.
The chemisorption involves the formation of an intermediate complex through a
slightly-exothermic (AE = -0.07 eV) process with near-to-zero barrier (E, = 0.01 eV).
The intermediate complex comprises Hacac that is bonded to the Al3*-site through one
of its oxygen atoms (Figure 6.A7a). This intermediate species is predicted to lose its
hydroxyl-proton through a kinetically-accessible process (E, = 0.25 V), producing a
monodentate adduct (Type A, Figure 6.A7b) alongside HO. However, this adduct
corresponds to a transition-state species on the energetically-downhill path that yields
the chelate end-product (Type B, Figure 6.A7¢) through binding of acac v/ its second
oxygen to the same surface Al3*-site. Considering that the Hacac would have already
gained sufficient kinetic energy by physisorbing on the Al>Oj5 surface (ie. A5, = -0.75
eV, physisorption energy), it would readily overcome the overall barrier of 0.25 eV and
be converted to the chelate (Type B) end-product. Therefore, none of the monodentate
(Type A) species (intermediate or adduct) are expected to accumulate on the AlLOs
surface.



112

Similar to the ALOs case, a chelate (Type B, Figure 6.A7d) species is the end-product
of Hacac adsorption on SiO», whereas the monodentate (Type A) complex is only a
transition state (Figure 6.6b). More importantly, the overall chemisorption reaction on
Si0O3 is calculated to be endothermic and to require an energy of 0.98 eV, accompanied
by an extremely high kinetic barrier (E,= 2.35 ¢V). In accordance with the SE and FTIR
results, these DFT findings suggest that Hacac binds readily on hydroxylated ALOs,
while the overall reaction on hydroxylated SiO: is both thermodynamically and
kinetically hindered. This explains the selectivity of Hacac adsorption on AlO; as
opposed to SiOz during the ABC-type ALD of SiOo.
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Figure 6.6: DFT (GGA/PBE-D3) level minimum energy paths (MEPs) for the Hacac adsorption on a)
AlbO3 and b) SiO; surfaces, as described by the corresponding chemical equations. Minimum energy
structures of the important steps are also shown (yellow, green and blue dots and corresponding insets),
where some oxygen and hydrogen atoms are hidden for clarity. First points of the energy profiles
correspond to the Hacac species physisorbed on each surface, and have AE, = -0.75 and -0.37 eV with
respect to the separated Hacac gas phase and Al,O3/SiO; surfaces. These are taken as reference points (0
eV) to calculate the activation and final state energies. Color code for atoms: silicon, pink; aluminum, light
gray hydrogen, white; oxygen, red; catbon, gray.
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6.2.E Role of surface acidity on Hacac adsorption

The chemoselective adsorption of Hacac on various starting surfaces can also be
interpreted in terms of surface acidity.?! This allows to explain the results obtained on
the experimentally used starting surfaces. Hacac has a pK, value of 9.0 in aqueous
solution at 25 °C, and therefore it should behave as a weak acid.32 A reaction with Hacac
is not likely to occur with the hydroxyl groups that possess an acidic character (e.g
S102).33 Conversely, hydroxyl groups with more basic character can react with Hacac.
In this framework, an acid/base surface reaction between Hacac and the surface
hydroxyl groups of a given oxide (e.g. Al2O3) can be written as:

M-OH" + Hacac = M(acac)" + HyO 6.1

where M is a generic atom of the oxide (either metal or non-metal) and the asterisks
represent the surface species. A generalization can be made in order to explain which
surfaces allow for the chemoselective adsorption of the Hacac inhibitor (and potential
blocking of the precursor), and which surfaces will lead to immediate deposition instead.
The acidity of an oxide can be predicted from the electronegativity of the cation
clement, M.3* The relative acidity of several oxide surfaces was calculated using
Sanderson’s electronegativity scale and the electronegativity equalization principle, in
order to explain the data of Figures 6.2 and 6.A3, as presented in Figure 6.A8. The
agreement of the calculated values with the experimental data underlines that the
distinct acidic/basic behavior of different oxide compounds governs the
chemoselective adsorption of Hacac. Therefore, this provides a framework for
predicting the area-selectivity on different starting surfaces.

6.2.F. Merits and opportunities provided by the approach

The approach introduced in this article shows similarities with recent work by Engstrom
and co-workers in which inhibitor molecules are co-injected into the reactor together
with the precursor.?> Also that approach relies on influencing the precursor adsorption
by an inhibitor molecule. The benefit of dividing the inhibitor and precursor exposure
over two different dosing steps is that the adsorption of both molecules can reach
saturation independently, without suffering from competitive adsorption effects.
Consequently, similar to regular two-step ALD processes, an ABC-type ALD process
should allow for the deposition of conformal films on nanostructured surfaces.

A more natural approach for achieving area-selective ALD would be to design dedicated
ALD precursors to enable chemoselective adsorption on materials on which deposition
should occur. However, in practice this is extremely challenging because the precursor
molecule has to contain the atom to be deposited, while also satisfying other
requirements to behave as an effective ALD precursor (in terms of stability, volatility,
and self-limiting adsorption). By using two different molecules in an ABC-type ALD
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cycle, the inhibitor provides the selectivity in step A, without compromising the
properties of the precursor dosed in step B.

When the ABC-type ALD approach is compared to other area-selective ALD
approaches, several distinctive aspects can be identified. As discussed in the
introduction, re-applying the inhibitor molecules every cycle can be beneficial from a
reliability point-of-view, while it also makes the approach compatible with plasma-
assisted or ozone-based ALD. Moreover, an important merit of this approach is that it
distinguishes between the growth on different oxide sutfaces (e.g. GeO2/SiOz versus
ALO3/HfO2/TiOy).

The FTIR studies revealed that the selectivity of the Hacac adsorption is not perfect,
since some adsorption was also observed on SiO,. However, the amount of Hacac on
SiO; is sufficiently small such that it does not influence the deposition on the growth
area, as we concluded from the zz-situ SE measurements (Figures 6.2 and 6.Al).
Morteover, a small amount of BDEAS adsorption was detectable on ALOj3 after dosing
the Hacac inhibitor. Ex-sitz# XPS and TOF-SIMS also confirmed that a minor amount
of SiO; was deposited on ALOs3 after 15 cycles suggesting that the adsorbed Hacac does
not completely block the precursor adsorption. This incomplete precursor blocking can
occur most likely due to the presence of: (i) surface defects or impurities that can
negatively influence the ideal inhibitor adsorption behavior; (ii) surface reactive sites
that remain accessible to the precursor; and (iii) physisorbed water molecules on the
surface that can compete with the Hacac chemisorption, as discussed in the DFT
calculations in the Appendix, Figure 6.A7. This implies that the selectivity of the ABC-
type ALD process can be further improved by exploring different surface preparation
procedures and by optimizing the deposition conditions. In addition, alternative
inhibitors, different inhibitor dosing strategies, or co-dosing two or more inhibitor
molecules can be considered for improving the selectivity. All these parameters offer
physico-chemical pathways to enhance the inhibitor surface coverage and, therefore,
maximize the blocking effect during the precursor dose step. For these reasons, we
foresee that it should be possible to significantly improve the selectivity to the extent it
meets the requirements of semiconductor manufacturing.

The ABC approach provides the opportunity of tailoring the substrate-selectivity of
an ALD process by selection of the chemoselective inhibitor molecule. There is a wealth
of information in surface science and catalysis literature about the adsorption of organic
molecules on inorganic surfaces,?>” which can serve as a good starting point for
selecting suitable inhibitor molecules.?? The ideal case would be to use an inhibitor
molecule that adsorbs on all surfaces, except for the particular surface on which
deposition is needed. Additional research is required to investigate whether such
selectivity is achievable, and to further explore the toolbox of using inhibitor molecules
for area-selective ALD. We expect that this approach can enable area-selective ALD for
different materials by using other precursors and for example H> or NHj3 plasmas co-
reactants. To this end, the interaction of the inhibitor with the material to be deposited
and with the plasma needs to be studied. In view of the large set of possibilities, this
will be the subject of a follow-up study.
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6.3 Conclusions

We have demonstrated the use of chemoselective inhibitors in ABC-type ALD cycles
as a route for area-selective ALD. Area-selective ALD of SiO» was achieved using a
process consisting of alternated Hacac inhibitor, BDEAS precursor, and Oz plasma
pulses on a GeO; substrate with patterned ALOs features. SiOzis an extremely relevant
and widely employed low-»x material, for which no area-selective ALD process is
available. In-situ SE studies revealed that area-selective (7.e. non-inhibited) growth can
also be obtained on WOy, SiO», SiNy, and Pd, while there are nucleation delays of 10-
15 cycles on TiOz, HfO,, CoOy, and MoOy. The selectivity originates from the
chemoselective adsorption of the Hacac inhibitor molecule. This was corroborated in
detail by én-situ SE and FTIR experiments, as well as by DFT calculations, and
generalized by correlating the Hacac adsorption to the acidity of the starting surface. SE
and FTIR experiments confirmed that adsorbed Hacac blocks the subsequent BDEAS
precursor adsorption, thereby resulting in area-selective deposition of SiO; on those
surfaces on which Hacac does not adsorb.

The presented results establish a proof-of-concept for the introduced approach, and
provide insight into how the selectivity can be further improved. The SiO2 ABC-type
process offers an exceptional substrate-selectivity, by distinguishing between different
oxide starting surfaces. We expect that the compatibility of the approach with ozone-
based or plasma-assisted ALD, as well as the ability to tune the substrate-selectivity by
selection of the inhibitor molecule, will extend the portfolio of materials that can be
deposited by ALD in an area-selective manner.
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6.4 Methods

ALD Processes. The depositions were carried out in an Oxford Instruments FlexAL
reactor, which is described in detail in Ref. 38. In short, it is a vacuum vessel equipped
with a remote inductively-coupled plasma (ICP) source, a 200 mm substrate table, a
turbo-molecular pump and a loadlock. The SiO; plasma-assisted ALD recipe with
BDEAS (HoSiIN(C2Hs)2)2) precursor (also known as SAM.24) and O plasma pulses,
characterized by Dingemans e a/,>* was used as the starting point. The recipe was
changed to an ABC-type ALD process by adding a step of Hacac dosing before the
precursor step. The Hacac (299% ReagentPlus®; CAS 123-54-6) was purchased from
Sigma Aldrich and it was employed without further purification. The Hacac has a vapor
pressure of 6 Torr at 25 °C and it exists in two tautomeric forms: keto and enol. In gas
phase, the tautomeric equilibrium is shifted toward the enol form,3 which was the form
considered in the DFT calculations. The Hacac inhibitor was kept at room temperature
in a stainless steel container and vapor drawn into the chamber using 3 pulses of 5
seconds each. All experiments were carried out at a substrate temperature of 150 °C.

Substrate Preparation Methods. A set of 14 different materials was investigated as
starting surfaces in this study. Al,O3, HfO, TiO2, WOy, CoOx, MoOy, FeOy, ZnO, Pt,
Pd, Ru, and SiN, samples were prepared by ALD in our lab using standard ALD recipes.
In addition, crystalline Si and Ge substrates were used. All these substrates were cleaned
by 5 minutes Oz plasma exposure (8 mtorr Oz, 200 W) prior to the deposition, exception
made for SiNy. Because of this O, plasma cleaning step, the Si and Ge substrates are
referred to as SiO; and GeOp, respectively, in this article.

Analytical Methods. In-sitn SE was performed using a J.A. Woollam M2000D
ellipsometer as the main diagnostic technique to characterize the process and to
measure the nucleation curves, using a Cauchy parametrization to model the data. In
the case of SiNy, O plasma oxidation occurs during the SiO» deposition, which was
taken into account in the modelling of the data of Figure 6.2. The nucleation delay was
defined as the number of cycles until the first data point that showed a measurable
increase in thickness. The dielectric function of a monolayer of adsorbed Hacac
molecules was not taken into account and the same Cauchy parametrization as used to
describe the deposited SiO; was employed to model the sub-cycle SE data of Figures
6.3 and 6.A4. In these results, the thickness obtained from modeling the data after
Hacac exposure is therefore represented as an ‘apparent thickness’.

XPS measurements were performed using a K-Alpha system from Thermo
Scientific. TOF-SIMS analysis was performed at Philips Innovation Labs using an Ion-
Tof TOF-SIMS 1V instrument, which was operated in positive mode to measure Al*
(m/z=27), Si* (m/2=28), and Ge* (sum of m/z=70, 72 representing the most abundant
isotopes of Ge). In addition, TOF-SIMS mapping was performed on patterned
GeOs/ALO; samples by applying burst-alignment with long pulses of 200 ns, resulting
in high lateral resolution (~ 0.3 pm), but low mass resolution (~ 1 m/z). A seties of 2,
5, and 10 regular ALD cycles for SiO2 deposition was performed on Ge substrates to
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calibrate the TOF-SIMS signals for thickness quantification. These samples were
probed using the high-current bunched mode that allows for measurement with high
mass-resolution. Note, that the thickness of the deposited SiO2 on the GeOs regions is
already beyond the linearity limit of TOF-SIMS, meaning that the ratio of the Sit
intensity of the GeOz and Al,Oj regions in the line scans underestimates the selectivity.
In-sitn FTIR experiments were carried in a home-built ALD setup, which is very
similar to the FlexAL reactor in terms of the plasma source and pumping system. This
home-built setup is equipped with a Bruker Vector FTIR spectrometer with a mid-
infrared light source (Globar ~10000 — 50 cm™') and a liquid N2 cooled mercury
cadmium tellurium (MCT) detector with a spectral range of 12000 — 550 cm™, a
translational and rotational sample manipulator, and KBr windows that can be isolated
from the chamber with gate valves. FTIR measurements were performed on Aerosil
OX50 SiO; powder that was pellet-pressed on a tungsten mesh. The powder was heated
to 150 °C by passing a current through the mesh. To account for the accessible surface
area of the powder, the spectra were normalized to the peak intensities of regular
saturated TMA or BDEAS adsorption on the same sample before the Hacac dosing.

Computational Methods. All electronic structure calculations were performed using
the projector augmented wave function (PAW)##! as implemented in Vienna A Initio
Simulation Package (VASP v.5.3.5).4-44 First-principles calculations were carried out
using the generalized gradient approximation (GGA) to the density functional theory
(DFT).454 Perdew—Burke—Ernzerhof (PBE) exchange correlation functional?’ were
employed and the Van der Waals interactions were also accounted for on an empirical
basis (PBE-D3).#% Hydroxylated o-ALO; and o-SiO: clusters were used as
approximations of the amorphous hydroxylated AlLOs; and SiOz used in the
experiments. Additional computational details including the model system preparation
can be found in the Appendix and also elsewhere.174?
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Appendix

Area-Selective Atomic Layer Deposition
of Si0, Using Acetylacetone as a
Chemoselective Inhibitor
in an ABC-Type Cycle
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Figure 6.Al: Saturation curves showing the growth per cycle for SiO as a function of the (a) Hacac dosing
time, (b) BDEAS and (c) O plasma as measured by #n-sitn spectroscopic ellipsometry (SE). The starting
surface is SiO2 deposited by ALD. The lines serve as guides to the eye. From (a), it can be concluded that
even if some Hacac adsorption on SiO; takes place (see FTIR results and discussion), the growth per cycle
of SiO; on a SiO; starting surface is not affected by the addition of a Hacac dose to the ALD cycle.
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Figure 6.A2: Nucleation curves for the regular BC-type ALD process of SiO7 on different starting surfaces.

The graphs show the thickness as a function of the number of ALD cycles as measured by ##-situ SE. The

figute demonstrates that there is no nucleation delay for SiO; ALD on HfO,, TiO;, or Al;O3 when the
cycle does not include an additional Hacac dosing step.
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Figure 6.A3: Nucleation curves for SiO; deposited by ABC-type ALD a) on different starting surfaces
and b) at two different temperatures on AL,Os. The graphs show the SiO; thickness as a function of the
number of ALD cycles as measured by in-situ SE. A slightly longer nucleation delay was observed at 200
oC.
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Figure 6.A4: Apparent thickness as measured after every reactant dosing pulse on a) TiOy, b) HfO,and
c) GeOy starting surfaces. The left-hand parts of the figures represent 3 cycles with Hacac (A) and O»
plasma (B) pulses, the middle parts 3 cycles with Hacac (A), BDEAS precursor (B), and O plasma (C)
pulses, and the right-hand parts 3 cycles with BDEAS precursor (B), and O3 plasma (C) pulses. Figures (a)
and (b) demonstrate that Hacac adsorbs on TiO; and HfO,, and is subsequently able to block BDEAS
adsorption. On HfO,, the increase of the apparent thickness caused by Hacac adsorption is lower,
suggesting that the coverage of Hacac is lower on HfO; as compared to Al;O3 or TiO,. Correspondingly,
there is a small thickness increase when dosing BDEAS during the ABC cycles. Figure (c) shows that, in
contrast to the SiO; data of Figure 6.3b, Hacac molecules adsorb on GeO,. However, the amount of Hacac
appears to be insufficient to prevent adsorption of the BDEAS precursor, as revealed by the ABC-type
ALD cycles.
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Figure 6.A5: Si 2p signal related to SiOz on GeO; and Al,Oj starting surfaces for 12, 15 and 21 ABC-type
ALD cycles, as measured by XPS. The ratio of the integrated peak atreas of Si 2p on AlLO; and GeO;
starting surfaces after 15 cycles is ~0.11. This confirms that the precursor blocking is not fully effective.

6.A1. Computational Details

All electronic structure calculations were performed using the projector augmented
wave function (PAW)!2 as implemented in Vienna Ab Initio Simulation Package (VASP
v.5.3.5).36 We used the generalized gradient approximation (GGA) to density
functional theory (DFT)"# jointly with a plane-wave basis having a kinetic energy cut-
off of 400 eV. We employed the Perdew—Burke—Ernzerhof (PBE) exchange
correlation functional®!® along with the Grimme’s DFT(PBE)-D3 method including
Becke-Jonson damping!! to account for Van der Waals interactions on an empirical
basis. Structural relaxations were carried out using the conjugate gradient algorithm,
where they were considered converged once all forces deviate less than 0.01 eV A-1in
two consecutive ionic steps. Besides, we used the default accuracy parameters for the
FFT grid and real space projectors alongside a Gaussian smearing of 0.1 eV. No
constraints have been applied on any atoms during the optimizations. Minimum energy
paths (MEPs) along the predefined reaction pathways connecting a reactant-product
pair were computed by optimizing several geometries collectively with the climbing-
image nudge elastic band (CI-NEB) method.!? CI-NEB optimizations were done with
a looser convergence criterion on forces (0.1 eV A-1) utilizing the Hessian-based (G)-
LBFGS?™ algorithm as implemented in the VTST tool set.!#

Due to their rather large size, the supercells (see Selection of the Simulation Models)
could be integrated in reciprocal space with only one K-point coinciding with the I'-
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point. Relevantly, all of the supercells considered here were optimized in terms of size
and shape using a rather large kinetic energy cut-off of 520 eV, only containing the
AlOs or S10; surfaces. Optimized supercells were later used in the simulations of Hacac
binding on the relevant surfaces.

We computed the binding energies of Hacac on diverse hydroxylated surfaces (7.e.
o-AlOj3 and «-SiOy) through physisorption (ALp) or chemisorption (AE,) using Eqn.
6.Al.

AEy..= Eis- Er- Es (6.A1)

where Ejs is the total energy of the physisorbed/chemisorbed substrate-inhibitor
complex, E; and Ejy are the total energies of an isolated Hacac inhibitor and a given
substrate surface. Here, physisorption can be described as the weak physical (non-
covalent) binding of the Hacac inhibitor on a given silicon surface, whereas the
chemisorption requires the chemical (covalent) binding of Hacac-oxygen that is likely
accompanied by proton transfer to the target surface.

6.A2. Selection of the Simulation Models

ALD procedures used for preparing the starting surfaces of alumina and silica lead to
deposition of amorphous layers of these oxides on a given substrate. Since the
amorphous structures are challenging for DFT methods, we have adopted the most
stable crystalline structures of alumina and silica following a common practice in the
literature.

Starting from a bulk corundum structure, we created a surface slab of sapphire
comprising the a-Al,O3(0001) crystalline structure with Al termination. This specific
surface slab was previously shown to be the most stable phase in numerous
experimental and theoretical studies (see for instance Refs. 15-24). Having ample
under-coordinated sites, a freshly-cut (i.e. bare) a-AlO3(0001) surface readily gets
hydroxylated upon contact with moisture. Among two distinctive models of
hydroxylated a-AlO3(0001) surface, the partially-hydroxylated one formed by the
dissociative binding of water molecules on adjacent surface sites,'? was shown to be the
most relevant by reproducing the observed surface hydroxyl group coverage (theory:2
16 umol m2 vs. experiment:2° 15 pmol m2). The other fully-hydroxylated surface model
(z.e. Gibbsite-like, constructed by replacing the top-most aluminum atoms) is therefore
not included in this study, yet it has been subject of previous theoretical studies as to
the ALO; ALD process.?527-31 Starting from the bulk a-quartz structure,? we
constructed the a-SiO2(0001) surface slab, while we fully hydroxylated the two surfaces,
as the freshly-cleaved «-SiO; surface has a high surface energy (like a-AlO3).33 This
hydroxylated a-Si02(0001) model has been used with success for investigating other
similar ALD nucleation processes.3*38

In order to accommodate an Hacac inhibitor on a given surface and to minimize the
resulting interactions #za periodic boundary conditions, supercells were kept rather large
in the xy plane. Specifically, a 4x4 supercell of a-Al>O5 (with the optimized dimensions
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of 19.03 x 19.03 A2, covering 3.6 nm? surface, 383 atoms) and a 4x4 supercell of «-SiO,
(19.42 x 19.42 A2 3.8 nm? surface, 384 atoms). To limit the computational efforts, we
have reduced the thickness of the a-Al,Oj slab to 4 layers in our model, which turned
out to yield binding energies within 2 meV of the commonly-used 6-layer model. For
the hydroxylated «-SiO», we used the model including 18-layers as suggested in Ref. 33,
without further truncations. For minimizing the image interactions, the surface slabs in
each prepared model were separated along the z axis by a vacuum thickness of 15 A or
more.

Al,03 — Horizontal Al;03— Vertical
AE, =-0.43 eV AE, =-0.75 eV

G Pl WPan '
SiO; — Horizontal SiO; — Vertical
AE, =-0.37 eV AE, = -0.30 eV

Figure 6.A6: DFT-based minimum-energy structures of the physisorbed Hacac species on (top) «-
Al,03(0001) and on (bottom) a-SiO2(0001) surfaces. Two distinctive binding orientations are noted for the
Hacac physisorption on both surfaces: (left) horizontal and (right) vertical. H-bonding interactions are also
depicted with pale, dashed lines. Color code: silicon, pink; aluminum, light gray; hydrogen; white; oxygen,
red; carbon, gray.
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Vertical orientation of the Hacac adsorbate leads to a stronger physisorption on ALO3
AE, = -0.75 vs. -0.43 eV) due to an enhanced H-bonding network between the Hacac
and the surface hydroxyl groups compared to horizontal alignhment. On the contrary,
the Hacac orientation has a less prominent effect on the binding energies on the SiO;
surface (AE, = -0.37 vs. -0.30 eV for two orientations). The latter can be due to the
alignment of surface hydroxyl sites, namely the AlOj3 surface has hydroxyl groups
extending out of plane that render the surface more susceptible to hydrogen bonding
with the Hacac adsorbate. In any binding orientation, though, physisorption on Al,O3
is stronger than SiO», increasing the sticking probability of Hacac on Al,Oj3 and thus
facilitating the subsequent chemisorption steps.

(a2) HO taken away
(al) AL,O; — Intermediate Not-applicable as no H>O is formed
AE,=-0.97 eV yet.

(b1) A1,Os - Type A (Monodentate) (b2) H2O taken away
AE,=-091 eV AE.=-0.98 eV
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(c1) AL,O; - Type B (Chelate) (c2) H20 taken away
AE,=-1.24 eV AE,=-0.99 eV

(d1) SiO: (Chelate) (d2) H2O taken away
AE, = 0.62 eV AE, = 0.80 eV

Figure 6.A7: DFT-based minimum-energy structures of (left panel) chemisorbed Hacac species on -
AlO3(0001) and on «-SiO2(0001) surfaces and (right panel) their variants where the H>O by-product is
taken away for probing the stabilizing effect of the byproduct. Chemisorption energies (AE,) of each
species are also given. Color code: silicon, pink; aluminum, light gray; hydrogen; white; oxygen, red; carbon,

gray.
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A metastable intermediate (a) is formed following the physisorption of Hacac on the
AlOs surface, which is then converted to two distinctive chemisorbed products through
a proton transfer to the surface: (b) Type A (monodentate) and (c) Type B (chelate).
For SiO», only a chelate product (d) could be located, whereas the designated
monodentate product structures were readily converted to the chelate form.

The H>O byproduct, which is predicted to form during the Hacac adsorption on
both ALO3 and SiO; surfaces, has a stabilizing effect on the final chemisorbed product,
as revealed by increased relative energies (see energies of the b1-d1 »s. b2-d2 structures).
This is mainly due to the enhanced H-bonding network the H2O byproduct forms with
the surface hydroxyl groups. One should also note that the monodentate (Type A)
chemisorbed product could not be obtained -despite our efforts- when the byproduct
H>O is taken away from the surface, as this Type A product was readily converted to
the chelate (Type B) product (bl and b2). This point undetlines once again that
monodentate chemisorbed products are metastable and readily converted to the chelate
form. Accumulating H>O by-products could be competing with the Hacac adsorption
by partly blocking available sites, and removal of these side products would enhance the
Hacac inhibition power.

Considering that the Hacac would have already gained sufficient kinetic energy by
physisorbing on the AlOj surface (i.e. AE, = -0.75 eV, Figure 6.A7a), it would readily
overcome the overall barrier of 0.25 eV and be converted to the chelate (Type B) end-
product. Nevertheless, to investigate the unlikely case where the monodentate
intermediate was given enough time to relax, an unconstrained geometry optimization
was carried out for this Type A intermediate, starting from point #2 on the MEP (Figure
6.A7a). During this optimization, which is free from nudge-elastic-band constraints, the
intermediate further relaxed to a geometry (see Figure 6.A5a) that lies 0.22 eV below
the physisorbed species (AE = -0.97 eV with respect to the separated species). Even in
this unlikely case, the conversion of the fully-relaxed monodentate intermediate to the
chelate end-product is still kinetically accessible (E, = 0.40 eV) at typical ALD
temperatures even if with lower rates. Finally, based on the computed activation
energies, the Arrhenius equation gives an estimate of ~10%-fold higher rate for Hacac
binding on Al>Oj than on SiOs at the typical ALD temperature of 150 °C (assuming the
pre-factor is similar in magnitude for both cases).
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6.A3. Role of surface acidity on Hacac adsorption
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Figure 6.A8: Surface acidity as calculated following Ref. 39 for the different starting surfaces used in this
work. The vertical line divides the materials depending on whether immediate growth or a nucleation delay
is observed.

The acidity of a generic oxide with formula MOy is calculated as the difference between
the formal oxidation state of M and the Sanderson’s partial charge on M in the
compound. A good agreement was found between the calculated values and the
experimental data except for MoOs. The MoOs; surface is predicted to be the most
acidic oxide among the calculated ones, but experimentally appears to allow for Hacac
adsorption. Unfortunately, the Sanderson’s electronegativity values for Pt, Pd and Ru
are not reported in literature. According to Pauling’s electronegativity however, one
should expect the respective oxides to be slightly acidic and therefore allow for
immediate growth of SiO». This was experimentally proven to be the case for PdO
whereas it does not hold for RuO; and PtOs,. It should be noted that the calculated
values are for ideal stoichiometric oxides and that in reality the surface acidity can be
affected by the presence of a sub-stoichiometric oxide, degree of crystallinity, pre-
treatments and deposition conditions (¢.g. oxidation during the O, plasma step).*
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Isotropic Atomic Layer Etching of ZnO
Using Acetylacetone and O, Plasma’

Atomic layer etching (ALE) provides Angstrom-level control over material removal and holds potential
Jfor addressing the challenges in nanomanufacturing faced by conventional etching techniques. Recent research
has led to the development of two main classes of ALE: jon-driven plasma processes yielding anisotropic
(or directional) etch profiles and thermally-driven processes for isotropic material removal. In this work, we
extend the possibilities to obtain isotropic etching by introducing a plasma-based ALE process for ZnO
which is radical-driven and utilizes acetylacetone (Hacac) and O plasma as reactants. In-situ spectroscopic
ellipsometry measurements indicate self-limiting half-reactions with etch rates ranging from 0.5 to 1.3
A eycle at temperatures between 100 and 250 °C. The ALE process was demonstrated on planar and
3D substrates consisting of a regular array of semiconductor nanowires conformally-covered by ALD-grown
ZnO. Transmission electron microscopy studies conducted on the ZnO-covered nanowires before and after
ALE proved the isotropic nature and the damage-free characteristics of the process. In-situ infrared
spectroscopy measurements were used to elucidate the self-limiting nature of the ALE half-reactions and
the reaction mechanism. During the Hacac etching reaction that is assumed to produce Zn(acac)s,
carbonaceons-species adsorbed on the ZnO surface are suggested as the cause of the self-limiting bebavior.
The subsequent O plasma step resets the surface for the next ALE cycle. High etch selectivities (~80:1)
over 8iOz and HfO, were demonstrated. Preliminary results indicate that the etching process can be
extended to other oxides such as ALOs.

7.1 INTRODUCTION

Advanced nanodevice manufacturing requires atomic scale processing techniques with
superior control of film thickness and material properties over challenging (3D)
substrates.'** In the past decade, atomic layer deposition (ALD) has become an
established technique to provide unparalleled control over thin-film deposition, even
on the high-aspect ratio structures that are increasingly used in semiconductor industry.
On the other hand, its etching counterpart, i.e., atomic layer etching (ALE), has only
recently re-gained considerable attention. ALE allows for layer-by-layer selective
etching with Angstrém—level control from planar and/or 3D substrates. As in ALD,
this is achieved through the use of alternated and self-limiting half-reactions, that are
interleaved by purge steps.>?

*Mameh', A.; Verheijen, M.A.; Mackus, A. J. M.; Kessels, W. M. M.; Roozeboom, F. submitted for publication
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ALE has been a research topic since its first conception by Yoder in 1988.10 The
technique is now on the verge of being introduced in advanced manufacturing flows.
So far, a large part of the plasma ALE processes reported in the literature makes use of
alternate surface modification utilizing thermally-dtiven or plasma reactions during half-
reaction A, and material removal by means of accelerated energetic species (e.g., ions or
neutral beams) during half-reaction B.!! In most of the cases, this is typically achieved
by applying a bias voltage on the substrate table during plasma exposure, leading to
directional/ anisotropic temoval of the modified layer.68” Figure 7.1a schematically depicts
a directional/anisotropic ALE cycle and the resulting etch profile.

Recently, George and co-workers expanded the ALE toolset by introducing thermal
ALE, which makes use of sequential and self-limiting thermochemical reactions.27-12-15
Thermal ALE can allow isotropic material removal. Figure 7.1b represents a schematic
for an Zsotropic ALE cycle and the corresponding etch profile. During the half-reaction
A, thermochemical reactions are used to modify the surface of the target material.
During half-reaction B, the modified layer is removed by means of a suited co-reactant
(Figure 7.1b).

Anisotropic and isotropic etch profiles are required for different applications, one
of the most prototypical examples being: fin field effect transistors (FinFETSs) for
directional/anisotropic ALE (Figure 7.1a) and gate-all-around (GAA) field effect
transistors for isotropic ALE (Figure 7.1b).1¢ The increasing demand for controlled etch
processes and for novel functional materials requires the development of new ALE
approaches to process a wider range of materials while meeting the stringent limitations
in safety, etch selectivity, etch profile and process compatibility.16:17

Half-reaction A Half-reaction B Etch profile Application example
a) 8 oS i
s o § i ~—

W Aft ALE |
i ern cycles ‘

I ALE cycle '. I Directional/Anisotropic

Figure 7.1: Schematics of a two-step a) directional/anisotropic and b) isotropic ALE cycle. During half-
reaction A, the target material is modified by means of a self-limiting reaction. An anisotropic etch profile
is obtained when using species that provide directionality during half-reaction B, for example ions that are
accelerated perpendiculatly to the substrate in the so-called plasma sheath before impinging on the substrate
surface. Conversely, an isotropic etch profile is obtained when using non-directional species. For both
processes, the control over the thickness of the etched material is accomplished by repeating half-reactions
A and B in a cyclic fashion. Selective material removal is achieved by the appropriate choice of reactants.
Application examples after Ref. 16 are provided (right side) for both directional ALE (Fin Field Effect
Transistors) and isotropic ALE (gate-all-around Field Effect Transistors).

T - I Isotropic

ALE cycle
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In this work, we introduce a novel approach for isotropic ALE by combining a
thermochemical half-reaction with a plasma radical-driven half-reaction. In particular, a
thermochemical reaction (half-reaction A) that employs acetylacetone (Hacac) is used
to remove material. This reaction appears to be self-terminating due to the formation
of a carbonaceous surface layer that inhibits further etching. Next, a radical-driven O»
plasma pulse (half-reaction B) is used to restore the surface for the next ALE cycle. The
process concept is inspired by the use of Sn(acac)z in thermal ALE 21318 and -diketones
in organic vapor phase etching.!9-24

ALD-grown polycrystalline ZnO layers were chosen for demonstrating the
feasibility of our process. This plasma-based ALE process can serve as an alternative
approach to thermal ALE of ZnO using trimethylaluminum (TMA) and fluorine-based
chemistry, which was recently conducted on planar substrates by Zywotko ez a/14

We observed that alternating dosage of Hacac and O plasma led to a reproducible
etch per cycle (EPC) of 1.3 A. Furthermore, the isotropic nature of the ALE process
presented in this work was demonstrated by etching ZnO that was pre-deposited on an
array of vertical nanowires (NWs). A reaction mechanism is proposed on the basis of
in-situ Fourier transformed infrared (FTIR) measurements. Finally, we discuss the
possibility of extending this process to other oxide films, such as A,O3, and show high
etch selectivities (~80:1) over SiO; and HfO».

7.2 Experimental section

7.2.A. ZnO preparation by ALD. ZnO thin films were deposited on 2 x 2 cm? ¢-Si
wafer coupons using ALD in an OpAL reactor from Oxford Instruments equipped
with a 200-mm substrate table. Diethylzinc (DEZ) and water (H2O) were employed as
the precursor and the co-reactant, respectively, at a substrate temperature of 250 °C.
The recipe consisted of 40 ms of DEZ and 100 ms of H>O exposure intetleaved by 5 s
argon purges. The same recipe was also employed to deposit conformal layers of ZnO
on substrates with GaP nanowires (NWs), having a 7% Ge-doped Si (Si:Ge) shell.
From separate studies on the bare nanowires, it is known that these wires exhibit
atomically flat sidewall facets, making them an excellent substrate for etch profile
studies.?> The temperature was 150 °C during the deposition on the NW samples.
7.2.B. ALE process of ZnO. The etching experiments were carried out in an Oxford
Instruments FlexAL reactor, equipped with a remote inductively-coupled plasma (ICP)
source (13.56 MHz), a 200-mm substrate table, a turbomolecular pump and a loadlock.
Prior to all etching experiments the samples were subjected to a 3 minutes O, plasma
cleaning step at a pressure of ~10 mTorr and a power of 200 W. Acetylacetone (Hacac,
2> 99% ReagentPlus®; CAS 123-54-6) from Sigma-Aldrich was employed without
further purification. The Hacac was kept at room temperature in a stainless steel
container and vapor drawn into the chamber using multiple pulses of 2 s eachanda 1s
hold step (~400 mTorr), interleaved by 5 s long Ar purges. The ALE cycle was
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completed by a 5 s O, plasma step at a pressure of ~10 mTorr and an ICP power of
200 W, followed by a 5 s Ar purge. For a schematic of the cycle see the Appendix,
Figure 7.A1. The etching experiments were conducted at substrate temperatures of 100,
150, 200 or 250 °C.

7.2.C. Analytical Methods. [#-situ and ex-situ spectroscopic ellipsometry (SE) was
performed using a J.A. Woollam M2000D ellipsometer. A Cauchy parametrization was
used to model the Psi- and Delta-values measured by SE. X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a K-Alpha system from
Thermo Scientific. To study the resulting etch profile of this ALE process, an array of
NW was covered with ZnO layers using ALD (see above). Part of this array was
subjected to the ALE process and compared with non-etched NWs samples using
transmission electron microscopy (TEM). Several NWs were taken and analyzed using
TEM to determine the ZnO thickness before and after ALE. The TEM measurements
were conducted in high-angle annular dark-field (HAADF) scanning TEM (STEM) and
high resolution TEM modes using a probe-corrected TEM (JEOL JEM ARM 200F).
The ZnO thickness was measured at distinct regions along the length of each NW
sample separated by 1 um using Image] software.20 Twenty thickness measurements
were taken at each region and averaged to account for the ZnO surface roughness.

In-sitn Fourier transform infrared (FTIR) transmission spectroscopy experiments
were carried out in a home-built ALD setup (which is similar to the reactor used for the
ALE experiments), using a Bruker Vector FTIR spectrometer with a mid-infrared light
source (Globar ~10,000 — 50 cm™) and a liquid Nz-cooled mercury cadmium telluride
(MCT) detector with a spectral range of 12,000 — 550 cm!. FTIR measurements were
performed on ZnO nanopowder (< 100 nm particle size) that was pellet-pressed on a
tungsten mesh. The powder was heated to 150 °C by passing a current through the
mesh. The reaction chamber was pressurized with Hacac vapor and held at a constant
pressure of ~1 Torr for 30 s to ensure adsorption of Hacac on the powder. The pressure
during the plasma step was ~10 mTorr.

7.3. RESULTS AND DISCUSSION
7.3.A. ZnO ALE on planar substrates

The etching behavior was investigated using zz-situ SE by monitoring the ZnO film
thickness upon exposure to three different pulse sequences: 1) alternated pulses of
Hacac and O gas, 2) alternated pulses of Hacac and O plasma, and 3) multiple pulses
of only O; plasma. The Oz gas pulses in sequence 1 were included to keep the cycle time
constant and as a control experiment to assess whether the Oz plasma is necessary to
achieve etching. Figure 7.2 shows the ZnO thickness variation for pulse sequences 1, 2,
and 3, for a process temperature of 250 °C. Pulsing sequences 1 and 3 resulted in no
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significant ZnO thickness change (Figures 7.2a,c), while sequence 2 induced a linear
thickness decrease (Figure 7.2b). An EPC value of 1.31 + 0.08 A was calculated by linear
regression of the data shown in Figure 7.2b. These results demonstrate that alternated
doses of Hacac and Oz plasma (sequence 2) are required to achieve ZnO etching and
that no significant ZnO etching is observed when dosing only one of the two reactants.
As shown in Figure 7.2a, upon exposure to sequence 1, an apparent thickness increase
of ~2 A was observed after the first 10 cycles. Such an apparent thickness increase can
be attributed to the adsorption of Hacac molecules on the ZnO surface, similatly to
what was observed on ALOj3 substrates for the ABC-type area-selective ALD of §i0,.27
We note that the term “apparent thickness” is used here to reflect the fact that the SE
modelling did not take the dielectric function of the adsorbed species into account.
Therefore, the measured thickness might not directly correspond to the physical
thickness.?® After this initial increase, the thickness was observed to slowly decrease
with a negligible formal value of ~0.05 A/ cycle. We note, however, that the measured
thickness does not decrease below the starting ZnO thickness, indicating that no
continuous etching occurs. The thickness decrease might be due to partial
decomposition (and possibly desorption) of acac-species on the ZnO surface as it will
be discussed below.

Upon exposure to sequence 3, a negligible thickness decrease of ~1 A was measured
over 40 Oz plasma pulses (Figure 7.2c), revealing that no significant etching occurs
during the O, plasma step (~0.03 A/cycle).
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Figure 7.2: ZnO thickness evolution as a function of the number of cycles of: a) Hacac and O3 gas (circles);
b) Hacac and O; plasma (squares); ¢) Oz plasma pulses (diamonds). Linear ZnO thickness decrease is
observed only when alternating Hacac and O; plasma doses. All the experiments were carried out at a
temperature of 250 °C.

To investigate the self-limiting nature of the ALE half-reactions, 7z-situ SE was used to
measure the EPC at a fixed exposure time of the first half-reaction, while varying the
exposure time of the second half-reaction, and wice versa. Figures 7.3(a,b) show the
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measured EPC values as a function of the Hacac and Os plasma exposures, respectively.
The EPC as a function of the Hacac exposure was observed to saturate at a value of
1.31 £ 0.08 A, for a total Hacac exposure time of 27 s (including the hold steps as
described in the experimental session). The EPC as a function of the O plasma
exposure time shows saturation already after 2 s. Longer O plasma exposures result in
EPC values that lie within the error range. Taken together, these data demonstrate the
self-limiting nature of the two half-reactions employed.
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Figure 7.3: a) Etch per cycle (EPC) as a function of the Hacac exposure time for a fixed O3 plasma step
of 5 s. Saturation (self-limiting behavior) was reached for a total Hacac exposure of 27 s, resulting in an
EPC of 1.31 A/cycle. b) EPC as a function of the O, plasma exposure time for a fixed Hacac dose of 27
s. A saturated EPC value was measured for all the investigated O; plasma exposure times (= 2 s). The
processing temperature was 250 °C. The dashed lines serve as a guide to the eye.
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Figure 7.4: ZnO thickness as a function of the number of ALE cycles for temperatures between 100 and
250 ©C, as measured by /n-situ spectroscopic ellipsometry.
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Figure 7.4 displays the ZnO thickness as a function of the number of ALE cycles for
temperatures in a range of 100-250 °C. The ZnO thickness was found to decrease
linearly with the number of ALE cycles for each temperature, in line with a layer-by-
layer etching mechanism. The EPCs were determined to be 0.54 &+ 0.05, 0.97 £ 0.07,
1.25+ 0.08 and 1.31 + 0.08 A for processing temperatures of 100, 150, 200 and 250 °C,
respectively.

The surface of the ZnO thin films, before and after ALE was investigated by ex-situ
XPS to check for possible stoichiometry alterations and for the presence of surface
contamination (see Appendix, Table A.L). The stoichiometry, as in the ratio Zn/O, was
found to be preserved over 100 ALE cycles. A comparable amount of carbon (12-13
at.%) was measured on both surfaces which can be attributed to adsorption of
adventitious carbon on the sample upon exposure to atmosphere.

7.3.B. ZnO ALE on 3D substrates

The ALE process was also tested on a 3D substrate consisting of a regular array of
vertical nanowires (NWs) (see Appendix, Figure 7.A2), conformally-covered with a 60
+ 2 nm thick polycrystalline ZnO layer. The NWs were then subjected to 120 cycles of
the ALE process at 250 °C. Figures 7.5(a,b) show the TEM images of a pair of 7 pm
long NWs, one before and one after ALE. For each of those NWs, high-magnification
STEM images were acquired every 1 um along the length of the NW. For the complete
set of STEM images see the Appendix, Figure 7.A3. Figures 7.5(a,b) also display high-
magnification STEM images recorded at the top, center and bottom regions of each
NW. STEM images of an extra independent pair of NWs from the same array, before
and after ALE, are shown in the Figure 7.A4, together with the measured ZnO
thicknesses.

The STEM images reveal a decrease in ZnO thickness after the ALE process. The
film thickness reduction (15 & 2 nm) is comparable at all regions of the NW, as depicted
in Figure 7.5¢c. From the STEM-measured thickness differences (before and after ALE),
an averaged EPC of 1.3 + 0.2 A was obtained across the full length of the nanowire.
This EPC value is in excellent agreement with the EPC measured by zz-situ SE (i.e., 1.31
A/cycle). The result clearly demonstrates the accurate etch control and the isotropic
nature of the ALE process. Figure 7.5d shows a high-resolution TEM image of the top
Zn0 layers after the ALE process. Lattice fringes are visible up to the top surface layer,
demonstrating that the ZnO surface retains its crystallinity upon ALE.?% This result
indicates that no significant damage or amorphization occurs during the ALE process.
The observed isotropic etch profile and the fact that the ZnO surface is not damaged
or amorphized is in line with a negligible role of ions in the ALE mechanism, illustrating
that the O, plasma ALE half-reaction is predominantly driven by radicals. Indeed, for
the employed plasma conditions described in the Experimental Section 7.2.B., ion
energies of only ~20 eV can be expected,’® which makes sputtering of ZnO through
ion-induced collisions unlikely.
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Figure 7.5: Low-magnification HAADF-STEM image of a ZnO-covered nanowire together with high-
magnification images of the top, center and bottom regions a) before and b) after ALE. ¢) Averaged ZnO
thicknesses as measured every um along the nanowires before and after ALE. The standard deviation of
the measurements is taken as the error. d) High-magnification TEM image of the ZnO layer after the ALE
process. Lattice fringes are obsetvable up to the top surface, indicating that no surface amorphization
occurs during the ALE process.
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7.3.C. Proposed reaction mechanism

In-situ FTIR spectroscopy was used to elucidate the self-limiting behavior of the
ALE process. Figures 7.6(a,b) show the FTIR spectra after three consecutive Hacac or
O plasma exposures on pellet-pressed ZnO powder at a temperature of 150 °C. After
the 15t Hacac dose, adsorption of Hacac is shown by the appearance of positive peaks
between 900 and 1600 cm! (Figure 7.6a). These peaks can be assigned to acac-species
bonded to Zn2* sites.?'-33 Most likely, Hacac adsorbs through a proton transfer
reaction.?”

Figure 7.6a shows that the peak intensities remain constant after the 15t exposure,
indicating saturation behavior for the Hacac adsorption on ZnO. The ZnO stretching
modes (~480 cm) fall outside the detection range of the setup and could not be
monitored during the /n-sitn measurements. Figure 7.6b reveals that upon O3 plasma
exposure, acac-species are removed from the ZnO surface. In this case, the spectra are
referenced to the preceding Hacac exposure (31 Hacac dose), therefore the same
absorption features show up as negative peaks, pointing at the removal of acac-species
from the surface. The removal most likely take place through combustion reactions.
Prolonged O; plasma exposure caused a slight increase in the absorbance of the
negative peaks, indicating further acac-species elimination. However, Figure 7.6c shows
that complete removal is not achieved. This is probably due to the high surface area and
complex topography of the ZnO powder that hamper the plasma reactions in the ‘bulk’
of the powder.

The /n-sitn FTIR data can be used to propose a reaction mechanism and hence an
explanation for the self-limiting nature of the ALE process. As schematically depicted
in Figure 7.7, volatile Zn(acac)2 is assumed to be the etching product of the first half-
reaction (A), i.e., ZnO starts to be etched. At the same time, the FTIR data in Figure
7.6a indicate that during this etching reaction, stable surface acac-species build up on
the ZnO surface.

These acac-species may lead to surface site blocking and quench the etching reaction,
thereby explaining the self-limiting nature of the process. Similar conclusions were also
drawn by Lee ez /. for the thermal ALE of AlF; using Sn(acac), and HF.” They also
ascribe the self-limiting etching of AlF; to the presence of acac-containing surface
species that inhibit the main etching reaction. In addition, Helms ez 4/ have proposed
that part of the Hacac may decompose on the metal oxide surfaces and form a
carbonaceous layer that can also contribute to inhibiting the etching reaction.3 In the
second half-reaction (B), acac-groups/catbonaceous species are removed from the
Zn0 surface by the Oz plasma step, as corroborated by the FTIR data in Figure 7.6b.
Therefore, the half-reactions can be repeated in the following cycle.
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Figure 7.6: Difference infrared spectra for three consecutive exposures of a) Hacac and of b) O plasma
on ZnO powder at 150 °C. The reference spectrum for the Hacac doses was the bare ZnO powder. For
the O, plasma pulses the spectra were referenced to the preceding Hacac exposure (31 Hacac dose),
therefore the removal of species shows up as negative peaks. The spectrum baselines have been equally
shifted for clarity. ¢) Difference spectrum between the 3t Hacac dose and the 15 min O, plasma exposure,
indicating the presence of residual acac-species on the ZnO surface. Peak assignment, after Ref. 33 1
»(C=0); 2 »(C=C) + »(C=0), nC=0) + §(C-H); 3 §(C-H) + 56(CH3); 4 »(C-C) + »(C-CH3); 5 6(CH3); 6
0(C-CH3)+ »(C=0), where » and ¢ indicate stretching and bending, respectively.
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Figure 7.7: Schematic of the proposed reaction mechanism for ALE of ZnO. During half-reaction A,
volatile Zn(acac); is assumed to form from Hacac and ZnO, while leaving residual acac-species and other
possible carbonaceous fragments. During half-reaction B, an O, plasma combusts the carbonaceous
surface-species and resets the ZnO sutface for the next cycle.

7.3.D. Extension to other materials and etch selectivity

The possibilities of extending this ALE process to other materials were also
explored. To this end, substrates with ALD-prepared ZnO, HfO; and ALOj3 thin films
and a 90 nm thermally grown SiO> layer were subjected to 120 cycles of the ALE
process at a temperature of 250 °C within the same run. Their thicknesses were
measured by ex-sizu SE, before and after ALE. Virtually no thickness reduction (~0.2
nm) was observed for SiOz and HfO», while a decrease in thickness of 1.8 nm was
observed for ALOs and ~16.0 nm for ZnO. These results translates into high etch
selectivities (~80:1) for ZnO over SiO; and HfOs, at 250 °C.

The absence of SiO: etching can be explained by density functional theory
simulations that we performed for the chemisorption reaction of Hacac on SiO2.27 On
this surface, the Hacac chemisorption was found to be thermodynamically unfavorable,
therefore SiO» etching was not expected. The etching of HfO», on which Hacac does
adsorb,?” would require the formation of Hf(acac)s, which we believe is unlikely on a
surface because of steric reasons.

On AL O3, the measured thickness difference translates into a formal EPC value of
0.15 A. Similar EPC values between 0.14 and 0.61 A (at 150 and 250 °C, respectively)
have been reported for the thermal ALE of ALO3 using Sn(acac), and HE3 Our results
indicate that the ALE process introduced in this work may be explored and optimized
(temperature, dosing time, etc.) to enable the etching of materials other than ZnO.
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Considering the proposed reaction mechanism (Figure 7.7), it can be inferred that
metal oxides that coordinate up to three acac ligands may be etched using this process.
As described by George 7 al., Sc2Os, Ga203, Fe2Os, C0203, and AlOs can all form
volatile compounds with Hacac having vapor pressures ranging from 1 to 4 Torr at 150
oC.235 Therefore, it should be possible to achieve etching of these materials. Conversely,
no etching should be expected in the case of metal oxides in which the metal cation is
in the 4+ oxidation state.

7.3.E. Merits and opportunities provided by the plasma approach

When comparing the plasma-based ALE process presented in this work with the
complementary thermal ALE process of ZnO using TMA and HE 4 several differences
can be highlighted. While the thermal ALE process was reported to leave residual Al
and I impurities on the ZnO surface,!* this plasma-based ALE approach shows no
significant surface contamination, thereby suggesting a cleaner etching chemistry. In the
case of thermal ALE, no ZnO etching was observed for temperatures below 220 °C,
conversely the plasma-based ALE can be used to etch ZnO at temperatures as low as
100 oC. Furthermore, the two ALE processes allow for different and complementary
etch selectivities, thereby expanding the possibilities of ALE. For example, the thermal
ALE process, using TMA and HF, can be used to achieve etching of ZnO, Al,Os, SiO2
and HfO,.1436.37 Conversely, the plasma-based ALE process, using Hacac and O» plasma
can be used to etch ZnO and AlOs, with high etch selectivities over SiOz and HfO».
This complementary difference in etch selectivity represents a valuable addition to the
isotropic ALE toolbox.

In addition, the versatility of a plasma reactant can be used to tune the same etching
chemistry from an isotropic to an anisotropic mode by carefully adjusting the plasma
conditions.?® During the plasma step, an external bias voltage can be applied to the
substrate to provide directionality, if required. Alternatively, the ALE process can be
extended by introducing a third step, consisting of a separate anisotropic plasma.

Finally, the use of different plasma chemistries can pave the way to the processing
of other materials than oxides, e.g. nitrides, sulfides, etc.

7.4. CONCLUSIONS

A novel isotropic plasma-based approach for ALE of ZnO was demonstrated. This
process employs alternating exposures of the ZnO surface to acetylacetone (Hacac) and
Oz plasma. The self-limiting behavior was verified for both half-reactions using 7n-sitn
spectroscopic ellipsometry measurements. Furthermore, the isotropic nature of this
process was established by carrying out ALE on a ZnO-covered 3D-nanostructured
substrate consisting of a vertical nanowire array. Controlled and uniform decrease of
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the ZnO film thickness across the entire nanowire length was demonstrated. Damage-
free (no amorphization) ALE was corroborated by showing that the uppermost ZnO
layers remained crystalline after 120 cycles.

A reaction mechanism was proposed for the ZnO ALE process in which Hacac is
assumed to produce volatile Zn(acac).. In addition, the Hacac pulse also results in acac-
species adsorbed on the ZnO surface and possibly other carbonaceous-species that
quench the etching reaction. The O plasma co-reactant removes the adsorbed organic
species and resets the ZnO surface, allowing for subsequent etching in the next cycle.
Furthermore, etching of Al,O3 and a high etch selectivity (~80:1) over SiO2 and HfO»
were demonstrated.

When compared to isotropic thermal ALE processes in the literature, the isotropic
plasma-based ALE process presented in this work exhibits different etch selectivities
and a wider temperature window. Therefore, we believe that such plasma-based
approach will provide additional pathways for achieving isotropic ALE.
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Appendix

Isotropic Atomic Layer Etching of ZnO
Using Acetylacetone and O, Plasma

< AB-type ALE cycle —

o = =,

Time

Figure 7.A1: Schematic of the ZnO ALE cycle developed in this work. The Hacac dose and the first argon
purge have been repeated # times, with 1 < # < 14 in order to avoid pressurizing of the reaction chamber
during the Hacac dose. Saturation was achieved for » = 9. The O, plasma step follows the repeated
Hacac/putge pulses, and the cycle is completed by another purge step.
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Table A.I. XPS surface scans of ZnO samples before and after ALE.

C at.% Zn at.% O at.%
Before ALE 13+1 42 +1 45+ 1
After ALE 12+1 43+ 1 46+ 1

Figure 7.A2: SEM cross-sectional view of the GaP NW substrate, after ZnO ALD. The nanowires are 7.0
um long and spaced 1.5 pm apart from each other, and designed in a regular honeycomb pattern.
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Figure 7.A3. Low-magnification HAADF-STEM image of the ZnO-covered nanowire also shown in
Figure 7.5 of Chapter 7. High-magnification images of seven distinct regions separated by 1 um along the
vertical axis of the nanowire are shown in the middle. Note that the as-deposited ZnO is thinner on top of
the gold (Au) nanoparticle used to make the NWs, indicating a nucleation delay for the ALD of ZnO on
the Au surface. Yet, the thickness differences before and after ALE are comparable to those measured
along the NWs. The consistent difference in ZnO thickness confirms the isotropic character of the ALE
process.
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Figure 7.A4. a) High magnification HAADF-STEM images of a second set of ZnO-covered NWs, before
and after ALE. b-c) Low-magnification bright-field TEM images of the same NWs shown in a). d)
Averaged ZnO thicknesses as measured every um along the nanowires before and after ALE. The standard
deviation of the measurements is taken as the error.
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Conclusions and Outlook

Area-selective atomic layer deposition (ALD) and atomic layer etching (ALE) are
emerging techniques that are highly relevant for next-generation devices both within
and beyond the semiconductor industty.

The work described in this dissertation focuses on process development for area-
selective ALD of several oxide materials such as 1n,O3, ZnO and SiO.. In addition, a
new approach for atomic layer etching (ALE) of ZnO was developed.

During this work, insights into the reaction mechanisms underlying atomic layer
process techniques were obtained by employing both experimental and theoretical
methods. These insights can be used for further optimization of present technology and
extension to the selective processing of other materials.

From this thesis the following general conclusions can be drawn:

e Being inherently surface chemistry enabled, ALD allows to deposit films only on
specific, pre-defined areas of a patterned substrate. Likewise, ALE enables the
selective removal of a material in the presence of another. Both techniques rely on
at least two time-separated half-reactions. Therefore, the selectivity will originate
from the differences in thermodynamics or kinetics of the individual precursor or
co-reactant half-reactions on the distinct surfaces of a patterned substrate. On this
basis, we attempted to classify selective atomic layer process mechanisms into
chemoselective precursor ot chemoselective co-reactant mechanisms.

It is often challenging to obtain a sufficiently high selectivity for the deposition
or removal of films in a highly controlled fashion. In order to increase the selectivity,
several approaches could be adopted from more mature fields (area-selective
chemical vapor deposition and conventional dry etching) regarding the factors and
mechanisms that impart selectivity (adsorption, desorption, surface diffusion,
reactions pathways, use of inhibitors, etc.). Besides these, the insights obtained by
expetimental and/or theoretical investigations can be used as a guide for tuning the
reaction conditions in order to maximize the selectivity and minimize unwanted
reactions. Finally, selectivity can also be further improved by using intermittent
correction steps, such as etch-back steps during area-selective ALD or deposition
steps during selective ALE.
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So-called direct-write process concepts were developed for the cases of In2Os:H and
ZnO, both exploiting the differences in film nucleation on OH-terminated SiO;and
H-terminated Si. We used of a p-plasma pre-activation step to locally convert H-
terminated Si areas on a substrate into OH-terminated SiO; areas. We demonstrated
the direct-write (i.e. maskless) deposition of InoOs:H on ~100 um sized patterns.
This could open up new options in the manufacturing of flexible electronics and
other devices (e.g., photovoltaics and displays) having pattern sizes of ~100 um. A
further extension down to the ~100 nm scale was proven feasible for area-selective
ALD of ZnO. Here, the substrate was pre-activated by the deposition of ultrathin
Si0O2 seed layers (as thin as ~ 1 nm), using electron beam induced deposition (EBID).

A major benefit of these approaches based on local surface pre-activation is that
no resist patterning, etching or lift-off steps are required, thereby allowing for direct-
write and bottom-up patterning and for reducing the number of manufacturing steps.

The concepts summarized above have been based on #hermal ALD processes.
Another approach for area-selective ALD using a plasma-assisted process was
demonstrated for SiO», by using a three-step (ABC-type) ALD cycle. To this end,
we selected a suitable chemoselective inhibitor molecule, acetylacetone (Hacac), that
selectively adsorbs in step (A) on specific surfaces and inhibits the precursor
chemisorption in the subsequent step (B). The ALD cycle is then completed in a
third step (C) by an Oz plasma that removes the inhibitor from the non-growth area
and the precursor ligands from the growth area. In this way, area-selective deposition
of SiOs proceeds only on those areas on which the inhibitor does not adsorb, thereby
opening-up a possible route toward seff-aligned fabrication relevant for mitigating edge
placement error issues.

The role of the inhibitor in the reaction mechanism has been investigated using
density functional theory (DFT) calculations, and experimentally using in-situ
infrared spectroscopy measurements. These investigations yielded the insights on
possible routes to improve the selectivity of the process, which are discussed in the
recommendations below. The SiO2 ABC-type process concept offers an exceptional
substrate-selectivity, by distinguishing between different oxide starting surfaces. We
expect that the compatibility of the approach with ozone-based or plasma-assisted
ALD will extend the portfolio of materials deposited by area-selective ALD.

The reaction mechanisms of the area-selective ALD processes presented herein have
been investigated using DFT calculations and for the case of SiO; also by #n-situ
infrared spectroscopy. These calculations have proven to be very useful as a guide
for understanding the mechanism underpinning area-selective ALD. DFT
calculations indicated that the area-selective ALD processes presented in this work
are enabled by the differences in #hermodynamics and kinetics of the surface reactions
that take place on the growth and the non-growth areas. Strong precursor
physisorption was suggested as one of the stages in the full reaction path leading to
selectivity loss during area-selective ALD of ZnO. Therefore, particular care should
be paid to the energetics associated with all the elemental reaction steps (energetics
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of: physisorption, activation and chemisorbed state, transition state to product, and
desorption). Experimental investigations using ##-situ infrared spectroscopy not only
corroborated the DFT results to a large extent, but also highlighted small
differences, which we suggest to be due to defects sites (contaminants, grain
boundaries, dislocations) on the experimental surfaces that are not contemplated
during DFT simulations.

e A novel process for the isotropic ALE of ZnO was introduced in this work, based
on alternated dosing of Hacac and Oz plasma. Microscopy studies on vertically
aligned nanowire arrays showed that the process allows isotropic etch profiles with
Angstrom-level control over material removal. Typically plasma-based ALE is
associated with anisotropic/directional etching, therefore a key achievement here is
that plasma-based processes can also be used to obtain Zsofropic ALE. Based on in-
sitn infrared spectroscopic measurements we proposed a reaction mechanism in
which the exposure of Hacac produces volatile Zn(acac), while persistent acac-
species on the surface inhibit further etching reactions. A radical-driven Oz plasma
step removes the acac species and resets the surface for the next cycle. High etch
selectivity (80:1) over SiO; and HfO: and the possibility to extend the ALE process
to other oxides (such as AlO3) were demonstrated.

In summary, the work described in this dissertation demonstrates novel processes for
achieving area-selective ALD and ALE. Furthermore, it highlights the importance of
investigating the thermodynamics and kinetics of ALD and ALE surface reactions. The
insights thus obtained are useful to understand and further develop novel selective
atomic layer process.

Recommendations. Based on this work, the following recommendations for future
research can be given:

e A deep understanding of the factors governing the selectivity loss may be gained by
prolonged monitoring (for example using XPS) of the surface species as a function
of: repeated precursor pulses (half-cycles), co-reactant pulses and full ALD cycles.
For example, the non-growth area might be modified after a certain number of co-
reactant pulses. Confronting that result with the one obtained for the full ALD cycles
can shine light on the factors governing the selectivity loss.

e High aspect ratio structures require larger precursor and co-reactant doses to ensure
conformal deposition. These circumstances may affect the selectivity and result in
aspect ratio dependent area-selective deposition. Therefore, area-selective ALD
should be investigated in detail for different material combinations and aspect ratios.
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To improve the selectivity further, AB or ABC-type ALD processes can be extended
by adding extra steps (ABC or ABCD, etc.). A recent example that is currently being
investigated in our group is the insertion of a fourth step consisting of an Hj plasma
step before the O, plasma, during the area-selective ALD of SiO». Such H» plasma
step can be inserted to remove acac-species by re-forming volatile Hacac, thus
avoiding the formation of carbonate species during the O plasma step. These
carbonates are thought to affect the adsorption of Hacac and thus the selectivity.

The new concept investigated in this work for the ALE of oxide material can be
extended to non-oxide materials by exploring different plasma chemistries, or by
using multiple-step (ABC-type) approaches. Next, like in conventional etching,
substrate biasing can be applied to provide additional processing freedom, e.g., by
switching between directional/anisotropic and isotropic etch processes within the
same tool or by switching the bias voltage on and off during the active half-cycle.
Temperature modulation by pulsed lamp heating and cooling synchronized with the
reactant gas pulsing can also be inserted to ‘activate’ reactions with a desired material
and ‘de-activate’ undesired ones. In this way one could optimize the differential
control over the kinetics of single reaction steps.

We note, that for many practical applications requiring so-called high fidelity etching
profiles, guasi-ALE processes (not fully saturated, or not strictly layer-by-layer) may
be sufficient as long as they are reproducible.

Hybrid supercycles of area-selective ALD of ZnO and the corresponding ALE
process can be used to improve the selectivity. Unwanted ZnO nucleation on the
non-growth area (H-terminated Si) could be removed by inserting a few ALE cycles.
For this approach to work, the ALE process needs to be adapted. An Oz plasma step
(used in the current ALE process) would oxidize the non-growth area (H-terminated
Si) and lead to the formation of an OH-terminated SiO» layer on which ZnO
deposition takes place. Thus novel plasma chemistry concepts need to be explored.
For example, an Ar plasma could be used to remove adsorbed acac-species. Similar
approaches can be extended to other oxides or material classes.

Since ALD is an inherently isotropic deposition technique, side-effects such as
mushrooming occur. This effect represents less of a problem for large patterns,
however, it might represent an issue when the distance between two adjacent
growth-areas is of the order of the layer thickness that needs to be selectively
deposited. Process solutions to mitigate this effect should be investigated. The
deposition could be laterally confined to a finite thickness using self-assembled
monolayers, provided these can be applied in a cost- and time- effective manner.
Alternatively, complementary area-selective ALD processes that lead to the
deposition of two different materials on the two different surfaces need to be
developed. Likely, novel and increasingly complex combinations of selective atomic
level processes will be researched in the near future.









Summary

Selective Atomic Layer Deposition and
Etching of Oxides

With the continuing downscaling of the physical sizes of critical components in
modern 3D semiconductor devices beyond the 10-nm technology node, pattern
misalignments are likely to reduce the device yield to unacceptable levels. This is due to
the difficulties in the positioning and shape retention of the patterns on the sample
during each processing step in the manufacturing flowchart. A figure of merit to
quantify the misalignment is the so-called edge placement error (EPE). Severe EPEs can
lead to shorts or misconnections, thus resulting in poor device performance or
malfunctioning.

Meeting the ever stricter alignment specifications requires innovative solutions that
can ensure atomic scale fidelity during material deposition or removal. Area-selective
atomic layer deposition (ALD) provides Angstrom level thickness control and can allow
for bottom-up material deposition on pre-defined substrate areas. Atomic layer etching
(ALE), permits in principle the same level of layer-by-layer control during the removal
of a specific materials from certain substrate patterns with a high etch selectivity.
Therefore, both techniques hold promises for reducing the number of manufacturing
steps and for achieving (self-)aligned features or mitigating the EPE issues.

The work in this thesis focuses on the development of area-selective ALD and
selective ALE processes for several oxide materials (InoO3:H, ZnO, SiO) and on
gaining insights into the underlying reaction mechanisms. Chemoselective precutsor ot
inhibitor chemisorption were exploited to achieve area-selective ALD of several oxides
using thermal and also plasma-assisted ALD. Furthermore, the concept of
chemoselectivity was also exploited to develop a novel method for isotropic ALE by
making use of a plasma step.

Area-selective ALD of InO3:H (Chapter 4) and of ZnO (Chapter 5) was achieved
on OH-terminated Si, in the presence of H-terminated Si substrate areas. Thermal ALD
processes were employed in both cases. Micrometer-scale InoOs:H patterns were
obtained by using a microplasma printer to locally convert H-terminated Si areas of a
substrate into OH-terminated SiO areas, by local oxidation. This novel process could
open up new options in the manufacturing flowcharts of flexible electronics and other
devices (e.g., photovoltaics and displays) having pattern sizes in the order of ~100 um.
In addition, area-selective ALD of ZnO was achieved by local deposition of OH-
terminated SiO» seed layer patterns on H-terminated Si-based films, using e-beam
induced deposition (EBID). In this way, the area-selective ALD of ZnO was proven
feasible for pattern sizes down to ~100 nm scale. The nucleation of these films was



investigated by #n-situ spectroscopic ellipsometry and the selectivity was demonstrated
by means of chemical (X-ray spectroscopy methods) or structural (SEM and TEM)
analyses.

A major benefit of the two approaches mentioned above is that no resist patterning,
etching or lift-off steps are required, thereby allowing for direct-write bottom-up
patterning and for reducing the number of manufacturing steps.

The underlying mechanisms enabling the selectivity were investigated using density
functional theory (DFT) methods. Based on DFT results, it was suggested that the
selectivity for In»Os:H deposition originates from the differences in the thermochemistry
of the precursor adsorption on the OH-terminated and H-terminated silicon surfaces.
In contrast, the selectivity for ZnO deposition originates from the differences in reaction
kinetics of the precursor on OH-terminated and on H-terminated silicon surfaces.

The area-selective ALD processes described above are based on thermal ALD
recipes. However, some technologically relevant materials such as SiOz and SisN4 can
be deposited at low temperatures only by plasma-assisted ALD. A novel approach that
allows plasma processes to be implemented in area-selective ALD techniques was
developed for the case of SiOa, by usinga three-step (ABC-type) ALD cycle (Chapter
6). To this end, a suitable chemoselective inhibitor molecule, acetylacetone (Hacac), was
selected. Hacac selectively adsorbs in step (A) on specific surfaces and inhibits the
bis(diethylamino)silane (BDEAS) precursor chemisorption in the subsequent step (B).
The ALD cycle is then completed in a third step (C) by an O plasma that removes the
inhibitor and the precursor ligands.

The nucleation of SiO; using the ABC-type ALD process was investigated on 14
starting surfaces (e.g., direct deposition on SiO; and GeOs and nucleation delay on
AlOs and HfO, were observed) using z-situ spectroscopic ellipsometry. The selectivity
of this area-selective ALD process was demonstrated on a patterned sample consisting
of ALO; and GeOs, using spectroscopy methods. The inhibitor reactions were
investigated using DFT calculations on Al,O3 and SiO; starting surfaces. Based on these
DFT results, it was made plausible that the selectivity originates from the difference in
the thermochemistry of the Hacac adsorption: thermodynamically favorable on Al,Os,
and unfavorable on SiO».

The ABC-type area-selective ALD process holds promise for realizing se/f-aligned
fabrication schemes that are relevant for mitigating EPE issues. Furthermore, the ABC
concept is fully compatible with plasma processing, thereby extending the portfolio of
materials that can be selectively deposited.

Finally, a novel route for the isotropic ALE of ZnO was introduced in this work,
using the alternated dosing of Hacac and O plasma (Chapter 7). The process was
investigated using ##-situ spectroscopic ellipsometry on planar ZnO thin-films that were
deposited on Si substrates. Using TEM inspection, the ALE process was demonstrated
to enable isotropic layer-by-layer etching from 3D-topographies consisting of GaP
nanowires that were coated with ZnO. High etch selectivity (80:1) over SiO2 and HfO;
and the possibility to extend the ALE process to other oxides (such as ALO3) were also
demonstrated. The etch selectivity of this process and the fact that it is a plasma-based



approach may provide additional possibilities for achieving isotropic and controlled
removal of oxides with high etch selectivity.

In conclusion, area-selective ALD processes have been developed for several oxides,
using thermal and plasma-assisted processing. The use of plasma radicals to achieve
isotropic ALE has been demonstrated as well. The introduction of plasma process
concepts in both area-selective ALD and isotropic ALE can enable novel processing
options, thereby expanding the atomic layer processing toolbox. These results, together
with the new insights into the surface chemistry reactions derived from DFT simulation,
will contribute to mainstream industrial applications in advanced electronics, where
single-digit nm process control is imperative. Other industries where dimensions are
less critical can still benefit from the new selective atomic layer processing concepts.
For example, in photovoltaics and displays, catalysis, energy-harvesting and
optoelectronics, the manufacturing of superior-quality layers, the scaling and the
reduction of manufacturing steps (i.e. cost) are essential.
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