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1 1General Introduction

Abstract

This thesis discusses the preparation of extremely thin and conformal films of materials, using
a method called plasma-assisted atomic layer deposition. Conformal thin films have a wide
and growing range of applications and are especially important in present-day nanoelectronics.
Most chapters in this thesis are relatively in-depth, omitting the basic explanations that have
been provided in earlier publications. Therefore, for this introduction chapter, the aim is to
help the reader to better understand the basics and the context of this work. First, the title
"Conformality and the role of ions during plasma-assisted atomic layer deposition" is explained.
Specifically, what do the terms "conformality" and "plasma-assisted atomic layer deposition
(plasma ALD)" mean? And why are these topics important? Subsequently, the purpose of the
individual chapters are indicated. Here, each chapter serves the general goal of this thesis: to
obtain detailed insight into the role of ions and the mechanism governing film conformality
during plasma ALD. Through this understanding, plasma ALD can be advanced to meet
existing and future thin film requirements in industry.
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1.1 Conformal thin films and their importance for present-
day nanoelectronics

Practically all electronic devices, such as laptops, smartphones, displays, and
solar cells, depend on extremely thin layers of materials chosen for their spe-
cific properties. These layers of materials are often called "thin films". Here,
"thin" is not exaggerated and often refers to a thickness of roughly 10 up to
1000 atoms. In the nanoelectronics industry, the main reason for such ex-
tremely small dimensions is to be able to install as many logic and memory
components on a chip as possible. This drive toward increasingly small dimen-
sions is linked to Moore’s law. According to this famous economic law, which
has been quite accurate for the past five decades, the number of transistors on
a chip doubles approximately every 18 months. 1,2 Yet, as the critical dimen-
sions are approaching their fundamental limits, 3 further miniaturisation of
traditional device structures is no longer viable. Instead, three-dimensional
(3D) solutions are being introduced to further increase the number of transis-
tors and memory cells per unit area. As a result, the ability to prepare thin films
on 3D structures, with accurate control over the film thickness and properties,
is becoming increasingly important.

The recent trend of devices scaling in the vertical dimension is well exem-
plified by 3D NAND. In these non-volatile memory devices, the areal density
of memory cells is mainly increased by stacking multiple layers of cells on top
of each other. As an example of a present-day 3D NAND device, Figure 1.1
shows a cross-sectional transmission electron microscope (TEM) image of
Samsung’s 970 EVO Plus, as reported by MSSCORPS. 4 This device consists of
92 layers, which are separated by vertical slits. Moreover, vertical channels are
fabricated that form the bit lines to the memory cells (not shown in Figure 1.1).
As more layers are added (a record number of 176 layers is currently reported),
these slits, channels, and other vertical features are becoming increasingly
deep compared to their width. Consequently, it is becoming increasingly
difficult to deposit a thin film into these structures, while making sure that
the film thickness and properties are the same throughout the structure.

https://en.msscorps.com/products/?mode=data&id=131&top=0
https://investors.micron.com/news-releases/news-release-details/micron-ships-worlds-first-176-layer-nand-delivering-breakthrough
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Figure 1.1: Cross-sectional TEM image of a 3D NAND device (Samsung 970 EVO
Plus). 4 The vertically stacked layers, which contain several individual memory cells,
are separated by deep and narrow slits. Plasma-assisted atomic layer deposition is
reported to be used for growing a conformal layer of SiO2 on these high-aspect-ratio
trenches. 5

The extent to which the film thickness and quality are the same every-
where on a 3D structure, is referred to as film conformality. This concept is
clarified in Figure 1.2, which schematically shows a conformal film (left) and
a non-conformal film (right). As demanding 3D designs such as 3D NAND are
becoming more common in nanoelectronics, the ability to grow conformal
films is becoming increasingly important. This holds for memory, but also
for the fabrication of logic devices. For example, field effect transistor (FET)
designs have also transitioned from planar to 3D concepts, specifically, to
FinFETs and gate-all-around FETs.

Figure 1.2: Schematic illustration of a conformal film (left) and a non-conformal film
(right) grown on a 3D structure.
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1.2 Plasma-assisted atomic layer deposition: basics and
open questions

The deposition method called plasma-assisted atomic layer deposition (plasma
ALD), also referred to as plasma-enhanced ALD or radical-enhanced ALD, has
become a mainstream technology for the growth of conformal thin films.
Plasma ALD is reported to be used, for instance, for growing conformal SiO2

films on the high-aspect-ratio slits in 3D NAND, as indicated in Figure 1.1.
More applications of plasma ALD, and a selection of key underlying mecha-
nisms, will be highlighted in Chapter 2. In this section, the focus lies on the
basic concepts of plasma ALD. The following references provide further de-
tails on plasma ALD in general. 6–8 In essence, all ALD processes are based on
self-limiting, alternating reaction steps, to deposit a material in a controlled,
step-by-step fashion. As an archetypal example, one of the most studied ALD
processes is the growth of Al2O3 by alternated doses of Al(CH3)3 as precursor
and H2O as co-reactant. 9 Plasma ALD is different from such a thermally-driven
process (here referred to as “thermal ALD”) in that a plasma is used as co-
reactant, for instance, oxygen plasma instead of water for the growth of oxides.
Figure 1.3 gives a schematic illustration of a plasma ALD cycle, consisting of
a precursor dose step (A) and a plasma exposure step (C). Both half-cycles
are separated by purge steps (B and D) to remove the reaction products and
leftover precursor molecules or plasma species. Through this separation, the
introduced precursor molecules and plasma species only interact with the
reactive groups on the surface, such that the growth stops when these reactive
surface groups are no longer available or accessible. This gives rise to highly
controlled growth, with incremental steps of approximately one layer of atoms
or less per ALD cycle. In the ideal case, the added thickness per cycle is not
influenced by the local flux of reactant species, such that the film thickness
becomes the same everywhere on a 3D structure when dosing sufficient reac-
tant species. This makes ALD, including plasma ALD, a key technique for the
growth of highly conformal thin films in a controlled way.

Figure 1.3: Schematic representation of a plasma ALD cycle, consisting of a precursor
dose step (A), purge step (B), plasma exposure step (C), and again a purge step (D).
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Plasma ALD can have several advantages over thermal ALD. 6,7 For example,
the non-equilibrium chemistry provided by the plasma often enables film
growth at reduced temperatures, can help in achieving high material qualities
and allows for a wider range of precursors to be used. 6,7 Moreover, the plasma
properties, such as the flux and energy of ions impinging on the surface, can
often be tuned. 10,11 Still, the usage of a plasma does come with challenges.
Especially, due to the large variety of plasma species and the complexity of
the plasma-surface interaction, there is still limited understanding on how to
control and predict the influence of the plasma during plasma ALD:

• Among others, it is known that energetic ions impinging on the surface
can have a significant effect, 11,12 but the influence of ions having a
moderate energy is relatively unexplored. Moreover, it is unclear what
are the main aspects governing the influence of ions. Among others,
parameters such as the energy, flux and dose of ions can all play a role.

• Plasma ALD is generally believed to be less suitable for conformal film
growth than thermal ALD, 7,13 yet deeper insight is required into the
fundamental mechanisms limiting film conformality during plasma
ALD. At this point, it is known that the loss of reactive radicals can play
an important role. 13 These species are considered to enable film growth,
but may not reach the bottom of a high-aspect-ratio structure as they
can recombine at the surface. Yet, virtually no information is available
in the literature on the recombination of plasma radicals under ALD-
relevant conditions and, correspondingly, the film conformality that
can be achieved.

1.3 Goal and outline of this thesis

This work is part of the project "Taking Plasma ALD to the Next Level" of
the Netherlands Organisation for Scientific Research (NWO, project number
15352). The general goal of this NWO project is to investigate the mechanisms
underlying plasma ALD, in order to settle long-standing issues such that the
method can be advanced to meet existing and future thin film requirements in
industry. Specifically, this thesis aims to provide insight into the fundamental
mechanisms governing film conformality during plasma ALD, where particu-
lar attention is given to the impact of radical recombination and the influence
of ions impinging on the surface. This is done by the following approach:

• First, Chapter 2 discusses a selection of key elementary processes dur-
ing plasma ALD, while indicating the relevance of these processes for
applications of plasma ALD in nanoelectronics. Accordingly, Chapter 2
provides the broader context of the studies presented in Chapters 4 to
8. Note that Chapter 2 focuses on recent insights and assumes a basic
understanding of the discussed processing techniques.

• Next, Chapter 3 presents a detailed analytical model that relates the film
conformality achieved by ALD to the underlying reaction probabilities.
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While providing an overview of (new) insights, Chapter 3 also explains
the equations that are used in Chapters 4, 5, and 6 for experimentally
determining these underlying reaction probabilities.

• In Chapter 4, the initial sticking probabilities of Al(CH3)3 and H2O dur-
ing ALD of Al2O3 are determined from their impact on the acquired film
conformality, using the theory provided in Chapter 3. Here, the initial
sticking probability describes the probability that a reactant molecule
irreversibly adsorbs upon interaction with the surface, leading to film
growth. Although a thermally-driven ALD process is studied in this
chapter, the results are also relevant for plasma-assisted ALD. Moreover,
the work exemplifies how detailed information on the conformality of
ALD-grown films can also provide fundamental insight.

• Regarding the role of radicals, Chapters 5 and 6 investigate in detail
how the loss of radicals through surface recombination influences film
conformality during plasma ALD. In both chapters, the surface recom-
bination probability of the reactive radicals is determined from the
achieved film penetration into high-aspect-ratio trench structures. This
novel approach provides new insight into the film conformality that can
be achieved by plasma ALD. In Chapter 5, the recombination proba-
bility is determined for oxygen radicals (i.e., atomic O) on SiO2, TiO2,
Al2O3 and HfO2. In Chapter 6, it is investigated how the recombination
probability of oxygen radicals during plasma ALD of SiO2 and TiO2 de-
pends on the process conditions, i.e., on the substrate temperature and
plasma pressure.

• Finally, the role of ions is investigated in Chapters 7 and 8. While previ-
ous studies have demonstrated that ions with a high energy of ∼100 eV
can have a considerable and often beneficial influence during plasma
ALD, Chapters 7 and 8 investigate to what extent this also holds for ions
having a relatively low energy of ≤20 eV. In Chapter 7, the influence of
low-energy ions on the growth per cycle and material properties during
plasma ALD of SiO2 is investigated. Among others, it is verified whether
the observed effects are indeed caused by ions, and it is explored how
the magnitude of the acquired effects can be controlled. Subsequently,
Chapter 8 studies to what extent ions, as they hit the surface anisotrop-
ically, can influence film conformality during plasma ALD of SiO2 and
TiO2. Here, the focus lies on plasma ALD of TiO2, including the crys-
tallinity of the deposited material.

As mentioned above, the presented work is partly theoretical (e.g., Chapter
3) and partly experimental. Since the experimental setups used for ALD have
already been described in previous publications, the setups are not described
in detail in this thesis. For further information, the references provided in
the experimental sections can be consulted. Here, it is worth highlighting
that a large part of this work is based on results obtained using PillarHall®

test structures (see PillarHall.com). These microscopic, horizontally-oriented
cavity structures were developed at VTT Finland by Puurunen and coworkers,

www.pillarhall.com


General Introduction Chapter 1 | 13

with the main purpose of investigating the conformality of films grown by
(thermal) ALD, using top-view diagnostics. 14 In this work, it is explored how
these or similar cavity structures can be employed for obtaining fundamental
information on the mechanisms underlying plasma ALD.
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2 2Foundations of Plasma
Processing in Nanoelectronics

Abstract

This chapter discusses key elementary processes in plasma etching and deposition, in the
context of the latest trends in nanoelectronic device fabrication. As the critical dimensions of
such semiconductor devices are reaching the atomic scale, the plasma processing techniques
involved increasingly require atomic-level precision. To help reach this extreme level of
precision, obtaining detailed insight into the role and impact of the plasma species is vital,
now more than ever. For this reason, we aim to assist both newcomers and experienced
researchers and technologists working on plasma processing in nanoelectronics to understand
a selection of fundamental mechanisms that are relevant especially for atomic-level control.
Specifically, in this chapter, we discuss plasma-assisted atomic layer deposition (plasma
ALD) as state-of-the-art deposition technique. Among others, we provide recent insights into
the role of radicals, the film conformality achievable by plasma ALD, and how to control the
influence of ions during plasma ALD. This work can serve as a guide to the research field, as
the highlighted mechanisms are illustrative for effects that are expected to become even more
important and more prevalent in the future.

Note: this chapter is in preparation to be published as an article that also addresses challenges
in etching. Those sections will be written by S. Hamaguchi, T. Ito, and K. Karahashi. The current
text focuses on plasma-assisted atomic layer deposition and is (mainly) written by K. Arts, W.M.M.
Kessels, A.M. Mackus, and H.C.M. Knoops.
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2.1 Introduction

As semiconductor device structures are reaching atomic-scale dimensions
and are now progressively scaling in the vertical direction, both the etching
and deposition techniques involved in manufacturing these structures have
to meet extraordinary requirements. As a general trend, etched features have
to become narrower and deeper, and deposited films have to become thinner
and more conformal over the three-dimensional (3D) surface topographies. 1

Moreover, low temperature processing is becoming increasingly important,
for instance, due to the growing presence of temperature-sensitive materi-
als. 1,2 Finally, more precise control over features such as selectivity, etch rate,
film thickness and material properties is generally required. 2–5 Many of these
challenges, which are highlighted in Figure 2.1, rely on solutions that can
be provided by plasma-based methods. An important aspect here are the
opportunities given by non-equilibrium conditions. 6 Moreover, virtually all
nanoscale anisotropic etching processes and topographically-selective de-
position processes are plasma-based, as they are enabled by the effect of
directional ion bombardment. 7,8

Figure 2.1: Challenges and trends in the fabrication of present-day nanoelectronics.
Established etching techniques include: (deep) reactive ion etching ((D)RIE), ion beam
etching (IBE), atomic layer etching (ALE), wet etching, and dry vapor etching. 3,6,9,10 For
deposition, physical vapor deposition (PVD), (plasma-enhanced) chemical vapor de-
position ((PE)CVD), and atomic layer deposition (ALD) are widely applied. 5,9,11,12 In the
context of the highlighted challenges, there is a currently a trend toward atomic-scale
processing (ALE and ALD) and plasma-based techniques, while (D)RIE is becoming
increasingly important. 1

Examples of long-established plasma-based etching and deposition tech-
niques include reactive ion etching (RIE), deep reactive ion etching (DRIE), ion
beam etching (IBE), plasma-enhanced chemical vapor deposition (PECVD),
and physical vapor deposition (PVD). 3,6,9,11,12 A common factor of these tech-
niques is that the amount of material that is being etched or deposited is
proportional to the local flux of energetic or reactive plasma species. While
these flux-controlled techniques still have important applications, a (par-
tial) transition to plasma processing techniques that are surface-controlled,
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such as and plasma-assisted atomic layer deposition (plasma ALD) 2,5,13,14

and plasma-assisted atomic layer etching (plasma ALE), 15–19 is required to
sustain the current trends in semiconductor device scaling. As explained in
detail in the provided references, these techniques are based on alternated,
self-limiting reaction steps, to either etch (ALE) or deposit (ALD) a material in
a step-by-step fashion, without being dependent on the local flux of plasma
species. This approach enables atomic-level precision in etching and de-
position, with excellent uniformity and conformality (see Figure 2.2). The
increased demand of such surface-controlled techniques is reflected, for in-
stance, in the global market size of ALD, which has increased by >300% since
2010. 1,2

Figure 2.2: Merits of surface-controlled growth (ALD) in comparison to flux-controlled
growth (e.g., CVD and PVD). In surface-controlled growth, the amount of material
deposited is independent on the local flux of reactant species supplied by the source
(when being in saturation), which allows for excellent uniformity, conformality, and
thickness control. Figure adapted from Knoops et al. 20
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The latest trends in nanoscale processing, and the growing need for more
precise control in plasma etching and deposition, are well exemplified in the
fabrication of three-dimensional (3D) NAND devices. The structure of these
non-volatile memory devices is illustrated in Figure 2.3, where the involved
processing techniques are also indicated. Over more than a decade ago, two-
dimensional (2D) NAND devices were approaching their scaling limit due
to increased cell-to-cell interference. 21 To overcome this scaling limit, the
3D NAND architecture was introduced, where the areal density of bits was
increased by stacking multiple word lines in the vertical direction. 21 Since
mass production of 3D NAND started in 2013, the number of word line layers
has increased by 30-50% for each generation, 21 up to >96 layers for most
present-day devices. As a result, the vertical channels and slits are becoming
more and more difficult to etch, 22 because of their increasingly high aspect
ratios (now exceeding 40:1) but also due to other aspects such as mechanical
stress. 21 Moreover, thin film deposition over these increasingly tall features,
while maintaining high film quality, is becoming more and more challenging.
For this reason, plasma ALD is already being used, for instance, for the con-
formal deposition of SiO2 liners on the vertical slits. 1 These developments
in 3D NAND are representative for the overall nanoelectronics industry and
illustrate the need for advances in high-aspect-ratio (HAR) plasma etching
and surface-controlled plasma processing, i.e., plasma ALE and plasma ALD.

Figure 2.3: Schematic illustration of a 3D NAND memory device. The high-aspect-
ratio slits and channels are becoming extremely difficult to etch. Moreover, film growth
on these increasingly deep features requires excellent control over conformality, for
which plasma ALD is reported to be used. 1 Original figure published by Lam Research
Corp. 23
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In this work, we focus on (recent) insights into key elementary processes
governing plasma ALD, in the context of the latest trends and challenges in the
nanoelectronics industry. Note that this technique is discussed to highlight
new developments in the field, without providing a comprehensive review of
all (plasma-based) processing techniques that are important. On the basis
of relevant case studies, we exemplify that detailed insight into the role of
radicals and ions is vital for achieving the precise, atomic-scale control that is
required in present-day and next-generation device fabrication.

2.2 Plasma-assisted atomic layer deposition

The surface-controlled nature of plasma ALD makes it an increasingly im-
portant technique for the continued downscaling of nanoelectronic devices.
This will be illustrated in Section 2.2.1, using a selection of representative
applications in nanoelectronics. In Section 2.2.2, we discuss key aspects re-
garding the role of radicals and ions during plasma ALD, in the context of
these applications.

Plasma ALD: new device opportunities by surface-controlled
growth

Several key challenges in thin film deposition, i.e., uniformity, conformality,
thickness control and low-temperature processing, are represented by the ap-
plications highlighted in Figure 2.4, which all rely on plasma ALD as a solution.
First, in self-aligned multiple patterning (A), the sidewall spacers (typically
SiO2) need to be deposited with a high film conformality and a precise thick-
ness to ensure accurate reproduction of the desired pattern. 24 Moreover, be-
cause of issues related to film stress and the presence of temperature-sensitive
photoresist, the spacers typically have to be deposited at a low temperature. 25

These requirements explain why plasma ALD is used for depositing the SiO2

spacers. 26 Thermally-driven ALD could also offer a high film conformality
and precise thickness control, but plasma ALD of SiO2 is relatively facile and
can provide high quality SiO2 even at low and moderate temperatures (e.g.,
at 50 ◦C). 27,28 Since self-aligned patterning schemes have become indispens-
able for the fabrication of present-day technology nodes, this application of
plasma ALD currently represents one of the largest segment of the global ALD
market. 2
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Figure 2.4: Examples of applications of plasma ALD in patterning, logic, and memory.
The layers prepared by plasma ALD are indicated in red. In these examples, i.e., self-
aligned quadruple patterning (A), gap-filling (B), and dielectric lining (C, left), the
film conformality, thickness control and material quality provided by plasma ALD is
essential. 1,24,29–32 Moreover, plasma ALD is reported to be used for the raising of contact
landing pads in 3D NAND, by topographically-selective deposition of SiNx (C, right).
TEM images published by ASM 32 (B) and MSSCORPS Co. LTD. 33 (C, left).

Second, in logic (Figure 2.4B), one of the key applications of plasma ALD is
gap-filling, for instance of diffusion barriers and regions around (self-aligned)
contacts. 1 There, the high film conformality and material quality provided by
plasma ALD is exploited for achieving a seamless and high-quality fill, 29–31

possibly in combination with other approaches such as inhibitor dosing 34

and PECVD. 31 This application of plasma ALD is also found in memory, where
plasma ALD of SiO2 and TiO2, for instance, have been reported to be used for
gap-filling of electrical isolation regions. 29–31

Finally, as mentioned in the introduction, the ability to deposit nm-thin
films with excellent conformality is also essential in the fabrication of 3D
NAND, as illustrated in Figure 2.4C. There, plasma ALD enables the growth
of high-quality and conformal SiO2 liners in the increasingly deep channels,
which currently have an AR of 40 to 60. 1 Another challenge in 3D NAND is the
raising of the SiNx contact landing pads in the 3D NAND staircase. This chal-
lenge is representative for the growing need of advanced processing methods
such as area-selective 35,36 and topographically-selective 37–39 deposition. Rais-
ing the contact landing pad, through the precise application of an additional
layer of SiNx, makes it easier for the metal contact etch to end within the land-
ing pad. At the same time, deposition of SiNx on the sidewalls must be avoided
to make sure that the horizontal SiNx layers remain isolated from each other
(note that the SiNx is sacrificial and is later replaced by W to form the word
lines 22). Topographically-selective deposition of SiNx with precise thickness
control is therefore required. It has been reported that plasma ALD of SiNx is
used for this purpose, 1 where the influence of directional ion bombardment
is exploited for achieving topographic selectivity.
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Fundamentals of plasma ALD: role of radicals and ions

On the basis of the schematic illustrations provided in Figure 2.5, we discuss in
this section the role of different plasma species during plasma ALD. Moreover,
we indicate practical consequences of the highlighted mechanisms for appli-
cations of plasma ALD in nanoelectronics. As illustrated in Figure 2.5A, a wide
variety of species are present during any plasma process, such as radicals, ions,
photons, electrons, metastable species and (dissociated) reaction products.
These species can all play a role in plasma ALD. 2 To tailor their influence, the
composition of the plasma can be controlled to a certain level, for instance
by the input power and plasma pressure. Yet, on a scientific level, the exact
influence of the individual species is difficult to distinguish. In this chapter,
we focus on the role of radicals and ions. Reactive radicals are commonly
considered to be essential for film growth, while ions can have a significant
influence by transferring energy and momentum to the surface. The effect
of free electrons and photons is generally expected to be limited. Still, elec-
trons can play a role, for instance, in the desorption of surface species, 40 and
photons can contribute to surface reactions as is for example done in photon-
assisted ALD. 41 Moreover, surface charging may play a role as is often the case
in (high-aspect-ratio) plasma etching, 42 and it has been demonstrated that
(vacuum ultraviolet) photons can cause damage in sensitive electronic appli-
cations. 43,44 Regarding the role of radicals, we here highlight why information
on the loss of reactive radicals through surface recombination is essential
for controlling the process results on substrates with HAR structures (Figure
2.5D1). Regarding the role of ions, we provide a framework for controlling the
(potentially beneficial) influence of ions on the properties of films grown by
plasma ALD. These insights are relevant for plasma ALD on flat substrates,
but also for film conformality and topographically-selective processing when
3D structures are involved (Figure 2.5D2).
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Figure 2.5: Overview of mechanisms underlying plasma ALD that are discussed in this
work. The individual panels illustrate: A) the variety of plasma species, B) a generic
plasma ALD cycle, C1) surface reactions leading to growth (left) or the recombination
of reactive radicals (right), C2) beneficial effects of ions, such as atomic ordering and
impurity removal, and C3) potential detrimental effects of ions. Finally, the bottom
frame highlights effects in 3D structures, specifically, the impact of D1) the loss of
radicals by surface recombination, and D2) directional ion bombardment. TEM images
published by MSSCORPS. 33 (D1) and Faraz et al. 39 (D2).
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First, we discuss the role of radicals during plasma ALD. In this work, we
use the term “radical" as an atom or molecule having an unpaired valance
electron, such as O, H, N, NH, and NH2. Such species are generally highly re-
active, and numerous under typical plasma conditions, 45,46 and are therefore
commonly considered to be the driving species behind film growth during
plasma ALD. 2,47,48 During plasma ALD of oxides, for instance, atomic oxygen
can assist in the removal of precursor ligands and the production of hydroxyl
groups at the surface. 49–51 This can happen through a wide variety of reaction
pathways, such as a combination of decomposition- and combustion-like
reactions. 49,50 While the exact reaction pathways are generally difficult to pin-
point experimentally, 49,50 theoretical studies support that plasma radicals play
an important role. As an example, Table 2.1 shows overall reaction energies
of O radicals interacting with a methylated alumina surface, as determined
by Fomengia et al. using density functional theory. 51 This scenario is repre-
sentative for ALD of Al2O3 using Al(CH3)3 and O2 plasma. Based on this study,
a range of barrierless and highly exothermic reaction pathways are possible,
which, in this example, ultimately lead to the formation of surface hydroxyl
groups and different gaseous byproducts. 51

Table 2.1: Total reaction energies of O atoms reacting with a methylated alumina
surface, as reported by Fomengia et al. These reaction energies are calculated assuming
the formation of hydroxyl groups and a selection of gaseous byproducts. 51

Reaction ∆E (eV per 1O)

|–(AlCH3)3 + 31O→ |–(AlOH)3 + 3/2C2H2 -7.41
|–(AlCH3)3 + 61O→ |–(AlOH)3 + 3CH2O -6.61
|–(AlCH3)3 + 91O→ |–(AlOH)3 + 3CO + 3H2O -6.59
|–(AlCH3)3 + 121O→ |–(AlOH)3 + 3CO2 + 3H2O -6.91

In addition to detailed studies as highlighted above, the importance of
radicals during plasma ALD is also suggested by empirical observations. For
example, in cases where the plasma is generated far away from the substrate,
which is often referred to as radical-enhanced ALD, film growth is obtained
with a minimal flux of ions, electrons and photons. 52 Similarly, recent work has
shown that film growth by plasma ALD can be achieved deep into horizontally-
oriented cavity structures, without any contribution of ions or photons. 53

Although the high reactivity of radicals is favorable for film growth, rad-
icals are not chemically stable and tend to be lost through recombination
reactions. For example, upon interaction with the surface, atomic oxygen
can recombine with another oxygen atom to form stable, molecular O2, as
illustrated at the right of Figure 2.5C1. The loss of radicals through surface
recombination can be a key limiting factor for achieving film growth deep
inside HAR structures. 53–58 As illustrated in Figure 2.5D1, reactive radicals may
not reach the bottom of a deep and narrow feature if they have a high proba-
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bility r of recombining at the surface. 53–58 Consequently, extended plasma
exposures may be required for reaching saturation at the bottom, such that
conformal film growth may not be feasible. 53,56 Based on recent work, 53 the
plasma time needed to reach saturation on a HAR trench is still similar to that
of a planar substrate when the aspect ratio (AR) of that trench is lower than 1p

r .
This implies that plasma ALD on a trench with an AR of 100 is still relatively
facile when r < 10−4. On the other hand, when AR > 1p

r , film growth at the
bottom of the trench is significantly impeded by the loss of radicals through
surface recombination, and the saturation time ts a t strongly increases as
ts a t ∝ exp(

p
r ·AR). 53 Information on the value of r is therefore crucial for

understanding and controlling the throughput and feasibility of plasma ALD
in HAR applications.

The impact of radical recombination is further illustrated in Figure 2.6,
which gives an overview of values of r reported for different materials (not
comprehensive), and the corresponding AR of a trench on which conformal
film growth by plasma ALD is expected to be feasible (white region) or un-
feasible (red region) in terms of the required plasma exposure time. Notably,
the value of r is highly material-dependent and can be very low in certain
cases, such that ARs up to 1000 could be reached. In particular, Figure 2.6
indicates that plasma ALD of SiO2 in 3D NAND, where the channels have an
AR of approximately 60 or less, 1 is barely affected by radical recombination
and that even more challenging applications are viable.

Figure 2.6: Aspect ratio of a trench on which conformal film growth by plasma ALD
is expected to be feasible (white region) or unfeasible (red region) in terms of the
required plasma exposure time, depending on the surface recombination probability r
of the reactive radicals. The values of r indicated for the recombination of O atoms on
different oxides have been determined from the decay in radical density into a coated
tube (black squares) 59 and from the film penetration into HAR structures during plasma
ALD (blue circles, see Chapters 5 and 6). 53,58 Moreover, an expected range for plasma
ALD of nitrides is indicated, which is based on values of r reported for H atoms on
various surfaces. 55
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Regarding the exact values of r , it should be noted that experimental con-
ditions such as the surface treatment, 59,60 roughness, 61 plasma pressure, 53

substrate temperature, 53,61,62 and the flux of ions 63 all can have a consider-
able influence. Yet, so far most data on r reported in the literature have been
determined under conditions that are not representative for plasma ALD on
HAR structures (e.g., from the spatial or temporal decay in radical density
inside a tube of the investigated material). 59–63 More representative values of
r , that adequately describe the consequences for film conformality during
plasma ALD, can be determined directly from the achieved film penetration
into HAR structures, as demonstrated in Chapters 5 and 6. 53,58 The data indi-
cated as blue circles in Figure 2.6 have been determined using this method. 53,58

Next, we discuss the influence of ions during plasma ALD. In several stud-
ies on plasma ALD of oxides as well as nitrides, 39,64–71 a significantly beneficial
influence of ions has been reported, such as impurity removal, densification,
and crystallization (illustrated in Figure 2.5C2). On the other hand, unfavor-
able effects such as sputtering, amorphization and impurity implantation
(illustrated Figure 2.5C3) can be present when the supplied ion energy or dose
of ions is too high. 39,47These effects have typically been investigated by greatly
increasing the energy of the ions through external substrate biasing, up to
approximately 100 eV or even higher. 37,39,72 However, ions with a relatively low
energy of ∼10 eV are also observed to have a significant influence. 70,71 The
often favorable effect of ions impinging on the surface during plasma ALD is
somewhat similar to the influence of temperature. Both a higher temperature
and a higher flux or energy of ions can facilitate chemical reactions and phys-
ical effects such as atomic ordering, by raising the overall kinetic energy of
the atoms close to the surface. Here, it should be noted that the mechanisms
by which the energy is transferred are very different. Most importantly, the
kinetic energy of ions impinging on the surface (and the energy associated
to their ionization state) 47,73 is transferred only to the top few nanometers
of the deposited film, through highly local and intense energy peaks that are
quickly dissipated. 74 As a result, ions can induce high temperature effects at
the surface, without actually increasing the temperature of the substrate and
bulk material. Another key difference is that ions carry momentum and can
therefore induce physical effects such as sputtering.

Since ions often have a considerable impact during plasma ALD, it is crucial
to understand what controls the influence of ions. This is not trivial, since
parameters such as the ion energy, ion flux and the plasma exposure time
all can have an individual effect. Still, depending on the process, it may be
possible to capture the combined effect of these parameters in terms of a
single, universal parameter that can be used to precisely exploit the effect of
ions. Based on recent work on plasma ALD of SiO2, 70 the supplied ion energy
dose (eV nm-2 cycle-1), calculated as the product of the mean ion energy,
ion flux, and plasma exposure time per ALD cycle, 72 can be used as such a
universal parameter. In that work, the acquired GPC followed a clear trend
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with the supplied ion energy dose, for a wide variety of plasma conditions (see
Figure 2.7A).

Figure 2.7: Examples of how the growth behavior during plasma ALD can be influenced
by a higher energy or higher dose of ions impinging on the surface. For plasma ALD
of SiO2, a seemingly universal trend with the ion energy dose, i.e., the product of the
mean ion energy and the ion dose, has been reported. 70 In contrast, for plasma ALD of
SiNx, a higher ion energy does not give the same results as a higher ion dose, 72 which
may be related to the presence of effects with energy thresholds.

Still, such a universal trend with the ion energy dose is not observed for
all plasma ALD processes. In a different study on plasma ALD of SiNx, for
instance, an extended plasma exposure time did not give the same results as a
higher ion energy, while the provided ion energy dose was the same in both
cases (see Figure 2.7). 72 This suggests some effects, such as certain crystal-
lization processes or damage by physical sputtering, are only obtained when
surpassing a certain ion energy threshold. Similar energy thresholds are also
present in plasma etching 16and can be linked, for instance, to physical atom
displacement or the activation of ion-induced chemical reactions. 47,72 The
energy thresholds associated with physical effects are related to the binding
energy of material, and are likely to lie in the range of∼20 to∼50 eV for surface
atom displacement and ∼40 to ∼100 eV for bulk atom displacement. 72

Based on the aforementioned observations, it is speculated that the in-
fluence of ions during plasma ALD generally follows a trend as illustrated in
Figure 2.8. This figure, which is inspired by the recent review of Boris et al., 47

shows a contour map of the type of growth that may be expected when sup-
plying a certain ion dose (cm-2 cycle-1) and ion energy (eV). Following Figure
2.7A, similar growth behavior is generally expected along the diagonals cor-
responding to lines of constant ion energy dose (eV cm-2 cycle-1). However,
when certain effects or processes with energy thresholds are involved, e.g.,
associated with a change in crystal structure (E1) or with physical sputtering
(E2), it is expected that a higher ion dose no longer gives similar results as
providing a higher ion energy. This means that the lines of constant material
properties deviate from the diagonals.



Foundations of Plasma Processing in Nanoelectronics Chapter 2 | 29

Figure 2.8: Contour map illustrating the potential influence of the supplied ion dose
and ion energy on the growth behavior during plasma ALD. Similar results are gener-
ally expected along the diagonals, where the product of the ion energy (eV) and ion
dose (cm-2 cycle-1) is constant. However, certain effects may only be acquired when
surpassing an energy threshold, which can, for instance, be related to crystallization
(E1) or physical sputtering (E2). This figure is inspired by the recent review of Boris
et al. 47

Although a schematic such as Figure 2.8 can be used as a rule-of-thumb,
more information is required to understand the details of the influence of
ions during plasma ALD. This includes further insight into the presence of
synergetic effects 75 and the exact values of possible energy thresholds. When
such energy thresholds are known, accurate ion energy control could pro-
vide new opportunities, for instance by activating beneficial effects without
simultaneously exceeding the energy threshold related to structural damage.
Precise control over the supplied ion energies can be provided, for example,
by tailored waveform biasing. 76 This technique is currently explored for ap-
plications in plasma ALE, 76 but could also be used to identify and exploit ion
energy thresholds present during plasma ALD.

Finally, we note that accurate control over the influence of ions is also key
in the context of film conformality 71 and topographically-selective process-
ing. 37–39 Since ions impinge on the substrate anisotropically, ions can have a
direct influence on the acquired film conformality, 71 as illustrated in Figure
2.5D2. If this effect is not desired, it can be mitigated by strongly reducing the
flux and energy of ions impinging on the substrate. 70,71 On the other hand, the
effect of directional ion bombardment can be exploited for topographically-
selective processing. For example, an ion-induced increase in etch rate (e.g.,
by structural damage) can be used to only remove material from the surfaces
that were exposed to ions during deposition (i.e., the horizontal bottom and
top surfaces and not the vertical sidewalls). 39 In contrast, an ion-induced
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reduction in etch rate (e.g., through densification), can be used to preserve
material at the ion-exposed surfaces (e.g., for the raising of contact landing
pads in 3D NAND). 38 This exemplifies how detailed understanding of the role
of the plasma can enable advanced applications of plasma ALD.

2.3 Conclusions and prospectives

In conclusion, in this chapter we have discussed a selection of fundamental
processes that are especially relevant for plasma processing in present-day
nanoelectronics. As a general trend, surface-controlled techniques such as
plasma ALE and ALD are becoming essential for achieving atomic-level preci-
sion in etching and deposition. This trend is induced by the increasingly small
device dimensions, but also by the emergence of complex 3D architectures.
Moreover, the growing need for low processing temperatures is driving the
importance of plasma-based techniques and of plasma ALD in particular.
Regarding plasma ALD, we have highlighted recent insights into the role of
reactive radicals and energetic ions, in the context of state-of-the art applica-
tions. Reactive radicals are considered to be essential for film growth, but can
be lost in deep and narrow structures by recombination at the surface. There-
fore, as illustrated in this chapter, information on the surface recombination
probability of these radicals is key for controlling the process results of plasma
ALD in high-aspect-ratio applications. Energetic ions can have a considerable
and often beneficial influence by transferring energy and momentum to the
surface. Here, we have indicated approaches for controlling the influence
of ions, where the supplied ion energy dose and the presence of effects with
energy thresholds are considered to play an important role. The highlighted
mechanisms illustrate that detailed insight into the role of the plasma is essen-
tial for achieving the atomic-level precision required in next-generation device
fabrication. This includes the development of advanced methods such as
area-selective and topographically-selective processing. Therefore, in-depth
research into the mechanisms underlying atomic-scale plasma processing is
urgent and needs to be advanced continuously.
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3 3Modeling ALD Conformality:
Impact of Sticking and
Recombination Probabilities

Abstract

In this work, we analytically relate the film conformality that can be obtained by atomic layer
deposition (ALD) to the underlying reaction probabilities. Specifically, we discuss the impact of
the initial sticking probability s0, which describes the adsorption of gas-phase reactant species,
and the surface recombination probability r , which describes the recombination of reactive
radicals during plasma ALD. The value of s0 is shown to directly affect the leading front of
the thickness profile in high-aspect-ratio structures, while the value of r is in direct relation
with the film penetration depth. These relations can be used to experimentally determine s0

and r . In turn, the values of these reaction probabilities can be used, for instance, as input
for simulations or to predict the required dosing time for conformal growth. For thermal ALD,
expressions for the required dosing time have been reported in the literature. For plasma ALD,
we develop a new model for this purpose, which adequately describes recombination-limited
growth for a wide range of conditions. In conclusion, this work provides an overview of insights
that are valuable for controlling ALD film conformality, and for determining the governing
reaction probabilities.

Parts of this chapter have been published in the supplementary information of J. Phys. Chem.
C 123, 27030–27035 (2019) (publication corresponding to Chapter 5) and J. Phys. Chem. C 125,
8244–8252 (2021) (publication corresponding to Chapter 6).
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3.1 Introduction

Atomic layer deposition (ALD) is an enabling technique for the preparation
of nm-thin films with excellent conformality on three-dimensional (3D) sub-
strates. 1,2 Accordingly, the conformality of ALD-grown films has received a
lot of attention in research. 2,3 Here, we note that insight into the mechanisms
governing film conformality during ALD is not only relevant for practical appli-
cations. It can also give valuable fundamental information, for example about
reaction probabilities, as demonstrated in our referenced publications. 4–6

There, the sticking probabilities of H2O and Al(CH3)3 during ALD of Al2O3

(Chapter 4) 4 and the surface recombination probabilities of oxygen radicals
during plasma ALD of SiO2, TiO2, Al2O3 and HfO2 (Chapters 5 and 6), 5,6 were
determined directly from their impact on the acquired film conformality. In
this chapter, we develop the theoretical framework used for extracting these re-
action probabilities. Moreover, the provided insights can be used as guidelines
for optimizing film conformality during thermally-driven and plasma-assisted
ALD.

As reviewed by Cremers et al., 2 several models describing film conformal-
ity during ALD have been reported in the literature. In many of these models,
e.g., ballistic, 7–12 continuum 13–16 and Monte Carlo, 3,17–24 the surface reactions
governing film growth and the consumption of reactant species are expressed
in terms of initial sticking probabilities and recombination probabilities. In
this work, for the first time, 4–6 we derive direct, quantitative relations between
these reaction probabilities and the achieved film conformality. Moreover,
we provide expressions for the dosing time needed to reach saturation on
high-aspect-ratio (AR) structures. While such expressions have already been
reported for reaction- and diffusion-limited growth, 25,26 a completely new
model is developed in this work for describing recombination-limited growth.
This growth regime, which is typically obtained during plasma ALD, is rel-
atively difficult to describe, as the reactive species can be lost through ad-
sorption as well as recombination. Finally, we discuss the effect of a series of
parameters, such as the reactant flux, reactivity, and a potentially coverage-
dependent recombination probability, on the film conformality obtained
during plasma ALD and on the validity of the provided model.

3.2 Adsorption, recombination, and surface saturation

Following the continuum model reported by Yanguas-Gil and Elam, 13,27 two
equations are used in this work to describe ALD on a substrate with high-AR
structures: one for the surface coverage θ , adopting the Langmuir adsorption
model, 4,13,28,29 and one for the number density n (m−3) of gas-phase reactant
species inside the structure. As illustrated in Figure 3.1, the surface coverage
θ is here defined as the reacted fraction of available adsorption sites at the
surface, in such a way that θ = 1 when the growth per cycle (GPC) in terms of



Modeling ALD Conformality: Impact of s0 and r Chapter 3 | 41

thickness is in saturation. 4,13,16,28 Following this definition, the thickness of
the deposited film is directly proportional to the surface coverage obtained
during the limiting half-cycle (see Chapter 4). 4 Here, the limiting half-cycle
is the half-cycle that has reached the lowest surface coverage, or the lowest
penetration depth into the high-AR structure, where complete saturation is
assumed for the other half-cycle. This proportionality between θ and the GPC
was used for example by Rose and Bartha, 18 Dendooven et al., 28 Ylilammi
et al., 16 and Arts et al. (Chapter 4) to compare experimentally determined
thickness profiles with simulated coverage profiles.

Figure 3.1: Surface coverage θ and GPC as a function of dosing time during one ALD
half-cycle. Each square represents an adsorption site, which can be available (white) or
occupied (red). Moreover, the area A0 of each square determines how many adsorption
sites are present on the surface per unit area.

At any distance into a high-AR structure, the rate dθ/dt at which the sur-
face coverage changes depends on the local gas-phase reactant density n . At
the same time, the consumption rate dn/dt of gas-phase reactant species
depends on the unoccupied fraction (1−θ ) of adsorption sites. Therefore, the
two differential equations for θ and n (Eqs. (3.1) and (3.2)) are coupled and
can often only be solved numerically.

The rate at which θ changes depends on three factors:

1. The flux Γ of reactant species to the surface (m−2s−1). This can be cal-
culated by Γ = 1

4 n vt h , 30 where vt h =
p

8kB T /πm is the mean thermal
velocity of the gas-phase reactant molecules. 30

2. The number of adsorption sites at the surface per unit area (m−2), also
called the adsorption site density q , which can be determined from
the GPC and mass density. 16 In this work, the adsorption site density is
expressed in terms of an average effective area A0 (m2) per adsorption
site, 13 where A0 = 1/q . In Figure 3.1 this area A0 corresponds to the area
of one square, representing one adsorption site.

3. The probability that a gas-phase reactant molecule adsorbs irreversibly
upon a collision with the surface. Following the Langmuir model as-
suming irreversible adsorption, 4,16,28,29 this probability corresponds to
a sticking probability s = s0 (1−θ ), where s0 is the initial sticking proba-
bility (also referred to as initial reaction probability β0) 13. Depending
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on the ALD process, the initial sticking probability generally lies in the
range of 10−5 up to 10−1. 2–4 This means that the reactant molecules can
collide with the surface roughly 10 up to 105 times before irreversible ad-
sorption takes place. Note that the Langmuir adsorption model strongly
simplifies the surface chemistry and combines all possible reactions in
one ‘lumped’ initial sticking probability.

For a given reactant flux Γ (m−2s−1), adsorption site density q (m−2) and
sticking probability s0 (1−θ ), the rate dθ

dt at which the surface coverage changes
is calculated by Γ s0 (1−θ )/q . By substitution of Γ = 1

4 n vt h and q = 1/A0, this
gives:

dθ

dt
=

1

4
n vt h A0s0 (1−θ ) . (3.1)

Equation (3.1) is used in this thesis to calculate the surface coverage profile
on high-AR structures for a certain reactant dose.

Since the adsorption of gas-phase reactant molecules directly influences
the transport of these molecules into a high-AR structure, the value of s0 often
has a considerable impact on the acquired surface coverage profile. This is
impact further clarified in Section 3.3. In addition to adsorption, gas-phase
reactant molecules can also be lost through surface recombination, which is
expressed in terms of a surface recombination probability r . Both loss mech-
anisms are schematically illustrated in Figure 3.2. Surface recombination
can occur in plasma ALD (but also in ozone-based ALD), where the reactive
radicals can recombine at the surface to form stable molecules that do not
contribute to film growth. In Section 3.4, it is derived that the value of r has
a dominant impact on the particle transport and film conformality during
plasma ALD on high-AR structures.

Figure 3.2: Illustration of the modeled interaction between gas-phase reactant species
(blue circles) and the surface during (plasma) ALD, where the squares represent unoc-
cupied (white) and occupied (red) adsorption sites. When a reactant molecule or atom
hits the surface (I), it can adsorb at an unoccupied adsorption site (IIa ), recombine
with another atom at the surface (IIb ) or reflect (IIc ). Only adsorption (IIa ) leads to an
increase in surface coverage.
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3.3 Thermal ALD on high-AR structures: influence of s0

During ALD on a high-AR structure, the number density n of gas-phase re-
actant species is typically not constant over time and space. In this work, a
one-dimensional diffusion equation is used to calculate the spatial and tem-
poral evolution of n , where the only spatial parameter is the distance z (m)
into the high-AR structure, 4,13 Furthermore, it is assumed that the diffusion
coefficient D (m2s−1) is constant over time and distance z . This assumption
holds for instance for ALD on a trench with a constant gap height h or a cir-
cular pore with a constant diameter d , as illustrated in Figure 3.3, provided
that the thickness of the deposited film can be neglected (i.e., thickness� h
or� d ).

Figure 3.3: Geometry of a circular pore (with AR = L/d ) and of a trench (AR = L/h),
where z denotes the distance into the structure. In the Knudsen approximation, and
when w � h , film growth into these structures is described using the same equations
when substituting d with 2h and vice versa (see Equations (3.4) and (3.5)).

In the case of thermal ALD, where there is no recombination loss of reactant
species, the one-dimensional diffusion equation is given by 13

∂ n

∂ t
−D

∂ 2n

∂ z 2
=−

1

4
n vt h

S

V
s0 (1−θ ) . (3.2)

Here S denotes the surface area (m2) and V the volume (m3) of the high-AR
structure. The right-hand side of Equation (3.2) expresses the loss of reactant
species (m−3s−1) through irreversible adsorption reactions, where the term
1
4 n vt h S can be recognized as the number of reactant molecules reaching the
surface per unit time (s−1).
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Reaction-limited and diffusion-limited growth

For thermal ALD in high-AR structures, two growth regimes can be distin-
guished: reaction-limited growth and diffusion-limited growth. 2,3 The differ-
ence between reaction- and diffusion-limited growth is illustrated in Figure
3.4. In reaction-limited growth (left), the adsorption of gas-phase reactant
molecules takes more time than the diffusion of these molecules into the
high-AR structure. In diffusion-limited growth (right), the reactant molecules
adsorb before they have diffused all the way to the end of the structure.

Figure 3.4: Illustration of reaction-limited growth (left) and diffusion-limited growth
(right). If the reaction rate is limiting (left), saturation is reached uniformly along the
structure. If the diffusion rate is limiting (right), saturation is first reached near the
entrance of the structure.

Whether film growth is reaction-limited or diffusion-limited, can be deter-
mined by the value of s0 and the dimensionless parameter

η≡
1

4

vt h

D

S

V
L 2. (3.3)

This parameter, derived in the appendix, represents the ratio between the
collision rate with the growth surface and the diffusion rate into the high-AR
structure, assuming a collision rate of 1

4 vt h
S
V and a diffusion rate of D /L 2. The

product ηs0, which is related to the Thiele number 25 and which is reported
as α in the literature, 4,13,24 describes the ratio between the adsorption rate
and the diffusion rate. When ηs0 is small (<0.1), a reaction-limited growth
regime is obtained where the reactant species are distributed uniformly along
the structure during film growth. 3,13 When ηs0 is large (>100), the reactant
species already adsorb at unoccupied reaction sites before they reach the end
of the high-AR structure, corresponding to diffusion-limited growth. 3,13

For a trench with gap height h and width w � h , the surface to volume
ratio equals S

V =
2(w L+h L )

w h L ≈ 2w L
w h L =

2
h (see Figure 3.3). Moreover, in the Knudsen

approximation for molecular flow, the diffusion coefficient is calculated as
D = 2

3 vt h h . 16,31 Similarly, for a circular pore with diameter d , the surface
to volume ratio equals S

V =
πd

1
4πd 2

= 4
d and D = 1

3 vt h d . 24,31 Substitution in

Equation (3.3) then gives

η= 3
�

L

2h

�2

, (3.4)
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and

η=3
�

L

d

�2

(3.5)

for a trench and a circular pore, respectively. These expressions indicate that,
under the aforementioned conditions, the ratio between the collision rate
and diffusion rate is only determined by the equivalent aspect ratio (EAR)
as defined by Cremers et al., 2 where EAR = L

2h for a trench with w � h and
EAR= L

d for a circular pore. As a rule of thumb, film growth is thus reaction-
limited when s0EAR2 ≈ 0.1 or lower and diffusion-limited when s0EAR2 ≈ 100
or higher.

Saturation time during reaction- and diffusion-limited growth

The growth regime has key practical consequences, for instance for the reac-
tant dose needed to reach saturation on a high-AR structure. In the reaction-
limited regime, the required dosing time is the same as for a planar surface, as
in both situations the gas-phase reactant density is constant over time and
space, and equal in value, i.e., n (z , t ) = n0. As a result, the surface coverage
increases over time as

θ (t ) = 1−exp
�

−
1

4
n0vt h A0s0 · t

�

, (3.6)

which is found by solving Equation (3.1) using θ (0) = 0 and limt→∞θ (t ) = 1 .
The exact moment when saturation is reached depends on the definition
of saturation, since in the Langmuir adsorption model the surface coverage
infinitely continues to approach the value of 1. In this work, we use the dosing
time needed to reach a surface coverage of 0.5, called the 50%-saturation time,
as a standard reference. The 50%-saturation time for a planar surface, here
called t50%,p l a na r , is found by solving Equation (3.6) for θ

�

t50%,p l a na r

�

= 1/2,
giving

t50%,p l a na r =
4ln (2)

n0vt h A0s0
. (3.7)

In the diffusion-limited regime, the value of s0 has a relatively limited effect
on the saturation time. In that regime, the reactant dose needed to reach
saturation throughout the high-AR structure is mainly determined by the
number of adsorption sites, described by A0, and by their accessibility. Here,
“accessibility” is used as the probability that the adsorption site is reached by
a reactant molecule entering the high-AR structure. This probability reduces
with distance into the structure, as the gas-phase reactant molecule can also
move out of the structure due to random walk diffusion. The independence
of the saturation dose on s0 explains the success of the model reported by
Gordon et al. 26 in predicting the saturation dose for diffusion-limited growth,
while assuming a sticking probability of 1. Following the Gordon model, 26 the
saturation time during diffusion-limited growth can be approximated by

ts a t≈
6

n0vt h A0

�

LS

4V

�2

, (3.8)
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where the term LS
4V gives the equivalent aspect ratio of the structure2 (EAR≈ L

2h
for a trench and EAR ≈ L

d for a circular pore). Equation (3.8) shows that, for
diffusion-limited growth, the saturation dose scales as Doses a t ≈ 1

4 n0vt h ts a t ∝
1

A0
EAR2. This quadratic relation is directly related to the penetration depth of

the adsorption front, which scales with
p

A0 ·Dose (see e.g., Ylilammi et al.) 16

and needs to reach the end of the structure as illustrated in Figure 3.5.

Film conformality during reaction- and diffusion-limited growth

When saturation is not reached, the growth regime has a considerable impact
on the achieved film conformality. In the reaction-limited regime, a relatively
high level of film conformality may still be achieved when the surface cover-
age is not yet in saturation, as the reactant is distributed uniformly along the
structure (see Figure 3.4). On the other hand, in the diffusion-limited regime,
an underdose of reactant molecules leads to a non-uniform coverage profile,
of which the shape is directly influenced by the value of s0. Specifically, as illus-
trated in Figure 3.5, a sharper profile front is obtained for higher values of s0. In
that case, the gas-phase reactant molecules are more likely to adsorb directly
at the adsorption front where they first encounter unoccupied adsorption
sites. In contrast, if the value of s0 is lower, the gas-phase reactant molecules
can diffuse deeper into the region of unoccupied adsorption sites before they
adsorb, such that the adsorption front is more spread out. In Chapter 4, it
is numerically determined that, under free molecular flow conditions, this
behavior results in a direct relation between s0 and the slope at the adsorption
front:

�

�

�

�

∂ θ

∂ z̃

�

�

�

�

θ=1/2

≈
Æ

s0/13.9. (3.9)

Here,
�

�

∂ θ
∂ z̃

�

�

θ=1/2
is the slope at 50% coverage, z̃ ≡ z/h is the scaled distance

into a trench with w � h , and the factor 13.9 is a constant with a numerical
uncertainty of 0.01. In Chapter 4, Equation 3.9 is used to determine the sticking
probabilities of H2O and Al(CH3)3 during ALD of Al2O3. 4
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Figure 3.5: Surface coverage versus distance into a trench during diffusion-limited
growth, for different values of the initial sticking probability s0 and dosing times of 1, 2,
3, and 4 s, with 1

4 n0vt h A0 = 5 ·104 s−1. The slope of the profile front is determined by
s0 (see Equation 3.9) and remains constant, while the penetration depth PD50%of the

front increases as PD50% ≈ h
q

2
3 n0vt h A0t .

3.4 Plasma ALD on high-AR structures: influence of r

During plasma-assisted ALD there is a second pathway for the loss of reactant
species, next to the adsorption loss described by the right-hand side of Equa-
tion (3.2). Specifically, the reactive plasma radicals that are needed for film
growth can also be lost through recombination reactions at the surface. In
this work, the recombination loss is modeled using a surface recombination
probability r , which is added to the sticking probability s0 (1−θ ) to describe
the total loss of radicals to the surface:

∂ n

∂ t
−D

∂ 2n

∂ z 2
=−

1

4
n vt h

S

V
(s0 (1−θ )+ r ) . (3.10)

Similar to s0, the value of r generally lies in the range of 10−5 up to 10−1 (see also
Chapters 5 and 6). 2,3,5,6 In Equation (3.10), first order recombination kinetics
are assumed with respect to n . 13 Moreover, it is assumed that r is independent
of θ , which is reasonable since the value of r corresponding to the saturated
surface is dominant (see Figure 3.11 in Section 3.4.4). Regarding the impact of
r , it should be noted that the recombination loss continues after saturation of
the surface coverage, whereas the adsorption loss stops when θ approaches 1.

Recombination-limited growth

Specifically for plasma ALD on a high-AR structure, the plasma radicals have
to diffuse through a region where film saturation has already been reached,
so where recombination but no adsorption takes place, before they reach
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the unoccupied adsorption sites deeper inside the structure. As a result, a
recombination-limited growth regime 3 is typically obtained, where the re-
combination loss is much larger than the adsorption loss (i.e., r

s0(1−θ ) � 1, see
Sections 3.4.3 and 3.4.4). During recombination-limited growth, Equation
(3.10) is therefore approximated by

∂ n

∂ t
−D

∂ 2n

∂ z 2
≈−

1

4
n vt h

S

V
r, (3.11)

which is no longer coupled to θ and can be solved independently. During the
plasma step, a balance will be reached between the flux of radicals going into
the high-AR structure and the loss of radicals to the sidewalls. This happens
within a short diffusion time (typically within microseconds, so much faster
than the actual film growth) and results in a steady-state radical density profile
where ∂ n

∂ t ≈ 0, as shown in Figure 3.6. Therefore, Equation (3.11) can be further
simplified to

∂ 2n

∂ z 2
≈

1

4

vt h

D

S

V
r n . (3.12)

Using the boundary conditions n (z = 0) = n0 and limz→∞n (z ) = 0 , Equation
(3.12) is solved as

n (z )=n0exp

�

−

√

√1

4

vt h

D

S

V
r z

�

. (3.13)

Equation (3.13) shows that, during recombination-limited growth, the num-
ber density of reactive radicals drops exponentially as a function of distance
into a high-AR structure. As a consequence, it becomes exponentially more
difficult to reach film saturation deeper inside the structure.

Similar to the parameter ηs0, which determines whether film growth is
reaction-limited or diffusion-limited as discussed in Section 3.3, the value
of ηr determines whether film growth is recombination-limited (where η≈
3
�

L
2h

�2
for a trench andη≈ 3

�

L
d

�2
for a circular pore). This is found by expressing

the exponential decay in radical density (Equation (3.13)) in terms of η ≡
1
4

vt h
D

S
V L 2, giving

n (z )=n0exp(−
p

ηr
z

L
). (3.14)

When ηr = 10, the radical density is reduced by a factor exp
�

−
p

10
�

≈ 0.04
at the end of the structure where z = L . In that case, growth deep inside the
structure is significantly impeded by surface recombination. Similar defini-
tions for recombination-limited growth have been used in previous work. 3,32

On the other hand, when ηr is low, i.e., <0.01, the gas-phase reactant density
at the end of the structure is not significantly limited by recombination. In
that case reaction-limited or diffusion-limited growth takes place, depending
on the value of ηs0.
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Film penetration depth during recombination-limited growth: di-
rect relation with r

The exponential decay in radical density, described by Equation (3.13), has a
direct impact on the time it takes to reach saturation at a certain distance z
into the high-AR structure. If the gas-phase radical density n is reduced, the
surface locally receives a lower radical flux 1

4 n vt h and film saturation takes
longer, as described by Equation (3.1). More specifically, the accumulated
surface coverage θ (z , t ) is determined by the total dose of radicals that the
surface has locally received during a dosing time t , which can be calculated
by

Dose (z , t )=

∫ t

0

1

4
n
�

z , t
′ �

vt h dt
′
. (3.15)

Since a time-independent radical density profile n (z ) is obtained during
recombination-limited growth, the total dose of radicals at any distance z is
in good approximation proportional to n (z ) t . As described in more detail in
Section 3.4.3, this proportionality can be used to directly relate the saturation
time at a distance z to the saturation time at the entrance of the high-AR
structure. For this purpose, we define the time constant t50%, which is in first
approximation equal to the time it takes to reach 50% coverage at z = 0 (see
Section 3.4.3 and Equation (3.23) for further details). Deeper inside the struc-
ture, θ = 1/2 is reached at a certain half-thickness-penetration-depth, called
PD50%, 2,16 when

n
�

PD50%
�

t=n0t50%. (3.16)

Using Equation (3.13) for n
�

PD50%
�

, then gives

n0exp

�

−

√

√1

4

vt h

D

S

V
r PD50%

�

t=n0t50%, (3.17)

which is solved for PD50% as

PD50% (t )=
1

q

1
4

vt h
D

S
V r

ln
�

t

t50%

�

. (3.18)

Equation (3.18) demonstrates that, during recombination-limited growth, the
film penetration depth increases logarithmically with the dosing time. This
behavior is schematically displayed in Figure 3.6.
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Figure 3.6: Cross-sectional side view of lateral-high-aspect-ratio trenches (with a
schematic inset above), showing the gas-phase radical density and surface coverage
obtained during plasma ALD for different plasma exposure times t . Due to surface
recombination, an exponential increase in exposure time is needed to linearly increase
the film penetration depth.

Since the logarithmic increase in film penetration depth is directly related
to r , Equation (3.18) can be used to experimentally determine values of r for
different plasma ALD processes and conditions. This becomes more apparent
by expressing Equation (3.18) in terms of the dimensionless parameter η≡
1
4

vt h
D

S
V L 2, giving

ξ50% (t )=
1
p
ηr

ln
�

t

t50%

�

, (3.19)

where ξ50% ≡ PD50%/L . When the value of η is known, the value of r can be
determined by measuring the penetration depths of films deposited using
different plasma exposure times t during the plasma half-cycle. Note that η is
a function of vt h , but the thermal velocity cancels out in cases where D ∝ vt h

(e.g., in the Knudsen approximation). For example, in the case of molecular

diffusion in a trench, η≈ 3
�

L
2h

�2
and Equation (3.19) can be written as

PD50%

h
(t )=

1
q

3
4 r

ln
�

t

t50%

�

. (3.20)

Without any information on t50%, the slope 1
q

3
4 r

of PD50%

h plotted as a function

of ln (t ) directly provides the value of r . Alternatively, the order of magnitude
of r can be estimated using a single measured value of PD50%

h and an estimate
for t50%, which is roughly equal to the 50%-thickness saturation time on a
planar substrate (see Section 3.4.3). Both approaches are demonstrated in
Chapters 5 and 6, for plasma ALD of SiO2, TiO2, Al2O3 and HfO2.
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Saturation time during recombination-limited growth

The exponential decay in radical density obtained during recombination-
limited growth has important consequences for the plasma exposure time
needed to reach saturation throughout the high-AR structure. Similar to
diffusion-limited growth, complete saturation is approximately reached after
a certain dosing time ts a t when the penetration depth PD50% has reached
the end of the high-AR structure (see Figure 3.6), so when PD50% (ts a t ) ≈
L . An expression for ts a t is therefore found by substituting ξ50% (ts a t ) ≡
P D50% (ts a t )/L ≈ 1 in Equation (3.19), giving

1
p
ηr

ln
�

ts a t

t50%

�

≈ 1, (3.21)

which is rewritten as
ts a t ≈ t50%exp

�
p

ηr
�

. (3.22)

Equation (3.22) shows that the saturation time for recombination-limited
growth on a high-AR structure increases exponentially with

p
r . Moreover,

since η ≈ 3 · EAR2 for molecular diffusion in a trench (EAR = L
2h ) or a cir-

cular pore (EAR = L
d ), the saturation time increases exponentially with the

equivalent aspect ratio of the structure. Note that Equation (3.22) is only accu-
rate when film growth is indeed in a recombination-limited regime, so when
ηr ≈ 10 or higher. When ηr � 1, the saturation time is the same as when no
surface recombination were present.

Aside from the influence of r and the equivalent aspect ratio, the saturation
time is determined to a lesser extent by the value of t50%. As mentioned in
Section 3.4.2, the time constant t50% is in first approximation equal to the time
it takes to reach 50% saturation on a planar substrate. This 50%-saturation
time for a planar substrate, called t50%,p l a na r , is given by Equation (3.7) in
Section 3.3.2. In the remainder of this section, it will be shown that t50% and
t50%,p l a na r are related as

t50% = t50%,p l a na r (1+ f ), (3.23)

where f is a dimensionless factor that is numerically determined as f = 0.73· s0
r

(as explained later using Figures 3.7 and 3.8). Combined with Equation (3.7),
this gives the following expression for t50%:

t50% =
4ln (2)

n0vt h A0s0

�

1+0.73 ·
s0

r

�

(3.24)

The reason why t50%,p l a na r cannot be used directly as the time constant t50%

is explained as follows. In the initial stage of the growth process, there are still
many adsorption sites available (i.e., θ ≈ 0) near the entrance of the high-AR
structure. In this stage, the loss of gas-phase radicals through adsorption
reactions, described by s0 (1−θ ), may still be significant or even dominant
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compared to the loss of radicals through surface recombination. Recombi-
nation becomes dominant when saturation is approached (i.e. θ → 1) in the
entrance region that needs to be passed by the radicals to reach the growth
front. As will be shown later, the factor (1+ f ) essentially accounts for the
delay in film penetration caused by the additional loss of radicals through
adsorption reactions. This is illustrated in Figure 3.7, where the scaled pen-
etration depth PD50%/h is plotted as a function of ln(t ) (a.u.), as calculated
by numerically solving the full reaction-diffusion model (i.e., Equations (3.1)
and (3.10)) for s0 = 10−4 and r = 10−5.

Figure 3.7: Scaled penetration depth PD50%/h plotted against ln(t ) (a.u.), calculated
for r = 10−5 and s0 = 10−4by numerically solving the full model (Equations (3.1) and
(3.10), blue curve) and by evaluating Equations (3.20) (red line) and (3.25) (gray line).
The recombination-limited regime (t ≈ 10·t50% or higher) is well described by Equation
(3.20), where t50% is equal to the time where the fitted line intercepts the horizontal
axis.

Figure 3.7 shows that the film penetration depth initially increases as

PD50%

h
(t ) =

1
q

3
4 (r + s0)

ln

�

t

t50%,p l a na r

�

. (3.25)

In this stage, the surface coverage is still very low throughout the structure
such that the gas-phase radical density decays according to a loss probabil-
ity r + s0 (1−θ ) ≈ r + s0. For higher plasma exposure times, θ approaches 1
in the region where most radicals are present, such that the radical density
decays less strongly according to r + s0 (1−θ )≈ r (under the assumption that
r is independent on θ ). As a result, the penetration depth increases more

quickly with ln(t ), i.e., with a slope of 1/
q

3
4 r as given by Equation (3.20). The

recombination-limited regime, where the penetration depth is accurately de-
scribed by Equation (3.20), is approximately reached when t > 10 · t50%. In the
experiments conducted in this thesis, t50% ≈ 0.2 to 0.8 s (see Chapter 6) and
plasma exposure times of 3.8 to 120 s were used, such that Equation (3.20)
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could be used to determine r regardless of the value of s0.

For the determination of the correction factor for t50%, we note that t50% in
Equation (3.20) is equal to the time where PD50%

h (t50%) =
1

q

3
4 r

ln(3.1) = 0. The

value of t50% can therefore be determined from the intercept of the logarithmic
function with the horizontal axis (see Figure 3.7). Due to the increase in
the slope of PD50%/h versus ln(t ), the logarithmic function describing the
recombination-limited regime (red line) intercepts the horizontal axis at a
time larger than t50%,p l a na r . This intercept gives a fitted value of t50%, which
has been numerically determined for a wide range and combination of values
of s0 and r (i.e., both in the range of 10−6 to 10−2). The corresponding ratios
t50%/t50%,p l a na r are plotted in Figure 3.8 against s0/r . A clear linear relation is
found, which is fitted as t50%

t50%,p l a na r
= 1+0.73 · s0

r , where the factor 0.73 has an

uncertainty of 0.01. The correction factor for t50% is thus given by
�

1+ f
�

=
(1+0.73 · s0

r ) for all combinations of s0 and r , except when r = 0, in which case
the recombination-limited growth model is not valid.

Figure 3.8: Ratio t50%/t50%, p l a na r plotted against s0/r , where for each datapoint
t50%, p l a na r is calculated using Equation (3.7) and t50% is numerically determined as
illustrated in Figure 3.7. For all investigated values and combinations of s0 and r ,
t50%/t50%, p l a na r is in good approximation equal to 1+0.73 · s0/r .

Influence of parameters other than r

Equations (3.20) and (3.24) indicate that the slope of PD50%/h versus ln(t )
is only dependent on r , which is used in Chapters 5 and 6 to experimentally
determine values of r for different plasma ALD processes and conditions. The
value of t50%, which is determined for instance by s0, A0 and n0, only shifts the
data horizontally. For example, if t50% would be increased by a factor a , the

PD50%/h data would shift according to ln
�

t
a ·t50%

�

= ln
�

t
t50%

�

− ln (a ) . Similarly,
for the slope of the function it does not matter which time unit is used (e.g.
seconds or minutes).
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To illustrate the effect of parameters such as s0 and A0, two studies are
presented in Figures 9 and 10. In both figures, PD50%/h versus ln(t ) is calcu-
lated for a surface recombination probability of r = 5 ·10−5, as determined to
be typical for plasma ALD of SiO2 and TiO2. Similar trends will be obtained
for much higher values of r , with the difference that the PD50%/h values on
the vertical axis will be lower. An absolute timescale is given in ln(seconds) ,
where the absolute values depend on the product 1

4 n0vt h A0 (s−1). This prod-
uct describes the number of gas-phase radicals hitting the surface per second
per adsorption site. For typical conditions, 1

4 n0vt h A0 is expected to lie in the
range of 103 up to 106 s−1.

In Figure 3.9, s0 is varied from 10−6 up to 10−2 while keeping all other pa-
rameters constant, with 1

4 n 0vt h A0 = 5 ·104 s−1. It is observed that, for higher
values of s0, the PD50%/h curves shift to lower plasma times up to the point
where t50% reaches a lower limit of t50% ≈

4ln(2) 0.73
n0 vt h A0 r (see Equation (3.24) with

s0
r � 1). In the other direction, the curves start to shift linearly with s0 (on a

logarithmic scale) when s0� r , since in that regime t50% ≈
4ln(2)

n0 vt h A0 s0
. Moreover,

when s0� r , Equation (3.20) (dashed lines) is also accurate in the initial stage
of the growth process where t < 10 · t50% as can be seen, for instance, by the
overlap for the solid and dashed line for s0=10−6.

Figure 3.9: Scaled penetration depth PD50%/h plotted against ln(t ) (in seconds), cal-
culated for r = 5 ·10−5, 1

4 n0vt h A0 = 5 ·104 s−1 and varied values of s0. For higher values
of s0 film growth is achieved within shorter plasma steps, up to a lower limit that is
determined by r and 1

4 n0vt h A0(see Equation (3.24)). The slope of the curves in the
recombination-limited growth regime is unaffected, such that Equation (3.20) (cor-
responding to the dotted lines) can be used to determine r regardless of the value of
s0.

Similarly, in Figure 3.10 the product 1
4 n 0vt h A0 is varied from 103 to 106

s−1 while keeping r = 5 · 10−5 and s0 = 10−4 constant. It is observed that the
curves shift linearly on a logarithmic scale with 1

4 n 0vt h A0, where a given film
penetration is reached within shorter plasma steps when 1

4 n 0vt h A0 is higher
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(i.e., when having a higher flux of radicals and/or less adsorption sites per
unit area). The accuracy of Equation (3.20) (dotted lines) is not influenced by
1
4 n 0vt h A0.

Figure 3.10: Scaled penetration depth PD50%/h plotted against ln(t ) (in seconds),
calculated for r = 5 ·10−5, s0 ·10−4 s−1 and varied values of 1

4 n0vt h A0 (s−1). For higher
values of 1

4 n0vt h A0 film growth is achieved within shorter plasma steps, while the slope
of the curves is unaffected.

The examples given in Figures 9 and 10 illustrate that parameters that
could be dependent on the precursor, such as the number of adsorption sites
per unit surface area (1/A0), do not influence the slope of PD50%/h versus
ln(t ) and thus the determination of r . The used precursor could influence the
value of r itself, but only when the properties of the saturated surface during
plasma exposure (e.g., any residual hydrogen and carbon content) depend
on the precursor. This is because the value of r determined in our method
corresponds to the saturated surface for plasma exposure, while the value of r
corresponding to the precursor-terminated surface is expected to play a minor
role. To illustrate this, Figure 3.11 gives PD50%/h curves that are calculated
using a coverage-dependent recombination probability, where

r = rθ=0 · (1−θ )+ rθ=1 ·θ . (3.26)

Such a coverage-dependent recombination probability has been observed for
instance for ozone during ALD of ZnO, where the value of r was lower on the
precursor-terminated surface (θ = 0). 32

In Figure 3.11, the value of r corresponding to the saturated surface (θ = 1)
is the same as in Figures 9 and 10, namely rθ=1 = 5 · 10−5, while the value
of rθ=0 is varied from 5 · 10−7 to 5 · 10−4. To clearly illustrate the influence of
a coverage-dependent recombination probability, the value of s0 = 10−5 is
chosen to be lower than rθ=1. When rθ=0 is lower than rθ=1, for example when
rθ=0/rθ=1 = 0.01 or 0.1, it is observed that film growth propagates relatively

rapidly in the initial stage and slows down when PD50%/h ≈ ln (10) /
q

3
4 rθ=1
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or higher. At that point, most radicals recombine on the saturated surface,
such that rθ=1 becomes dominant. The other way around, film penetration is
delayed when rθ=0 is higher than rθ=1, but in all cases the slope of PD50%/ h
versus ln(t ) is eventually only determined by the value of rθ=1. The value of
rθ=1 (corresponding to the saturated surface) is therefore determined in our
method, which is expected to be relatively independent of the used precursor.

Figure 3.11: Scaled penetration depth PD50%/h plotted against ln(t ) (in seconds),
calculated using a coverage-dependent value of r , where r (θ = 1) = rθ=1 = 5 ·10−5 is the
same as in Figures 9 and 10. The initial value of r can accelerate (rθ=0 < rθ=1) or delay
(rθ=0 > rθ=1) film penetration, but the eventual slope of the curves is only determined
by the value of r corresponding to the saturated surface.

Finally, it should be noted that, while the value of s0 does not influence
the determination of r , it does influence the shape of the coverage profile
(and consequently the thickness profile). This is illustrated in Figure 3.12. For
higher values of s0, the radicals are more likely to react (e.g., participate in
ligand removal) directly at the profile front where unreacted adsorption sites
are still available. As a consequence, the profile becomes sharper for higher
values of s0. 4
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Figure 3.12: Coverage profiles for various values of s0 , a fixed value of r = 5 ·10−5 , and
a plasma time of 34 s with 1

4 n0vt h A0 = 5 ·104 s−1. For higher values of s0 , the profile
front becomes sharper and the film penetrates deeper, up to a limit that is determined
by r , t and 1

4 n0vt h A0 (see Equations (3.20) and (3.24)).

The shape of the coverage profile thus contains information on the value
of s0 (see also Chapter 4). For example, the thickness profiles measured in
Chapter 6 for SiO2 and TiO2 are best described using an s0 of 10−5 to 10−3.
However, the profile also becomes sharper for higher values of r (see Figure
3.13), which is caused by a more rapid decay in radical density. This makes it
difficult to accurately determine an effective value of s0 for recombination-
limited growth. Finally, Figure 3.13 also illustrates that the value of r has a
dominant impact on the film penetration depth, making it a key parameter
for optimizing film conformality during plasma ALD on high-AR structures.

Figure 3.13: Coverage profiles for various values of r , a fixed value of s0 = 10−4 , and a
plasma time of 17 s with 1

4 n0vt h A0 = 5 ·104 s−1. For higher values of r , the profile front
becomes sharper and the penetration depth of the film strongly reduces (see Equation
(3.20)).
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3.5 Conclusions

To conclude, the initial sticking probability s0 and surface recombination prob-
ability r are key for describing (plasma) ALD on high-AR structures. For the
first time, we have derived direct relations between these reaction probabilities
and the acquired film conformality. These relations not only provide insight,
but can also be used to experimentally determine values of s0 and r (under free
molecular flow conditions). Furthermore, we have discussed the impact of s0

and r on the growth regime, where reaction-limited (s0EAR2� 1), diffusion-
limited (s0EAR2 � 1), and recombination-limited growth (r EAR2 � 1) are
identified. These growth regimes have important consequences for the dos-
ing time needed to reach saturation, and on the acquired film conformality
when not reaching saturation. While equations for the saturation time dur-
ing reaction- and diffusion-limited growth were available in the literature,
this work has provided a new, analytical model for describing recombination-
limited growth during plasma ALD (or ozone-based ALD). This model has
been verified for a wide range of conditions. Moreover, we have demonstrated
that the value of r corresponding to the saturated surface has a dominant
impact on recombination-limited growth, while other parameters, such as s0

and the flux of radicals, play a relatively minor role. In summary, this work
provides practical tools for understanding and controlling film conformality
during ALD. Moreover, it forms a basis for obtaining quantitative information
on ALD reaction probabilities, but also on more specific effects such as a
coverage-dependent reaction probability.
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3.6 Nomenclature

A0 Average surface area per adsorption site (m2)
D Diffusion coefficient of gas-phase reactant in high-AR

structure (m2·s−1)
Dose (z , t ) Local dose of gas-phase reactant species (m−2)
Γ (z , t ) Flux of gas-phase reactant species to the growth sur-

face (m−2·s−1)
h Gap height of lateral-high-aspect-ratio trench (m)
L Length of high-aspect-ratio structure (m)
n (z , t ) Number density of gas-phase reactant species (m−3)
n0 Number density of gas-phase reactant species at en-

trance of high-aspect-ratio structure (m−3)
ñ (z , t )≡ n/n0 Scaled number density of gas-phase reactant species

(0≤ ñ ≤ 1)
θ (z , t ) Surface coverage, with θ = 1 when being in saturation

(0≤ θ ≤ 1)
P D50% Half-thickness-penetration-depth of deposited film

(m)
q ≡ 1/A0 Adsorption site density (m−2)
r Surface recombination probability (0≤ r ≤ 1)
s0 Initial sticking probability (0≤ s0 ≤ 1)
S Surface area of high-aspect-ratio structure (m2)
t Dosing time of (co-)reactant (s)
t50%,p l a na r Dosing time needed for 50% saturation on a planar

substrate (s)
t50% Dosing time needed for 50% saturation, corrected for

describing film penetration into a high-aspect-ratio
structure during recombination-limited growth (s)

τ≡ t D /L 2 Dimensionless dosing time (-)
vt h Average thermal velocity of gas-phase reactant

species (m·s−1)
V Volume of high-aspect-ratio structure (m3)
z Distance into high-aspect-ratio structure (m)
z̃ ≡ z/h Distance into lateral-high-aspect-ratio trench, scaled

by gap height (-)
z̃50% ≡ P D50%/h Half-thickness-penetration-depth into lateral-high-

aspect-ratio trench, scaled by gap height (-)
ξ≡ z/L Distance into high-aspect-ratio structure, scaled by

structure length (0≤ ξ≤ 1)
ξ50% ≡ P D50%/L Half-thickness-penetration-depth, scaled by struc-

ture length (0≤ ξ50% ≤ 1)
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α≡ 1
4 L 2 S

V
vt h
D s0 Ratio between adsorption rate and diffusion rate of

gas-phase reactant (-)
γ≡ V n0 A0

S Excess number: number of gas-phase reactant
species present in high-AR structure per adsorption
site (-)

η≡ 1
4 L 2 S

V
vt h
D Ratio between surface collision rate and diffusion rate

of gas-phase reactant (-)

3.A Appendix

As discussed in the main text, Eqs. (3.1) and (3.10) generically describe (plasma) ALD
on one-dimensional high-AR structures. In order to simplify the terms and to identify
different growth regimes, Eqs. (3.1) and (3.3) can also be represented in a normalized,
dimensionless form, as is used for instance in Chapters 4 and 5. Following Yanguas-
Gil and Elam, 13 the reaction-diffusion model is written in a dimensionless form by

multiplying the left- and right-hand side of Equation (3.1) by L2

D and of Equation (3.10)

by L2

D n0
. Here, L is the total length (m) of the high-AR structure and n0 is the gas-phase

reactant density (m−3) at z = 0. For Equation (3.1), this gives

L 2

D

�

dθ

dt

�

=
L 2

D

�

1

4
n vt h A0s0 (1−θ )

�

, (3.27)

or
dθ

d
�

t D
L2

�=
�

V n0A0

S

��

1

4
L 2 S

V

vt h

D

�

s0 (1−θ )
�

n

n0

�

, (3.28)

which is written as
dθ

dτ
=γηs0 (1−θ ) ñ . (3.29)

Similarly, Equation (3.10) is made dimensionless by

L 2

D n0

�

∂ n

∂ t
−D

∂ 2n

∂ z 2

�

=
L 2

D n0

�

−
1

4
n vt h

S

V
(s 0 (1−θ )+r )

�

, (3.30)

or
∂
�

n
n0

�

∂
�

t D
L2

�−
∂ 2
�

n
n0

�

∂
�

z
L

�2 =−
�

1

4
L 2 S

V

vt h

D

�

(s0 (1−θ )+r )
�

n

n0

�

, (3.31)

giving
∂ ñ

∂ τ
−
∂ 2ñ

∂ ξ2
=−ηs0 (1−θ ) ñ−ηr ñ . (3.32)

In Equation (3.29) and (3.32), the following dimensionless parameters have been
defined: the scaled gas-phase reactant density ñ ≡ n/n0 (0≤ ñ ≤ 1), the dimensionless
dosing time τ≡ t D /L 2, the scaled distance into the high-AR structure ξ≡ z/L (0≤ ξ≤
1), and the dimensionless parameter η≡ 1

4 L 2 S
V

vt h
D , which represents the ratio between

the collision rate 1
4 vt h

S
V and the diffusion rate D /L 2. Finally, the so-called “excess

number” γ≡ V n0 A0
S describes the number of reactant molecules present in the high-AR

structure per adsorption site. 13
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When γ � 1, the saturation rate dθ
dτ is much slower than the consumption rate dñ

dτ

of gas-phase reactant species, such that the “frozen surface approximation” can be
applied, as explained by Yanguas-Gil and Elam. 13 In that case, the value of γ does not
affect the shape of the coverage profile for a given penetration depth. 4,13
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4 4Sticking Probabilities of H2O
and Al(CH3)3 during Atomic
Layer Deposition of Al2O3
Extracted from their Impact on
Film Conformality

Abstract

The conformality of a film grown by atomic layer deposition (ALD) is strongly affected by
the reactivities of the precursor and co-reactant, which can be expressed in terms of their
sticking probabilities towards the surface. We show that the leading front of the thickness
profile in high-aspect-ratio structures gives direct information on the sticking probabilities of
the reactants under most conditions. The slope of the front has been used to determine the
sticking probabilities of Al(CH3)3 and H2O during ALD of Al2O3. The determined values are
(0.5-2)×10−3 for Al(CH3)3 and (0.8-2)×10−4 for H2O at a set-point temperature of 275 ◦C,
corresponding to an estimated substrate temperature of ∼220 ◦C. Additionally, the thickness
profiles reveal soft-saturation behavior during the H2O step, most dominantly at reduced
temperatures, which can limit the conformality of Al2O3 grown by ALD. This work thus provides
insights regarding quantitative information on sticking probabilities and conformality during
ALD, which is valuable for gaining understanding of ALD kinetics.

Published as: K. Arts, V. Vandalon, R.L. Puurunen, M. Utriainen, F. Gao, W.M.M. Kessels, and
H.C.M. Knoops, J. Vac. Sci. Technol. A 37, 030908 (2019)
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4.1 Introduction

Atomic layer deposition (ALD), which makes use of self-limiting precursor and
co-reactant steps, 1–3 has become an enabling technique for the preparation
of ultrathin films on the increasingly demanding 3D structures used in appli-
cations such as memory cells and transistors. 4,5 The self-limiting nature of
ALD ideally yields a constant thickness of a film deposited over a high aspect
ratio (AR) substrate. In reality a non-ideal thickness profile can be obtained,
which is strongly dependent on the dose and reactivity of the precursor and
co-reactant. 6–8 Moreover, in cases where the dose has to be extended to reach
conformal coating, the required extension can depend strongly on the reactiv-
ity of the dosed reactant. 9,10 The effect of dose and reactivity on conformality
is qualitatively described in the literature through theoretical and experimen-
tal studies, 11 where the reactivities of the reactants are typically expressed
in terms of their sticking probabilities towards the surface. Only few studies
focus on acquiring quantitative information on sticking probabilities, 12–15

while such quantitative information is essential for the understanding and
modeling of different ALD processes.

This work provides a method to directly extract initial sticking probabilities
from thickness profiles acquired in high AR structures. Here, we note that the
slope of the leading front of the thickness profile in such structures is deter-
mined by the reactivity of the reactant that penetrates the structure the least
deep. Using this relation the sticking probabilities of H2O and Al(CH3)3 (TMA)
during ALD of Al2O3 have been determined, where the sticking probability of
H2O is observed to increase with temperature. Moreover, we observe that the
Al2O3 thickness profiles indicate a non-Langmuir saturation component dur-
ing the H2O step. This “soft-saturation”, which is most prominent at reduced
temperatures, can be an important factor limiting the conformality of Al2O3

deposited by ALD.

4.2 Experiment and modeling

High aspect-ratio structures for conformality analysis

As recently reviewed by Cremers et al., 11 several high AR structures have been
used in the literature to assess the conformality of ALD processes, such as
vertical trenches, 16–19 pillars, 20–23 and porous materials 24,25. Alternatively,
lateral structures can be employed 6,7,26,27 which allow for top-view diagnos-
tics to easily and accurately quantify the conformality and properties of the
deposited film. The microscopic lateral-high-aspect-ratio (LHAR) trenches
developed by Puurunen and co-workers 7,14,28,29, named as PillarHall® tech-
nology, have been adopted in this work. In the used 3rd generation LHAR
structures (LHAR3) a polysilicon membrane, supported by a network of Si pil-
lars, is suspended above a c-Si substrate with a nominal gap height of 500 nm.
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Elongated openings in the membrane allow for diffusion of the ALD reactants
into the lateral trench up to a depth of 5 mm, corresponding to an AR of 10000.
In such an extremely high AR feature, the reactants typically do not reach the
end of the feature during deposition, resulting in a diffusion-limited thickness
profile. 30 Figure 4.1 (panel (C)) gives a schematic cross-sectional side view of
a LHAR3 structure, also showing a typical profile of a film grown by ALD. After
deposition the membrane can be removed using adhesive tape and the Al2O3

thickness profile can be resolved using a technique such as reflectometry.

Simulating ALD thickness profiles in 1D structures

Comparing experimentally obtained thickness profiles with simulated pro-
files can provide the initial sticking probability s0 of the used ALD reactant,
as shown for instance by Rose and Bartha and Ylilammi et al.. 12,14 Here, s0

indicates the sticking probability towards the initial surface on which all re-
action sites are still available. In several models, e.g., ballistic, 8,31–35 contin-
uum, 14,36–38 and Monte Carlo, 9,10,12,27,30,39–42 it is observed that s0 governs the
slope of the leading front of the thickness profile. In this work, the relation
between the slope of the profile front and the initial sticking probability has
been quantified using the continuum model reported by Yanguas-Gil and
Elam 36 to directly determine sticking probabilities from ALD thickness pro-
files without further modeling.

The adopted continuum model can be summarized as follows. 36 For a 1D
system with a constant diffusion coefficient D (m2 ·s−1), the evolution of gas-
phase reactant density n (z , t ) (m−3) and surface coverage θ (z , t ) is generically
described by the dimensionless reaction-diffusion equations 4.1 and 4.2. 36

∂ ñ

∂ τ
−
∂ 2ñ

∂ ξ2
=−α(1−θ )ñ (4.1)

dθ

dτ
=αγ(1−θ )ñ (4.2)

Here, ñ ≡ n/n0 is the reactant density normalized by the density n0 (m−3)
at the entrance of the high AR structure at z = 0. The penetration depth z (m)
is normalized by the total structure length L (m) such that ξ ≡ z/L and the
dimensionless time is given by τ ≡ t D /L 2. In these equations, the surface
coverage θ is defined as the reacted fraction of available reaction sites, in
such a way that θ = 1 in saturation. 6,36 The surface chemistry is simplified by
the adopted irreversible Langmuir model, which assumes that the reaction
probability is directly proportional to the unreacted fraction of reaction sites
(1−θ ). 6,36,43 As described by Equations (4.1) and (4.2), ALD in a 1D structure is
governed by the dimensionless parametersα≡ 1

4 L 2 S
V

vt h
D s0 and γ≡ V n0

S/A0
, where

S/V is the surface to volume ratio of the structure, vt h is the mean thermal
velocity (m·s−1) and A0 is the average area (m2) of an adsorption site, which
can be calculated from the growth per cycle. 14,36 The parameter α describes
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the ratio between the reaction rate and diffusion rate, while γ describes the
number of reactant molecules simultaneously present in the structure per
adsorption site. For a typical feature size (e.g., a trench with a cavity height
h of 500 nm) and process pressure (e.g., 100 mTorr), θ changes much slower
than ñ as γ� 1. 36 In these cases, the evolution of the coverage profile θ (ξ)
only depends on α. 36 Moreover, Knudsen diffusion can be assumed as the

mean free path λm f p ∼ 0.1 mm � h . 11 This gives α = 3
4

�

L
h

�2
s

0
for a trench

with width w � h (m), where S
V =

2
h and D = 2

3 vt h h such that vt h cancels
out. 14 Under these conditions, the coverage profile is solely determined by
the reactant dose and initial sticking probability.

Relation between profile slope and sticking probability

Since the coverage profile is governed by the dose and reactivity of the reac-
tant, it can be used to extract its initial sticking probability. This is illustrated
in Figure 4.1, which shows general results obtained using the adopted con-
tinuum model. 36 Panel (A) demonstrates that an increase in dose results in
an increase in penetration depth, while the shape of the profile front stays
the same. Indeed, we have verified that the slope at the front of the modeled
profiles remains constant for an extensive range of doses. This slope is only
determined by the initial sticking probability, as shown in panel (B). For low
reactivities, e.g., s0 = 10−4, it takes longer to saturate the surface. During this
longer saturation time the reactant diffuses deeper into the feature, resulting
in a broader diffusion front. For relatively high values of s0, e.g., 10−2, the
surface saturates quickly when the reactant diffuses inward, resulting in a
sharp profile front. For the axes in Figure 4.1 a trench structure is assumed and
the penetration depth is normalized by the cavity height such that z̃ ≡ z/h .
Under this normalization, the relation between the slope ∂ θ/∂ z̃ at the point
of half coverage θ = 1/2 and the initial sticking probability s0 is computed to
be

�

�

�

�

∂ θ

∂ z̃

�

�

�

�

θ=1/2

≈
Æ

s0/13.9. (4.3)

As clarified in panel (D), relation (4.3) is obtained by determining the slopes
of the modeled profiles as a function of s0 and fitting this data with a square
root function. While Equation (4.3) generally applies to trench structures, it
can be further generalized by using the equivalent aspect ratio (EAR) 11 of the
structure of interest instead of z̃ . For example, EAR = z

2h =
z̃
2 for a trench,

while EAR= z/r for a pore with radius r . 44 Note that relation (4.3) is in line
with coverage profiles obtained by Monte Carlo simulations 11 which affirms
its applicability.
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Figure 4.1: Modeled 36 coverage profiles for a varied precursor dose (A) and initial stick-
ing probability (B). Experimentally, such coverage profiles are acquired as normalized
thickness profiles of films deposited in LHAR structures, 7,14,28,29 of which a schematic
cross-sectional side view is given in panel (C). Panel (D) gives the extracted relation
between the slope at the profile front and the value of the initial sticking probability.

4.3 Results and discussion

Equation (4.3) can thus be used to calculate the initial sticking probability of
the dosed reactant using the coverage profile, which is experimentally deter-
mined as a normalized thickness profile. Still, note that the thickness profile
acquired after ALD is only proportional to this coverage profile when the
other reactant is in saturation and has a higher penetration depth. Hence,
although often not considered in the literature, the slope of the profile front is
determined by the reactivity of the reactant with the lowest penetration depth.
In this work, an Al2O3 thickness profile is called “TMA-limited” if the TMA
penetrates less deep into the feature than the H2O. If the penetration depth of
the TMA is higher than that of the H2O, the profile is called “H2O-limited”.

The difference between TMA-limited and H2O-limited growth is deter-
mined in Figure 4.2, which shows normalized thickness profiles of the Al2O3

deposited in LHAR3 structures with varied TMA dosing. These profiles are
measured using reflectometry by a Filmetrics F40 with XY10 stage and a spot
size of 10 µm. For the profile given in orange a high TMA dose was used (∼1200
mTorr·s TMA dose, ∼750 mTorr·s water dose, Oxford Instruments OpAL reac-
tor) such that the H2O step was limiting film penetration. For the profile given
in red the TMA dose was reduced (∼190 mTorr·s) to obtain a TMA-limited
profile. This profile has a sharper diffusion front than the H2O-limited profile,
indicating that the TMA is more reactive than the H2O. A similar high slope
was observed by Ylilammi et al. 14 (gray) who also seem to have used TMA-
limited growth conditions (<225 mTorr·s TMA dose, <225 mTorr·s water dose,
Picosun R-150 reactor). Note that such knowledge on the reactant doses, e.g.,
the evolution of pressure in the reactor, can be used to analytically 14,44 esti-
mate the penetration depths of the reactants and determine which reactant is
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limiting the film conformality. In our case, the estimated penetration depths,
i.e., ∼220 µm and ∼550 µm for 190 mTorr·s and 1200 mTorr·s TMA dose and
∼500 µm for 750 mTorr·s water dose, are indeed in line with our TMA- and
H2O-limited profiles plotted in Figure 4.2.

Figure 4.2: Normalized thickness profiles of Al2O3 deposited in LHAR3 structures with
varied TMA dosing, as obtained by Ylilammi et al. 14 (gray, 300 oC) and in this work
(Ts e t= 275 oC). When the penetration depth of the TMA is lower than that of the H2O
(called TMA-limited, red), the profile has a sharper front than when the TMA penetrates
deeper than the H2O (called H2O-limited, orange). This can be attributed to the higher
sticking probability of TMA compared to H2O.

In Figure 4.2, the slopes at 50%-thickness-penetration-depth (PD50%) 11,14

have been fitted to calculate the initial sticking probabilities of the limiting
reactants using Equation (4.3). As shown in Table 4.1, the calculated ini-
tial sticking probabilities, (0.5-2)×10−3 for TMA and (0.8-2)×10−4 for H2O
at a set temperature of 275 oC, compare well to results reported in the litera-
ture, e.g., by Sum-Frequency Generation (SFG) 15. Note that several sticking
probabilities for the TMA/water process have been reported in the litera-
ture 14,15,27,33,36,39,45,46 and that our comparison focuses on recent work. In this
work, the lower and upper limits of s0 are computed assuming <10% varia-
tion in reactant dosing and ∼10 nm uncertainty in cavity height. A natural
variation in reactant dosing can lead to broadening of the profile front and
thus a lower value of the calculated sticking probability. This effect can be
significant in the case of a profile with a sharp front. Broadening of the front
due to the narrowing of the trench during deposition (400 cycles, ∼46 nm
Al2O3) has a virtually negligible effect on the profiles reported in this work. In
the case of H2O the reactivity depends significantly on the temperature of the
substrate. 15,45,46 For the set temperature of Ts e t = 275 ◦C the actual substrate
temperature is estimated to be∼220 ◦C, while the 300 ◦C reported by Vandalon
and Kessels was measured directly at the substrate itself. 15 The somewhat
lower value of s0,H2O obtained at Ts e t = 275 ◦C compared with the result ob-
tained by Vandalon and Kessels at 300 ◦C seems to be in line with the expected
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reduction in s0,H2O at lower temperatures. This temperature-dependence of
the reactivity of H2O has been studied further in Figure 4.3.

Table 4.1: Comparison of initial sticking probabilities s0 of TMA and H2O during ALD of
Al2O3, determined using thickness profiles obtained in LHAR structures (this work and
Ylilammi et al. 14) and by Sum-Frequency Generation (SFG). 15 15 The values calculated
from the slopes of the profile fronts (using Equation 4.3) show good correspondence
with the SFG data.

Method Data Ts e t (◦C) s0, T M A s0,H2O

LHAR, relation
Arts (Eq. 4.3)

This work
(Fig. 4.2)

275 (0.5-2)×10−3 (0.8-2)×10−4

LHAR, relation
Arts (Eq. 4.3)

Ylilammi
et al.

300 (2-7)×10−3 -

LHAR, fit Ylil-
ammi et al.

Ylilammi
et al.

300 5.72×10−3 -

Sum-Frequency
Generation

Vandalon
and Kessels

300 (4±1)×10−3 (4±1)×10−4

Figure 4.3 shows thickness profiles of Al2O3 deposited at different temper-
atures (panel (A)), where the penetration depth of the TMA is higher than that
of the H2O. For these H2O-limited profiles a temperature-dependent reactivity
of H2O towards the surface after TMA exposure can be inferred from the slope
at PD50%, which becomes steeper with temperature. The calculated s0 values
of H2O are plotted in panel (B) as a function of the substrate temperature,
together with values obtained by Vandalon and Kessels using SFG. 15 Both
methods give comparable results, showing that the initial sticking probability
of H2O increases by a factor ∼10 when going from 150 ◦C to 300 ◦C. Note
that SFG measures s0 by monitoring the surface chemistry, while our LHAR
method is based on the resulting film thickness. The correspondence between
these very different approaches affirms that our method is a powerful and
straightforward way to estimate sticking probabilities during ALD.
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Figure 4.3: Panel (A) shows thickness profiles of Al2O3 deposited at different set tem-
peratures, where the penetration depth of the TMA is higher than that of the H2O.
For these H2O-limited profiles the temperature-dependent reactivity of the H2O is
reflected in the increasing slope at the profile front. The initial sticking probabilities of
H2O corresponding to these slopes are plotted against the substrate temperature in
panel (B). Due to limited thermal contact the substrate temperatures of ∼150 ◦C, ∼220
◦C and ∼310 ◦C are typically lower than the set table temperatures of 150 ◦C, 275 ◦C
and 400 ◦C and are therefore estimated based on calibration. The determined values of
s0 (dotted line) show a similar trend as those obtained by Vandalon and Kessels using
SFG (solid line). 15

It should be noted that non-ideal ALD saturation behavior is observed
as well in Figures 4.2 and 4.3. The experimentally obtained thickness pro-
files namely show a decrease in thickness in the region where a saturated
thickness is expected based on the Langmuir model (see e.g., panel (A) in
Figure 4.1). Based on Figure 4.2, this decrease is largely independent of the
TMA dose, which suggests that it is caused by soft-saturation during the H2O
step. 2 Moreover, Figure 4.3 reveals that the initial decrease in thickness is most
dominant at reduced temperatures, i.e., for 150 ◦C. These results indicate that
soft-saturation during the H2O step can limit the conformality of ALD-grown
Al2O3 and that a high deposition temperature or an overdose of H2O may
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be required to achieve optimal conformality. This impact of soft-saturation
on film conformality is typically not experimentally observed when using a
structure with a relatively low AR, where the reactant dose is approximately
constant throughout the feature. Moreover, while the profile front gives direct
information on s0, this study exemplifies how analysis of the full thickness
profile can provide additional information on the kinetics of the ALD process.
Such information on ALD kinetics is not only relevant for film conformality,
but also for e.g., wafer-scale uniformity and throughput considerations in
terms of time needed for an ALD process per wafer.

4.4 Conclusions

In conclusion, we have established a method to directly determine sticking
probabilities during ALD from thickness profiles obtained in high aspect ratio
structures. While in this work lateral-high-aspect-ratio trenches were used,
the method can be applied to other 3D features as well. As a demonstra-
tion, the initial sticking probabilities s0 of Al(CH3)3 and H2O during ALD of
Al2O3 were determined, giving (0.5-2)×10−3 for Al(CH3)3 and (0.8-2)×10−4 for
H2O at Ts e t = 275 ◦C (Ts u b ∼ 220 ◦C). The s0 value of H2O was shown to be
temperature-dependent, decreasing to (1.5-2.3)×10−5 at 150 ◦C. These values
compare well to literature values obtained by other methods. Furthermore,
the Al2O3 thickness profiles indicated significant soft-saturation behavior dur-
ing the H2O step at reduced temperatures, which can be an important factor
limiting the conformality of Al2O3 grown by ALD under these conditions. The
aforementioned insights aid in obtaining quantitative information on sticking
probabilities and conformality during ALD and in gaining understanding of
ALD kinetics in general.
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5 5Film Conformality and
Extracted Recombination
Probabilities of O Atoms
during Plasma-assisted
Atomic Layer Deposition of
SiO2, TiO2, Al2O3 and HfO2

Abstract

Surface recombination of plasma radicals is generally considered to limit film conformality
during plasma-assisted atomic layer deposition (ALD). Here, we experimentally studied
film penetration into high-aspect-ratio structures and demonstrated that it can give direct
information on the recombination probability r of plasma radicals on the growth surface. This
is shown for recombination of oxygen (O) atoms on SiO2, TiO2, Al2O3 and HfO2, where a
strong material-dependence has been observed. Using extended plasma exposures, films
of SiO2 and TiO2 penetrated extremely deep up to an aspect ratio (AR) of ∼900 and similar
surface recombination probabilities of r =(6±2)×10−5 and (7±4)×10−5 were determined for
these processes. Growth of Al2O3 and HfO2 was conformal up to depths corresponding to
AR∼80 and AR∼40, with r estimated at (1-10)×10−3 and (0.1-10)×10−2, respectively. Such
quantitative insight into surface recombination, as provided by our method, is essential for
modeling radical-surface interaction and understanding for which materials and conditions
conformal film growth is feasible by plasma-assisted ALD.

Published as: K. Arts, M. Utriainen, R.L. Puurunen, W.M.M. Kessels, and H.C.M. Knoops, J.
Phys. Chem. C 123, 27030–27035 (2019).
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5.1 Introduction

Atomic layer deposition (ALD) is a well-established technique used for the syn-
thesis of ultrathin conformal films with atomic-level thickness control. 1,2 This
high level of conformality and thickness control is enabled by the self-limiting
nature of the alternated precursor and co-reactant steps. Plasma-assisted ALD,
in which a plasma is used as co-reactant, has further extended the capabilities
of ALD, for instance in terms of low-temperature processing and the number
of materials deposited by ALD. 3,4 Examples of materials that have received
notable interest are TiN and TaN as metal electrode and diffusion barriers, 5

SiO2 and TiO2 as spacer materials for self-aligned patterning 6,7 and HfO2 as
high-k dielectric. 8 In particular, the usage of SiO2 in self-aligned multiple
patterning has led to the breakthrough of plasma ALD in high-volume manu-
facturing. 4,6 For this application, plasma ALD enables the growth of SiO2 at
low temperature, while providing the required high level of film conformality.
Still, it is commonly believed that conformal film growth by plasma ALD is
typically challenging, due to the loss of reactive plasma radicals through sur-
face recombination.

A theoretical understanding of the impact of surface recombination on
film conformality during plasma ALD has been obtained in the literature,
for instance, by Knoops et al. 9 and Dendooven et al. 10 using Monte Carlo
simulations and by Yanguas-Gil and Elam 11 using a continuum model. In
these models, a surface recombination probability r is used to describe the
probability that a radical recombines upon a collision with the growth surface,
where r typically ranges over several orders of magnitude from 10−5 up to
10−1. 9 Importantly, it has been shown that r has a strong impact on the dose
of plasma radicals needed to reach film saturation on high-aspect-ratio struc-
tures. 9,10 Moreover, it has been established that surface recombination often
limits the aspect ratio (AR) up to which conformal film growth is practically
achievable. 9,10,12 Still, quantitative information on r is barely reported in the
literature and is typically only obtained by complex and indirect measurement
techniques. However, such information is vital for modeling and predicting
the film conformality obtained by plasma ALD processes.
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In this chapter, we address this issue by determining surface recombina-
tion probabilities directly from the measured film conformalities. We theoret-
ically show that the AR up to which film growth is achieved can be directly re-
lated to the value of r under typical process conditions. This is experimentally
demonstrated for the recombination of oxygen radicals during plasma ALD of
SiO2, TiO2, Al2O3 and HfO2, where we observe a strong material-dependence.

5.2 Modeling

To derive the relation between the surface recombination probability and
the penetration depth of a film grown by plasma ALD, we have adopted the
continuum model reported by Yanguas-Gil and Elam (see Chapter 3), which
describes (plasma) ALD on one-dimensional high-AR structures with a con-
stant diffusion coefficient D (m2·s−1). 11,13 In this reaction-diffusion model,
the evolution of gas-phase reactant density n (z , t ) (m−3) and surface cover-
age θ (z , t ), defined as the reacted fraction of available reaction sites, 11,13,14 is
described by the following dimensionless equations:

∂ ñ

∂ τ
−
∂ 2ñ

∂ ξ2
=−ηs0 (1−θ ) ñ −ηr ñ , (5.1)

dθ

dτ
= γηs0(1−θ )ñ . (5.2)

Here, the distance z (m) into the high-AR structure is normalized by the
total structure length L (m) such that ξ≡ z/L , the reactant exposure time t (s)
is made dimensionless by τ≡ t D /L 2 and ñ ≡ n/n0 represents the gas-phase
reactant density normalized by the density n0 (m−3) at z = 0. Furthermore, η
and γ are defined as η≡ 1

4 L 2 S
V

vt h
D and γ≡ V n0 A0

S , where S/V is the surface to
volume ratio of the structure (m−1), vt h is the mean thermal velocity (m·s−1)
and A0 is the average effective area (m2) of an adsorption site, which can be cal-
culated from the growth per cycle (GPC). 15,16 The parameter η represents the
ratio between the collision rate with the growth surface and the diffusion rate
into the high-AR structure, whileγdescribes the number of reactant molecules
simultaneously present in the structure per adsorption site. Aside from these
mainly geometrical parameters, the evolution of n and θ is governed by the
initial sticking probability s0 (also referred to as initial reaction probability
β0) 11 and recombination probability r of the reactant upon a collision with
the growth surface. Note that here the surface chemistry is simplified by the
adopted irreversible Langmuir model 11,13,14,17 and by assuming first order
recombination kinetics. 11 Accordingly, the term −ηs0 (1−θ ) ñ describes the
loss of gas-phase reactant species through sticking reactions, providing film
growth in a self-limiting way, while the term −ηr ñ describes the loss of reac-
tive (co-)reactant species through surface recombination, which continues
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also after saturation of the surface coverage.

The impact of surface recombination on conformal plasma ALD is illus-
trated in Figure 5.1, where the shown radical density profiles and surface cov-
erage outlines are computed using Eqs. (5.1) and (5.2). For these calculations
molecular flow (Knudsen approximation) in trenches with AR=2000 and γ� 1
is assumed, 11,13 with an initial sticking probability of s0=10−4. The displayed
results are representative for plasma ALD on the microscopic lateral-high-
aspect-ratio (LHAR) structures used in this work (PillarHall® LHAR generation
3 and 4, developed by Puurunen and co-workers). 13,16,18–22 These trenches
with extremely high AR values are formed by a polysilicon membrane, which
is suspended above a c-Si substrate using a network of Si pillars. As a result
the LHAR trenches are oriented horizontally, such that film growth by non-
directional plasma radicals is obtained while excluding the directional ions.
A schematic cross-sectional side view of a PillarHall LHAR structure is given
in Figure 5.1(A), also showing an illustrative radical density profile and film
coverage. Figure 5.1(B) and 5.1(C) show the actual simulation results for dif-
ferent values of r and plasma exposure time t (a.u.), respectively. As expected,
the film penetration depth decreases with r and increases with t . More strik-
ingly, Figure 5.1(C) shows that a steady state exponential decrease in radical
density is developed, where the flux of incoming radicals is balanced by the
recombination loss to the sidewalls. In this “recombination-limited” growth
regime 9 an exponential increase in t is required to linearly increase the film
penetration depth.

While Equation (5.1) and (5.2) combined describe plasma ALD on a high-
AR structure, only Equation (5.1) is needed to predict the film penetration
depth. This penetration depth is typically limited by the plasma half-cycle, for
which n corresponds to the density of reactive plasma radicals. As discussed
above, the plasma half-cycle is characterized by a recombination-limited
growth regime where ∂ ñ

∂ τ ≈ 0. Moreover, in this regime r
s0(1−θ ) � 1 such that the

recombination loss −ηr ñ is much larger than the reaction loss −ηs0 (1−θ ) ñ .
Note that this is not only the case for a large r , but also when film saturation is
approached (i.e., θ → 1) in the region that needs to be passed by the radicals
when diffusing to the growth front. The value of s0 can therefore affect the
shape of the coverage profile, 9,13,14 but typically has a negligible effect on the
penetration of radicals into a high-AR structure during film growth. Under
these conditions, Equation (5.1) therefore reduces to

∂ 2ñ

∂ ξ2
≈ηr ñ . (5.3)

Using the boundary conditions ñ (0) = n (0)/n0 = 1 and limξ→∞ ñ (ξ) = 0,
Equation (5.3) is solved to obtain a general expression for the recombination-
limited radical density profile in a high-AR structure:

ñ (ξ) = exp(−
p

ηrξ). (5.4)
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Figure 5.1: Panel (A) gives a schematic cross-sectional side view of a PillarHall LHAR
structure used in this work to study film growth by plasma ALD. Through surface
recombination, the density of plasma radicals decreases exponentially versus distance
into the trench. This sets a practical limit on the penetration depth of the deposited
film, as illustrated in panel (B) for different surface recombination probabilities and a
constant time t=104 (a.u.). For r=5×10−5, panel (C) shows that an exponential increase
in plasma exposure time is required to linearly increase the film penetration depth.
The markers indicate the positions at which ñ = 1/e and θ = 1/2.

This exponential decrease in radical density is in line with Monte Carlo
simulations reported by Knoops et al. 9 and can be used to obtain an expres-
sion for the 50%-thickness-penetration-depth (PD50%) 23 as a function of the
plasma exposure time t used in the ALD cycle. For this expression, we de-
fine the normalized penetration depth ξ50% ≡ PD50%/L as the depth at which
the dose of radicals needed for 50%-saturation has been reached. Since the
radical dose is proportional to n (ξ) t , we can state that n (ξ50%) t = n0t50%,
where t50% is defined as the 50%-saturation time at the entrance of the high-
AR structure where n (ξ) = n0. Using Equation (5.4) for n (ξ50%), this gives
exp

�

−pηrξ50%

�

t = t50%, which is rewritten as

ξ50% (t ) =
1
p
ηr

ln
�

t

t50%

�

. (5.5)

As already seen in Figure 5.1(C), Equation (5.5) shows that the film pene-
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tration depth increases logarithmically with t , where the magnitude of this
increase is determined by η and r . For a high-AR structure with a known η,
Equation (5.5) can thus be used to determine r .

In this work, we determine r using the PillarHall LHAR trenches described
in Figure 5.1(A). For a typical process pressure (50 mTorr in this work), the
nominal gap height of h=500 nm is low enough to assume molecular flow,
as the mean free path λm f p∼0.1 mm � h . 23 In this case, D = 2

3 vt h h , such

that η= 1
4 L 2 S

V
vt h
D is independent of vt h . 13,16 Together with S

V =
2
h , this gives

η= 3
4

�

L
h

�2
for molecular flow in a trench. Using this expression for η, Equation

(5.5) can be written as

z̃50% (t ) =
1

q

3
4 r

ln
�

t

t50%

�

, (5.6)

where z̃50% ≡ PD50%

h = ξ50%
L
h is the aspect ratio at 50%-thickness-penetration-

depth. Without information on t50%, measuring and plotting z̃50% as a function

of ln (t ) directly provides the value of r , as the slope is equal to 1/
q

3
4 r . This

method will be demonstrated in Figure 5.3. Note that a different value of t50%

shifts the z̃50% data, but does not affect the slope and determined value of
r . If only one value of z̃50% is known, a rough value of r can be calculated
using Equation (5.6) by estimating t50% from the saturation time of the plasma
half-cycle. Both approaches are used here to determine the recombination
probabilities of O atoms during plasma ALD of SiO2, TiO2, Al2O3 and HfO2,
under the assumption that film growth by species other than the supplied O
radicals can be neglected for these processes.

5.3 Experimental details

The depositions were carried out in a commercial ALD system (Oxford Instru-
ments FlexAL), where an O2/Ar plasma was generated by a remote inductively-
coupled-plasma source operated at 13.56 MHz. 24 The used precursors were
SiH2(N(C2H5)2)2 (BDEAS), Ti(N(CH3)2)4 (TDMAT), Al(CH3)3 (TMA) and
HfCp(N(CH3)2)3 (TDMACpH) for the growth of SiO2, TiO2, Al2O3 and HfO2,
respectively. In all recipes, a sufficiently high precursor dose was used, such
that the plasma half-cycles were limiting the film penetration. 13 To properly
compare the different plasma ALD processes, the plasma conditions were
kept constant (i.e., 100/50 sccm O2/Ar gas mixture, 50 mTorr pressure, and
600 W ICP power) and all depositions were carried out at a table temperature
set-point of 200 ◦C. Plasma exposure times ranging from 3.8 s up to 120 s
were used, where it is noted that the shorter plasmas have a relatively higher
uncertainty due to striking time and other startup effects.
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After deposition, the polysilicon membrane of each PillarHall LHAR struc-
ture 13,16,18–22 was removed using adhesive tape, such that the deposited film
and its penetration depth could be analyzed using top-view diagnostics. Fig-
ure 5.2(A) shows optical microscope images of the structures after deposition
and removal of the membrane. Due to thin-film interference, the darker re-
gions correspond to surface area with a deposited film. These regions start at
the top, where the cavity entrance was located, and extend downwards to a
certain penetration depth into the cavity. Different PillarHall versions were
used, where based on previous results the trench version should not affect the
thickness profile of the deposited film. The used versions are as follows (from
left to right in Figure 5.2): LHAR4-ADVANCED trench W90L1020 (3.8 s, 12 s
and 38 s SiO2), LHAR3-v1a trench W100L5mm (120 s SiO2), LHAR4 small chip
vS2 (12 s TiO2) and vS1 (120 s TiO2), LHAR4-ADVANCED trench W90L1020
(120 s Al2O3) and LHAR4 small chip vS2 (120 s HfO2).

The 50%-thickness-penetration-depths indicated in Figure 5.2(A) were
determined in Figure 5.2(B) from the thickness profiles of the deposited films,
which were measured by a Filmetrics F40-UV. This reflectometer has a spot
size of ∼10 µm and was used in combination with a motorized mapping stage
(Filmetrics StageBase-XY10-Auto-100mm) to resolve the thickness profiles
with a spatial resolution of 5 µm. The displayed data was normalized by the
thickness obtained just inside the cavity, which approximately corresponded
to 60 nm SiO2 (400 cycles), 26 nm TiO2 (400 cycles), 39 nm Al2O3 (300 cycles)
and 37 nm HfO2 (300 cycles).

5.4 Results and discussion

The measurements shown in Figure 5.2 demonstrate that penetration up to
extremely high AR values is obtained for SiO2 and TiO2, approaching AR∼900
when using 120 s plasma half-cycles. The increase in PD50% with plasma time
confirms that film penetration was limited by the plasma half-cycle. This
was also verified for the Al2O3 and HfO2 processes, where film penetration at
t=120 s reached AR∼80 and AR∼40, respectively, suggesting a significantly
larger effect of surface recombination. The relatively low conformality of Al2O3

and HfO2 compared with SiO2 and TiO2 is in line with results reported in the
literature, obtained using similar plasma ALD conditions as in this work. 25–27

For example, Dingemans et al. obtained >95% conformality for SiO2 opposed
to ∼50% conformality for Al2O3 on a trench with AR∼30. 25 Similar to this
result for SiO2, Schindler et al. achieved a step coverage of >90% for TiO2

deposited on trench-like holes with AR=30. 26 In contrast, the conformality
of HfO2, as reported by Sharma et al., was limited to ∼70% on a trench with
AR=7.3. 27 Nevertheless, using a different precursor Kariniemi et al. reported
conformal plasma ALD of HfO2 on trenches with AR=60, 28 indicating that a
higher conformality may be obtained under different experimental conditions.
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Figure 5.2: Panel (A): top view optical microscope images of PillarHall LHAR structures,
after plasma ALD of SiO2, TiO2, Al2O3 or HfO2 and removal of the membrane (note
that PillarHall generation 3, which has a smaller pillar spacing than PillarHall-4, was
used for SiO2 growth using 120 s plasma steps). Surface areas with deposited material
are darker by thin-film interference. These areas start at the cavity entrance (top)
and extend downwards to a certain penetration depth. The aspect ratios at PD50% are
indicated in red, as determined in panel (B) from the measured thickness profiles.
A strong variation in film penetration depth is observed, revealing that the surface
recombination of plasma radicals is highly material-dependent.

The large difference in film penetration between SiO2 and TiO2 on the
one hand and Al2O3 and HfO2 on the other hand indicates that the surface
recombination and film conformality during plasma ALD are heavily material-
dependent. For SiO2 and TiO2, the surface recombination probability appears
to be low enough to meet conformality requirements in very demanding ap-
plications, while the Al2O3 and HfO2 processes should be able to provide
conformal film growth on structures with AR values of 10 to 30 within accept-
able cycle times.

In Figure 5.3, the film penetration z̃50% ≡ PD50%/h for SiO2 and TiO2 is
plotted against the natural logarithm of the plasma exposure time used in
the ALD cycle, showing a linear relation as expected from Equation 5.6. For
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these two processes, a very similar slope is found, corresponding to a fitted
surface recombination probability of (6±2)×10−5 for SiO2 and (7±4)×10−5 for
TiO2. For the Al2O3 and HfO2 processes, r is estimated to be in the ranges
(1-10)×10−3 and (0.1-10)×10−2, respectively. These rough values of r for Al2O3

and HfO2 have been calculated directly using Equation 5.6, where t50% is
estimated to lie between 0.2 s and 2 s for the Al2O3 process and between
0.2 s and 8 s for the HfO2 process, based on saturation curves reported by
Dingemans et al. and Sharma et al. 25,27 For the SiO2 and TiO2 processes, t50%

follows directly from the linear fits shown in Figure 5.3, giving 0.25±0.07 s and
(0.1-2) s, respectively.
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Figure 5.3: Film penetration for plasma ALD of SiO2 and TiO2, as presented in Figure
5.2, plotted against the natural logarithm of the plasma exposure time. Here a one
second uncertainty in plasma time has been included to account for variation in
striking time and other startup effects. The slope of this plot provides the effective
surface recombination probability of radicals during the plasma ALD process. For
the SiO2 and TiO2 processes very similar values of r=(6±2)×10−5 and (7±4)×10−5 are
determined.

The results are summarized in Table 5.1, indicating a good agreement with
the literature data available. Note that for TiO2 and HfO2 no literature values
have been found and that the values reported for O atom recombination on
SiO2 or SiO2-based surfaces (i.e., Pyrex or Vycor glass) show a large spread.
Aside from the measurement accuracy, several experimental factors such as
the temperature 29–31 and pressure 32 can cause this spread. Moreover, the
surface treatment 30,33 and roughness 29 can play an important role. This is
where our method shows merit in terms of relevance, as it provides the recom-
bination probability on the actual growth surface during plasma ALD. Note
that the properties of the saturated surface during plasma exposure could
depend on the used precursor (e.g., by residual hydrogen and carbon content),
which may also influence the recombination probability.
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Table 5.1: Recombination probabilities r of O radicals on different material surfaces,
as determined in this work and as reported in the literature.

Material Determined r Literature value r

SiO2 (6±2)×10−5 (2±1)×10−4,a 1.6×10−4,b (3-5)×10−5,c

(4-160)×10−4,d (0.8-3)×10−5 e

TiO2 (7±4)×10−5 -
Al2O3 (1-10)×10−3 2.1×10−3 f

HfO2 (0.1-10)×10−2 -

a Ref 29, b Ref 34, c Ref 34 (Pyrex, 33 ∼81% SiO2), d Ref 30 (Pyrex), e Ref 35

(Vycor, 36 ∼96% SiO2), f Ref 34

An important open question that has received limited attention in the
literature is the fundamental reason behind the material-dependence of r .
From an atomistic modeling perspective, key factors that play a role are, for
instance, the amount of recombination sites and the activation energies for
recombination and surface diffusion. 29,30 Moreover, r could be related to
measurable material properties such as surface acidity. 34 By determining
values of r for different materials and experimental conditions, our method
can help in gaining essential insight into the fundamental mechanisms behind
surface recombination.

5.5 Conclusions

In conclusion, we have established a powerful and straightforward method to
study film conformality during plasma ALD and quantify the recombination
probability r of plasma radicals on the growth surface. It was shown that the
film penetration depth into high-AR structures is generally limited by surface
recombination, in which case an exponential increase in plasma exposure
time is required to linearly increase the film penetration. This relation gives
direct quantitative information on r , as demonstrated for surface recombi-
nation of oxygen radicals during plasma ALD of SiO2, TiO2, Al2O3 and HfO2.
Low values of r on the order of 10−5 were determined for SiO2 and TiO2, cor-
responding to extremely deep film penetration approaching AR∼900 at long
plasma exposures. In contrast, plasma ALD of Al2O3 and HfO2 was limited to
AR∼80 and AR∼40, respectively, with r lying in the range of 10−3 up to 10−1.
This shows a strong material-dependence in the surface recombination of
plasma radicals and film conformality during plasma ALD. For the investigated
processes, especially for SiO2 and TiO2, r seems sufficiently low to meet very
demanding conformality requirements. We thus provide valuable insights for
gaining quantitative knowledge on surface recombination of radicals and the
film conformality achievable by plasma ALD.
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6 6Oxygen Recombination
Probability Data for
Plasma-Assisted Atomic Layer
Deposition of SiO2 and TiO2

Abstract

Atomic layer deposition (ALD) can provide nm-thin films with excellent conformality on de-
manding 3D substrates. This also holds for plasma-assisted ALD, provided that the loss of
reactive radicals through surface recombination is sufficiently low. In this work, we determine
the surface recombination probability r of oxygen radicals during plasma ALD of SiO2 and
TiO2 for substrate temperatures from 100 to ∼240 ◦C and plasma pressures from 12 to 130
mTorr (for SiO2). For both processes the determined values of r are very low, i.e., ∼10−4

or lower, and decrease with temperature and pressure down to ∼10−5 within the studied
ranges. Accordingly, deposition on trench structures with aspect ratios (ARs) of <200 is
typically not significantly limited by recombination and obtaining excellent film conformality is
relatively facile. For higher AR values, e.g., approaching 1000, the plasma time needed to
reach saturation increases exponentially and becomes increasingly dependent on the process
conditions and corresponding value of r . Similar dependence on process conditions can be
present for plasma ALD of other materials as well, where in certain cases film growth can
already be recombination-limited for AR values of ∼10. Radical recombination data and trends
as provided by this work are valuable for optimizing plasma ALD throughput and feasibility
for high-AR applications and can also serve as input for modeling of radical recombination
mechanisms.

Published as: K. Arts, J.H. Deijkers, R.L. Puurunen, W.M.M. Kessels, and H.C.M. Knoops, J.
Phys. Chem. C 125, 8244–8252 (2021).
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6.1 Introduction

Plasma-assisted atomic layer deposition (plasma ALD), 1,2 a technique used
to synthesize nm-thin films with atomic-level thickness control, has become
an established tool in the semiconductor industry. Especially plasma ALD of
SiO2 is widely applied and plays a vital role in device fabrication, for example
in self-aligned multiple patterning. 3 An important benefit of plasma ALD in
general, is that it often allows for lower process temperatures and higher mate-
rial qualities than purely thermally-driven ALD. 2 On the other hand, for many
materials thermal ALD is better at providing a high level of film conformality.
This is because the reactive plasma radicals, which enable film growth during
plasma ALD, can be lost through surface recombination when diffusing into a
high aspect ratio structure. As a result, the surface recombination probability
r of these radicals generally limits the aspect ratio (AR) up to which conformal
film growth by plasma ALD is feasible. 4,5

Since values of r are often not available, this maximum achievable AR is an
important unknown for many plasma ALD processes. As reported by Knoops
et al., 4 it was estimated that plasma ALD of a conformal film is achievable on
trenches with an AR of ∼30 or lower. 6 Yet, more recent work has revealed that
much higher ARs are attainable for certain plasma ALD processes, depending
on the value of r . 5 In particular, it has been demonstrated that for plasma
ALD of SiO2 and TiO2 the value of r is low enough (i.e., <10−4) to reach ARs
as high as ∼900. 5 This low value could also explain why plasma ALD of SiO2

and TiO2 are successfully used in industry for demanding applications. In the
fabrication of 3D NAND devices, for example, plasma ALD of SiO2 is used to
deposit conformal dielectric liners on slits with an AR of 40 to 60. 7 Further-
more, plasma ALD of SiO2 and TiO2 are reported to be used for gap-filling of
electrical isolation regions. 7–9 The challenging nature of gap-filling is demon-
strated in Figure 6.1, which shows a SiO2 film grown by plasma ALD on vertical
trenches with different ARs (see Appendix 6.A for the experimental details).
Even though the channels can become extremely narrow during deposition
(e.g., up to AR∼100), a seamless gap-fill is still observed.
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Figure 6.1: Cross-sectional transmission electron microscope image of a SiO2 film
grown by plasma ALD on vertical trenches with different aspect ratios. A seamless
gap-fill is obtained, demonstrating good film conformality even when using short
plasma exposures of 5 s (see Appendix 6.A for further details).

To predict whether a process can be used for demanding applications, or
under what conditions it can be used, it is essential to gain quantitative infor-
mation on r for different processes and process conditions. Such quantitative
data on r is currently only available for a very limited number of plasma ALD
processes, 4,5,10 where the influence of process conditions such as temperature
and pressure is completely unexplored. In this work, we reveal how the surface
recombination probability of oxygen radicals during plasma ALD of SiO2 and
TiO2 is influenced by the substrate temperature and plasma pressure. The
values of r are determined using the (recombination-limited) penetration
depths of the deposited films into extremely high-AR trench structures, as
described in Chapter 3. Moreover, we discuss the impact of r on the mini-
mum plasma time needed to reach saturation on a high-AR structure. We
focus on acquiring values of r to build a database that is valuable for practical
applications in industry and to provide input for fundamental insight into the
underlying radical-surface interaction.

6.2 Modeling

In Chapter 3, we derived a direct relation between r and the AR up to which
film growth is achieved by plasma ALD. This relation (Equation 6.6) is here
used to determine values of r under different process conditions. Further-
more, in this work we also derive which factors other than r influence the
minimum plasma time needed to reach saturation on a high-AR structure.
This serves to physically interpret the saturation times determined for differ-
ent substrate temperatures and plasma pressures. Finally, we discuss that
the validity of the method is not significantly influenced by the changes in
temperature and pressure within our studied regimes. Note that the adopted
model does strongly simplify the complex surface chemistry, by capturing
the effect of all physical processes in terms of one effective surface recombi-
nation probability. By this approach, the model and determined values of r
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can be used to describe plasma ALD on high-AR structures in a generic and
practical way. This approach can also be applied to other energy-enhanced
ALD methods where the reactive species can recombine at surfaces, such as
ozone-based ALD. 11

Film penetration into high-AR structures: direct relation with r

For clarity, we first briefly repeat the derivation of the relation used to deter-
mine r . On the basis of the reaction-diffusion model reported by Yanguas-Gil
and Elam, plasma ALD on a one-dimensional high-AR structure such as a
semi-infinite trench is described by the following coupled equations: 12

∂ n

∂ t
−D

∂ 2n

∂ z 2
=−

1

4
n vt h

S

V
(s0 (1−θ )+ r ) (6.1)

dθ

dt
=

1

4
n vt h A0s0(1−θ ) (6.2)

Here, z (m) is the distance into the high-AR structure, t (s) the dosing time,
D (m2 s−1) the diffusion coefficient and S/V the surface to volume ratio of
the structure (m−1). In the description of a plasma half-cycle, n (z , t ) (m−3)
represents the number density of gas-phase radicals having an initial sticking
probability s0, a surface recombination probability r and a thermal velocity
vt h (m/s). The self-limiting nature of ALD is described by the factor (1 −
θ ), where the surface coverage θ (z , t ) is defined as the reacted fraction of
available adsorption sites. Finally, each adsorption site occupies an effective
surface area A0 (m2), which can be determined from the growth per cycle (GPC)
and mass density of the film. 12,13 As described in more detail in Chapter 3,
surface recombination becomes dominant (i.e., r

s0(1−θ ) � 1) when approaching
saturation (i.e., θ → 1) in the region that needs to be passed by the radicals
to reach the growth front. This results in a situation where the incoming flux
of gas-phase radicals is balanced by the loss through surface recombination,
such that ∂ n

∂ t ≈ 0 and Equation (6.1) can be simplified to

D
∂ 2n

∂ z 2
≈

1

4
n vt h

S

V
r. (6.3)

Using the boundary conditions n (z = 0) = n0 and limz→∞n (z ) = 0 , Equation
(6.3) is solved as

n (z ) = n0exp

�

−

√

√1

4

vt h

D

S

V
r z

�

, (6.4)

which shows that an exponential decay in gas-phase radical density is ob-
tained during recombination-limited growth. This exponential decay ulti-
mately limits the AR up to which film growth can practically be achieved.
To relate this relation to our experimental results, Equation (6.4) is specified
for the extremely high-AR microscopic trench structures used in this work
(see experimental details). These structures have a nominal gap height of
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h = 500 nm, which is much smaller than the typical mean free path of the
radicals (λm f p ∼ 0.1 mm)10 under the plasma pressures used (12 – 130 mTorr).
Therefore, the Knudsen approximation for molecular flow in a trench can be
adopted, with a diffusion coefficient D = 2

3 vt h h . 13 Furthermore, the surface
to volume ratio of the used trench structures is accurately approximated by
S
V =

2
h . Using these expressions for D and S/V , Equation (6.4) is specified as

n (z ) = n0exp

�

−

√

√3

4
r

z

h

�

, (6.5)

where the decay in gas-phase radical density is thus only determined by the
surface recombination probability r and the scaled distance z/h into the
trench. Note that Equations (6.5) and (6.6) also hold for a circular pore with
diameter d , when replacing h by d

2 (see Chapter 3). This is related to the
equivalent aspect ratio (EAR) of the particular structure, 10,14 where EAR= L

2h
for a trench and EAR= L

d for a circular pore. 10

As a result of the steady-state exponential decay in radical density, it takes
exponentially more time to reach a certain coverage at a further distance z
into the trench. Correspondingly, as described in more detail in Chapter 3,
the penetration depth of the deposited film increases logarithmically with the
plasma exposure time according to

PD50%

h
(t ) =

1
q

3
4 r

ln
�

t

t50%

�

. (6.6)

Here, the half-thickness-penetration-depth PD50% is defined as the depth at
which the film thickness has decreased to 50% of its value at the entrance
of the high-AR structure, 10 which in our model corresponds to the depth at
which 50% coverage (i.e., θ = 1/2) has been reached. Equation (6.6) indicates
that the slope of PD50%/h versus ln (t ) is only dependent on r . This is used in
this work to experimentally determine r for a range of process conditions (see
Figures 6.2, 6.3 and 6.4). The time constant t50%, which is also fitted from the
experimental data on PD50%/h versus ln (t ) , is in first approximation equal to
the time it takes to reach 50% coverage on a planar substrate. The values of r
and t50% combined are used in the results and discussion section to predict
the saturation times for different high-AR structures (see Figure 6.6).

Film penetration into high-AR structures: required plasma expo-
sure time

In order to understand which parameters influence t50%, Equation (6.2) is
solved and evaluated for θ = 1/2, giving

t50%,p l a na r =
4ln (2)

n0vt h A0s0
(6.7)
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as the 50% saturation time on a planar substrate where n = n0. Fast saturation
on a planar substrate is thus obtained in case of a high radical flux 1

4 n0vt h ,
a low adsorption site density 1/A0 and a high initial sticking probability s0.
To relate the time constant t50% in Equation (6.6) to t50%,p l a na r for a planar
surface, t50%,p l a na r has to be corrected by a factor that accounts for the time
it takes for recombination to become dominant during plasma ALD on a high-
AR structure (see Chapter 3). This correction factor is numerically determined
as
�

1+0.73 s0
r

�

, such that

t50% =
4ln (2)

n0vt h A0s0

�

1+0.73
s0

r

�

. (6.8)

Equations (6.6) and (6.8) combined give a complete expression for the film pen-
etration into a high-AR trench during recombination-limited growth. These
equations clarify that, in the used model, parameters such as the radical den-
sity, reactivity, adsorption site density and the recombination probability all
influence the film penetration depth, but that r has the largest impact.

Validity of the model under different process conditions

Since the value of r is determined under different temperatures and pressures,
it is important that the temperature and pressure have no significant influence
on the accuracy of the method, for instance on the value of the diffusion
coefficient. To illustrate why this is indeed the case, we note that the surface
recombination probability r is defined according to the number of collisions
of the radicals with the surface and the corresponding reduction in the gas-

phase radical density. In that context, the factor 3
4

�

z
h

�2
used in Equation (6.5)

can be interpreted as the average number of surface collisions that a radical
undergoes during diffusion up to a distance z into the trench. This factor is
determined assuming molecular diffusion with a diffusion time of z 2

D =
3z 2

2vt h h

and a collision rate of 1
4 vt h

S
V =

vt h
2h , where the thermal velocity cancels out in

the product. Under these assumptions, the actual number of collisions with
the surface is expected to be independent of temperature and pressure within
the studied regimes. Temperature and pressure could influence the average
residence time of the radicals on the surface, but the residence time has no
influence on the gas-phase diffusion and corresponding number of sidewall
collisions (provided that the type of re-emission remains the same). Moreover,
surface diffusion can be neglected, since the predicted surface diffusion length
is much smaller (� 1 nm) 15 than the gas-phase distance in between two wall
collisions (∼ h=500 nm). Finally, the Knudsen approximation λm f p � h is
expected to be valid for all investigated pressures.
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6.3 Experimental details

To study the film conformality, plasma ALD of SiO2 and TiO2 was carried
out on all-silicon microscopic lateral-high-aspect-ratio (LHAR) trench struc-
tures (PillarHall® LHAR generation 3 and 4), which are described in detail
in previous publications (see for instance Gao et al. 16 and Yim et al. 17). The
main advantage of these structures is that the horizontally-oriented trenches
have extremely high aspect ratios of up to 10000, such that film growth in
practice never reaches the end of the trench. This allows for determining
the factors limiting film penetration and conformality, such as the value of
r in this work. Detailed information on the film conformality is obtained by
measuring the thickness profile of the film deposited into the LHAR structure.
This is relatively straightforward because the horizontal trenches are formed
by a removable membrane, which is suspended above the substrate (with
a nominal gap height of 500 nm) and supported by narrow pillars (with a
pillar-to-pillar spacing of 28, 49, 50, or 98 µm, depending on the PillarHall
version). After deposition and removal of the membrane using adhesive tape,
top-view diagnostics can thus be used to measure the thickness profile of
the deposited film, for which we used reflectometry (Filmetrics F40-UV with
a StageBase-XY10-Auto-100mm mapping stage). An additional advantage
for this study is that the anisotropic flux of ions does not penetrate into the
horizontal trench. 18 Therefore, film growth is obtained by nondirectional rad-
icals, while the surface conditions and chemistry are not influenced by ions.
This is especially useful for comparing different plasma pressures, since any
influence of ions would have been dependent on the plasma pressure and the
resulting ion energy and flux.

The depositions were carried out in a FlexAL ALD reactor of Oxford Instru-
ments, which was equipped with a remote inductively coupled plasma (ICP)
source operated at 13.56 MHz. 19 For all depositions, O2/Ar plasma was gener-
ated using an ICP power of 600 W, an O2 flow of 100 sccm and an Ar flow of 50
sccm. The pressure was controlled using an automated butterfly valve limiting
the flow to the pump. The precursors SiH2(NEt2)2 (bis(diethylamino)silane,
BDEAS) and Ti(NMe2)4 (tetrakis(dimethylamino)titanium, TDMAT) were used
for the growth of SiO2 and TiO2, respectively. All SiO2 films were grown using
250 ALD cycles, except for the depositions done at a table temperature of 200
◦C and plasma pressure of 50 mTorr, where 400 cycles were used. All TiO2

films were also grown using 400 cycles. For both processes, high precursor
doses were used (e.g., ∼830 mTorr·s per cycle), such that film penetration was
generally limited by the plasma half-cycles.

For the temperature series, table temperature setpoint values of 100, 200,
300, and 400 ◦C were used, while using a plasma pressure of 50 mTorr. Due
to limited thermal contact and a chamber wall temperature of 145 ◦C (or
100 ◦C at the setpoint temperature of 100 ◦C), these setpoint temperatures
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corresponded to substrate temperatures of approximately 100, 180, 240, and
310 ◦C, respectively. For the pressure series, plasma pressure values of 12, 24,
50, 90, and 130 mTorr were used, while the table temperature was set at 200 ◦C.
The corresponding substrate temperature of ∼180 ◦C may have been altered
by a maximum of 20 ◦C under the influence of different pressures, since the
thermal contact somewhat improves with plasma pressure. This was observed
to have no significant influence on r compared to the larger impact of the
plasma pressure. Finally, at each condition, depositions were done using
different plasma exposure times in the range of 3.8 s to 120 s per cycle, where
the shorter plasma exposure times have a relatively higher uncertainty due to
striking time of the plasma and other startup effects.

6.4 Results and discussion

The data obtained under the aforementioned conditions are summarized in
Figure 6.2 (temperature series SiO2), Figure 6.3 (temperature series TiO2), and
Figure 6.4 (pressure series SiO2). In each of these figures, as an example, panel
(A) displays the normalized thickness profiles obtained using plasma steps
of 12 s. The profiles are normalized by the thickness obtained just inside the
cavity, corresponding to a local GPC of approximately 1.45 Å/cycle for all SiO2

films. 18 For TiO2, GPC-values of approximately 0.49, 0.63, and 0.85 Å/cycle
are used for normalizing the data obtained at set table temperature values of
100, 200, and 300 ◦C, respectively. The values of the 50% thickness penetration
depth corresponding to these thickness profiles and to those obtained using
different plasma exposure times are plotted in panels (B). A complete overview
of all measured thickness profiles is provided in Appendix 6.A.

For each series, we first discuss the overall influence of the varied condi-
tion on the obtained film conformality. Subsequently, in Figure 6.5 we provide
the determined values of the surface recombination probability. The corre-
spondingly determined values of t50% are reported in Appendix 6.A. Finally,
in Figure 6.6, we discuss the impact of the observed changes in r on the
minimum plasma time needed to reach saturation on an extremely high-AR
structure, which is relevant information for optimizing process throughput
and feasibility.

Effect on film conformality

The temperature series for plasma ALD of SiO2 is presented in Figure 6.2,
showing that film growth is achieved up to extremely high AR values of >400.
Clearly, the reached 50% thickness penetration depth tends to be higher for
higher deposition temperatures. As given by Equation (6.6), the slope of the
PD50% data fitted in panel (B) is directly related to the value of the surface
recombination probability r , where a higher slope corresponds to a lower
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value of r . Panel (B) thus indicates that r reduces with increasing temper-
ature in the investigated range, resulting in a higher penetration depth of
the deposited film. Note that the logarithmic increase of PD50% with plasma
time, which is observed for all temperatures, confirms that the penetration
depth was limited by the plasma half-cycles and that Equation (6.6) is valid
for determining r .

Figure 6.2: Panel (A): Normalized thickness profiles of SiO2 films grown by plasma
ALD on LHAR cavity structures at different temperature setpoints and a fixed plasma
exposure time of 12 s per ALD cycle. Similar thickness profiles have been determined
for plasma exposure times other than 12 s (at 100, 200, and 300 ◦C, see Appendix 6.A),
of which the scaled half-thickness penetration depths are plotted in panel (B).

In addition to information on r (to be addressed in the following section),
the thickness profiles presented in panel (A) also give insight into other as-
pects limiting film conformality. In particular, for all temperatures a moderate
but consistent decrease in thickness with distance is observed in the initial
region up to a scaled distance (i.e., distance / cavity height) of ∼400, where
afterwards the thickness rapidly decreases at the profile front. In the initial
region a fully saturated and therefore constant thickness is predicted by the
Langmuir model, where the sticking probability s0 (1−θ ) goes to zero. Since
the slight decrease in thickness is not influenced by the plasma exposure
time (see Appendix 6.A), it is probably related to soft-saturation during the
SiH2(NEt2)2 half-cycle, which should not affect the r values determined.
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For plasma ALD of TiO2, of which the temperature series is presented in
Figure 6.3, comparably high penetration depths as for SiO2 are obtained. Here,
it is noted that at all temperatures there is a jump in TiO2 thickness in the
beginning of the trench. This jump in thickness can be related to the presence
of crystalline material grown in the ion-exposed region near the entrance of
the trench (see Chapter 8). 20 For the normalization of the thickness profiles
these jumps are not included, as indicated by the solid lines in panel (A) which
serve as guide to the eye. Similar to SiO2, the film penetration depth seems
to increase with temperature, although for TiO2 the results obtained at a set
table temperature of 100 ◦C and 200 ◦C are quite comparable. The penetration
depths obtained at 200 ◦C are slightly higher than at 100 ◦C, but the slopes of
PD50%/h versus ln(t ) indicate an approximately equal value of r . Much higher
penetration depths are obtained at 300 ◦C, where film growth reaches an AR
of ∼700 even when using relatively short plasma steps of 3.8 s. This indicates
that the value of r at 300 ◦C is even lower than at 100 ◦C and 200 ◦C.

Figure 6.3: Panel (A): Normalized thickness profiles of TiO2 films grown by plasma
ALD on LHAR cavity structures at different temperature setpoints and a fixed plasma
exposure time of 12 s per ALD cycle (solid lines serve as guide to the eye). Similar
thickness profiles have been determined for plasma exposure times other than 12 s
(see Appendix 6.A), of which the scaled half-thickness penetration depths are plotted in
panel (B). At 300 ◦C the penetration depth is limited by the precursor half-cycle rather
than the plasma half-cycle and, when using shorter plasma steps, is expected to follow
a trend as indicated by the shaded area (i.e., increase with ln(t )).
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Here, it should be noted that the penetration depth at 300 ◦C does not
increase with the plasma exposure time employed, revealing that film pen-
etration was actually limited by the precursor half-cycle rather than by the
plasma half-cycle. Only for plasma times lower than 3.8 s, film penetration
is expected to become plasma-limited and follow a trend as illustrated by
the shaded area in panel (B). When film penetration is precursor-limited, the
slope of PD50%/h as a function of ln(t ) does not reflect the value of r . An
upper value of r can still be estimated using Equation (6.6) and an estimated
value of t50%, which in this work typically lies in the range of 0.2 to 1 s (see
Appendix 6.A). Still, the determination of r is most reliable when three or more
thickness profiles are measured, where PD50% should steadily increase with
ln(t ) as observed for instance at 100 and 200 ◦C. Moreover, such a logarithmic
trend indicates that film growth was recombination-limited and thus provided
by recombining species such as atomic oxygen. Growth by molecular O2, as re-
ported for instance by Provine et al., 21 is not expected to play a significant role.

Regarding the shape of the TiO2 thickness profiles, the film thickness again
gradually decreases with distance into the trench. In contrast to the results
for SiO2, the gradual decrease in TiO2 thickness seems to be related to the
plasma half-cycle (i.e., soft-saturation or other effects), since the profile tends
to become flatter in the initial region of the trench when using longer plasma
steps (see Appendix 6.A). Furthermore, additional effects such as surface poi-
soning 3,22 and precursor decomposition could contribute to the development
of a sloping thickness profile. However, the influence of decomposition seems
to be limited since the gradual decrease in thickness is also observed at 100 ◦C
where Ti(NMe2)4 should not decompose. 23 More importantly, these effects do
not significantly influence the determination of r .

Finally, the pressure series carried out for plasma ALD of SiO2 is presented
in Figure 6.4. Here, the thickness profiles indicate that the plasma pressure
has a strong influence on the film penetration depth. Using plasma steps of 12
s, growth up to an AR of ∼800 is achieved at a plasma pressure of 90 and 130
mTorr, while film penetration at 12 mTorr is limited to an AR of ∼200. Based
on the increasing slope of the PD50% data fitted in panel (B), the increase in
penetration depth with pressure is mostly related to a reduction in r . The fitted
values of t50% are relatively constant around 0.4 s (see Appendix 6.A), which
suggests that the plasma pressure only has a limited effect on the supplied
flux of reactive radicals for this specific plasma setup and operating regime.
The strong impact of pressure observed in Figure 6.4 indicates that the plasma
pressure is an important knob for optimizing film conformality during plasma
ALD of SiO2, especially in the case of temperature-sensitive applications where
a high temperature cannot be used.
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Figure 6.4: Panel (A): Normalized thickness profiles of SiO2 films grown by plasma ALD
on LHAR cavity structures at different plasma pressures and a fixed plasma exposure
time of 12 s per ALD cycle. Similar thickness profiles have been determined for plasma
exposure times other than 12 s (see Appendix 6.A), of which the scaled half-thickness
penetration depths are plotted in panel (B).

Extracted recombination probabilities

As explained in Section 6.2, the film penetration depths plotted in panels (B)
of Figures 6.2, 6.3, and 6.4 are used to determine the surface recombination
probability of oxygen radicals at different temperatures and plasma pressures.
The determined values are provided in Figure 6.5. From this figure, it is ob-
served that r indeed significantly reduces with temperature and pressure
within the ranges investigated, from around ∼10−4 down to ∼10−5 or even
lower. For SiO2, the determined r -values are in good correspondence with
our previous work 5 (Chapter 5) and with the wide range of values reported in
the literature for SiO2 or SiO2-based surfaces (i.e., Pyrex or Vycor glass). 24–34

In addition to the effect of temperature and pressure, the large spread in liter-
ature values can possibly be related to differences in surface treatment, 27,29

roughness, 24 radical flux 31,32 and the influence of ions. 30–32 Here it is noted
that the conditions used in this work are most relevant for plasma ALD on
high-AR structures. The r -values determined for TiO2 are slightly lower than
in Chapter 5, where only two datapoints of PD50% were available to calculate r ,
but the values agree within their uncertainty. The given uncertainties of r are
based on the number of PD50% values and on their measurement uncertainty
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(see Appendix 6.A).

Figure 6.5: Determined surface recombination probabilities of oxygen radicals during
plasma ALD of SiO2 (orange circles) and TiO2 (black squares) at different substrate
temperatures (A) and plasma pressures (B). A plasma pressure of 50 mTorr was used
in (A), while the substrate temperature in (B) was held at ∼180 ◦C (corresponding to a
table temperature setpoint of 200 ◦C). For TiO2 the value of r at a substrate temperature
of ∼240 ◦C is estimated to be lower than 10−5.

In several studies, an increase in r with temperature is reported for O
atoms on SiO2-based surfaces. 26,28,33,34 This is often attributed to the thermal
energy available for activating a recombination reaction. 15,24,26,33,34 The de-
crease in r with temperature observed in this work, and for instance by Kim
and Boudart in the range of approximately 70 to 400 ◦C, 24 could be caused by
an increased desorption rate of O atoms. 15,24,26,33,34 In this work, the density
of adsorbed O atoms may be the limiting factor for surface recombination as
the flux of O atoms inside the LHAR structures is much lower than in studies
using directly-exposed planar surfaces.

The observed impact of substrate temperature and plasma pressure il-
lustrates the importance of measuring r for several process conditions. The
determined values of r are directly relevant for plasma ALD of thin films on
high-AR structures, but can also serve as input for simulations and for ob-
taining a deeper understanding into the radical-surface interaction involved.
Regarding the impact of r on film conformality, it should be noted that the
values of r are very low under all conditions investigated. Correspondingly,
even for the condition with the highest value of r , film growth is achieved up
to an AR higher than 200. This suggests that the influence of radical recombi-
nation can be neglected in most present-day applications of plasma ALD of
SiO2 and TiO2.

Whether or not film growth is limited by radical recombination can be
predicted using the value of r . This is done by calculating the reduction in
gas-phase radical density at the end of the high-AR structure. For a trench with
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length L and AR= L/h , for example, Equation (6.5) states that the gas-phase
radical density at the end of the trench, so at a distance z = L , is in steady
state given by

n (L ) = n0exp

�

−

√

√3

4
r AR2

�

. (6.9)

The reduction in gas-phase radical density is thus determined by the prod-
uct r AR2. When r AR2 < 1, the gas-phase radical density at the end of the
high-AR trench is similar to that at the entrance, such that the plasma time
needed to reach saturation is similar to that for a planar substrate (assuming
that t50% ≈ t50%,p l a na r ). In contrast, when r AR2 � 1 the gas-phase radical
density is strongly reduced by surface recombination, which is referred to
as recombination-limited growth. For plasma ALD of SiO2 and TiO2, r <
10−4 under almost all investigated conditions, such that film growth is only
recombination-limited for AR values of at least ∼100 or higher. In compari-
son, r is on the order of 10−3 up to 10−1 for plasma ALD of Al2O3 and HfO2, 5

where film growth is therefore already recombination-limited for AR values
around ∼10. Note that a high film conformality can still be achieved when
the growth is in a recombination-limited regime. However, the plasma time
needed to reach saturation on a high-AR structure is highly dependent on r
when r AR2� 1. This is further discussed in the following section (Figure 6.6).

Impact on saturation time and process feasibility

In the recombination-limited growth regime, when r AR2� 1, the plasma time
needed for saturation on a high-AR structure can be adequately estimated
by the time it takes for the penetration depth PD50% to reach the end of the
structure. Formally, this saturation time ts a t corresponds to the time needed
to reach a coverage of 0.5 at z = L . Using PD50% (ts a t ) = L , AR=L/h and
Equation (6.6) for PD50% then gives the following expression for the estimated
saturation time:

ts a t ≈ t50%exp

�√

√3

4
r AR

�

. (6.10)

As an illustrative example of the practical impact of r , Figure 6.6 gives the
saturation times calculated for plasma ALD of SiO2 under the various pro-
cess conditions investigated, for trenches with an AR of 200 to 1000. The
values of r and t50% used in this calculation are given in Figure 6.5 and in
Appendix 6.A, respectively. Figure 6.6 shows that, when going to higher AR
values, the saturation time increases exponentially and becomes more and
more susceptible to the process conditions and corresponding value of r .
For example, at AR=200 the saturation time is still only ∼1 s and relatively
independent of r (and hence the substrate temperature and plasma pressure).
Specifically, at AR=200 the relatively small variation in saturation time with
substrate temperature is mainly related to the value of t50%, which was higher
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at a substrate temperature of ∼240 ◦C. For higher AR values the growth be-
comes more recombination-limited, as indicated by the darker datapoints
(see grayscale bar for the values of r AR2), and differences in r have a larger
impact. At AR=1000, for instance, ts a t decreases from∼103 s to<102 s with in-
creasing substrate temperature and decreases even more strongly with plasma
pressure, which are both directly caused by the decrease in r given in Figure
6.5.

Figure 6.6: Plasma exposure times needed to reach saturation for trenches with
AR values of 200 to 1000, calculated using Equation (6.10) and the values of r and
t50% determined for plasma ALD of SiO2 at different substrate temperatures (A) and
plasma pressures (B). The plasma pressure in (A) was kept at 50 mTorr and the substrate
temperature in (B) at ∼180 ◦C. For each datapoint the value of r AR2 is specified by the
grayscale bar. For ARs below ∼200 film growth is no longer recombination-limited
(r AR2 < 1), such that the saturation time is similar to that for a planar substrate and
not significantly influenced by r .

Based on the aforementioned results, film growth is not recombination-
limited for most state-of-the-art applications of plasma ALD of SiO2 and TiO2

in the semiconductor industry, where the ARs involved are typically well be-
low 200 and r AR2� 1. In these applications, the value of r only has a limited
influence and the saturation time is similar to that of a planar substrate. Other
aspects, such as the influence of directional ions, 20,35,36 can govern film confor-
mality in cases where r AR2� 1. Figure 6.6 therefore illustrates that minimizing
the value of r is especially important for extremely demanding applications
such as the coating of powders or porous materials. Such applications are
expected to become more important in the future. Moreover, similar effects of
temperature and pressure will likely be present for other plasma ALD processes
as well. We expect that this holds not only for oxides, but also for plasma ALD
of metal nitrides, sulfides, and metals, where in certain cases film growth can
already be recombination-limited for ARs of∼10 or even lower. 4,5,10 Especially
in those cases, finding which process conditions can be used to minimize r is
essential.
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6.5 Conclusions

In this work, we have studied film penetration into extremely high-AR struc-
tures during plasma ALD of SiO2 and TiO2 for various substrate temperatures
(100 to ∼240 ◦C) and plasma pressures (12 to 130 mTorr, for SiO2). For each
condition, the value of the surface recombination probability r of oxygen
radicals was determined directly from the recombination-limited penetration
depths of the deposited films. Such data on the influence of temperature and
pressure on r were not yet available for ALD-relevant conditions. Very low
r -values of <10−4 were determined under all conditions for both processes,
where r was observed to decrease with temperature and pressure down to
∼10−5 within the studied ranges. These low r -values enable conformal film
growth on trench structures with a high AR of<200 using similar plasma expo-
sure times (e.g., ∼1 s) as needed for saturation on a planar substrate. For even
higher ARs, specifically when r AR2 ≈ 1 or higher, the saturation time increases
exponentially and becomes highly dependent on the value of r (e.g., ∼50 s
or >1000 s for a trench with AR=1000, depending on the value of r ). In those
cases, process conditions where r is minimized may be required for obtaining
acceptable cycle times. In conclusion, this work can serve as a framework
for building a database of r -values for several materials and process condi-
tions, which we have demonstrated to be valuable for optimizing plasma ALD
throughput and feasibility in demanding high-AR applications.
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6.A Appendix

In this appendix, we provide additional experimental information and data, specifically:
1) an overview of the measured thickness profiles used to determine the reported values
of r , 2) the determined values of the parameter t50%, 3) the method used to calculate
the reported uncertainties, and 4) experimental details regarding the transmission-
electron-microscope image given in the introduction of this work.
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Measured thickness profiles at different plasma exposure times

The values of r and t50% reported in this work were determined by measuring the thick-
ness profiles of SiO2 and TiO2 films deposited into lateral-high-aspect-ratio (LHAR)
trench structures, using different plasma exposure times. An overview of these thick-
ness profiles is given below, for the different temperature setpoints (Figure 6.7) and
plasma pressures (Figure 6.7) investigated. The distance at which the thickness has
decreased to 50% of its value at the entrance of the LHAR structure corresponds to the
half-thickness-penetration-depth PD50%. The measured values of PD50%/h , where h
is the cavity height of the LHAR structure, are provided in the main text and have been
used to calculate the values of r and t50%.

Figure 6.7: Normalized thickness profiles of SiO2 and TiO2 films grown by plasma ALD
on LHAR cavity structures, using 50 mTorr plasma pressure, temperature setpoints of
100, 200 or 300 ◦C and plasma exposure times of 3.8, 12, 21, 38 or 120 seconds per cycle.
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Figure 6.8: Normalized thickness profiles of SiO2 films grown by plasma ALD on LHAR
cavity structures, using a temperature setpoint of 200 ◦C plasma pressures of 12, 50 or
90 or 130 mTorr and plasma exposure times of 3.8, 12, 21, 38 or 120 seconds per cycle.

Determined values of r and t50%

In Table 6.1, we provide an overview of the values of r and t50% that are determined
using the PD50%/h data corresponding to the thickness profiles plotted in Figures 6.7
and 6.8. The values of r and t50% combined have been used to calculate the saturation
times ts a t for trenches with different ARs (see Equation (6.10) later in this appendix).
To graphically illustrate the influence of substrate temperature and plasma pressure,
the determined values of t50% are also plotted in Figure 6.9.

Figure 6.9: Determined values of t50% for the SiO2 and TiO2 depositions carried out
at different substrate temperatures (A), and for the SiO2 depositions carried out at
different plasma pressures (B).
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Table 6.1: Values of r and t50% determined for plasma ALD of SiO2 and TiO2 at different
substrate temperatures T and plasma pressures p . The substrate temperatures of 100,
180, and 240 ◦C correspond to table temperature setpoints of 100, 200, and 300 ◦C and
have an uncertainty of approximately 15 ◦C. The plasma pressure has an uncertainty
of approximately 5 mTorr.

Material T (◦C) p (mTorr) r ×105 t50% (s)
Best
fit

Uncertainty
range

Best
fit

Uncertainty
range

SiO2 100 50 9 5-23 0.22 0.11-0.32
SiO2 180 50 6 5-8 0.26 0.19-0.34
SiO2 240 50 3 2-5 0.71 0.38-1.03

TiO2 100 50 4 3-6 0.80 0.45-1.15
TiO2 180 50 4 2-5 0.57 0.20-0.95
TiO2 240 50 <1

SiO2 180 12 24 7-70 0.49 0.1-1
SiO2 180 50 6 5-8 0.26 0.19-0.34
SiO2 180 90 2.3 1.8-2.8 0.43 0.29-0.57
SiO2 180 130 2 1-6 0.43 0.1-1

Uncertainties of r and t50%

In this section, we describe how the uncertainties of the reported values of r , t50% and
ts a t have been calculated. For this, we first note that the values of r and t50% have been
determined by fitting the PD50%/h data using a linear function y = a x +b , where each
datapoint i has a coordinate (xi , yi ) given by:

xi = ln(ti ) , (6.11)

yi = PD50%
i /h . (6.12)

The coefficients a and b of the linear fits have been calculated using the least squares
method, where

a =
NΣxi yi −ΣxiΣyi

NΣx 2
i − (Σxi )

2 , (6.13)

b =
Σx 2

i Σyi −ΣxiΣxi yi

NΣx 2
i − (Σxi )

2 , (6.14)

and N is the number of datapoints. Subsequently, the values of r and t50% follow
directly from the values of a and b . This is because a = 1

q

3
4r

and a ln (t50%) +b = 0 (see

Equation (6.3)), such that

r =
4

3a 2
(6.15)

and

t50% = exp
�

−
b

a

�

. (6.16)
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The reported uncertainties of r and t50% are based on the uncertainties Sa and Sb

of the fitted coefficients a and b , which are calculated as

Sa =

√

√

√

N Sy

NΣx 2
i − (Σxi )

2 , (6.17)

and

Sb =

√

√

√

S 2
yΣx 2

i

NΣx 2
i − (Σxi )

2 . (6.18)

Here, Sy denotes the uncertainty of the y values, so of the values of PD50%/h . In this
work, the uncertainty of PD50%/h was mainly governed by the width of the front of
the measured thickness profile, where a sharp front gives a more accurate value of
PD50%/h . For the SiO2 data, the uncertainty of PD50%/h has been estimated as Sy = 40
and for the TiO2 data as Sy = 60.

Uncertainty of calculated saturation times ts a t

The plasma exposure time needed to reach saturation on a high-AR structure, called
ts a t , was calculated as

ts a t ≈ t50%exp

�√

√3

4
r AR

�

. (6.19)

The uncertainty in ts a t can therefore be calculated using the aforementioned uncer-
tainties in t50% and r . For instance, a minimum or maximum value of ts a t could be
estimated using the minimum or maximum values of t50% and r within their uncer-
tainty intervals. However, in this way the uncertainty in ts a t is strongly overestimated,
since the uncertainties of t50% and r are not independent. For example, for a lower
value of t50% the measured PD50%/h data can only be described using a higher value of
r , and vice versa. A more representative uncertainty range of ts a t has been calculated
using a potential systematic measurement offset∆y in the linear function y = a x + b
fitted through the PD50%/h data. This potential offset has been estimated as

ts a t ≈ t50%exp∆y =

 

1
q

3
4 r

ln

�

t

t50%,mi n

�

−
1

q

3
4 r

ln

�

t

t50%,ma x

�

!

=
1

q

3
4 r

ln( t50%,ma x )− ln( t50%,mi n )
2

(6.20)

where t50%,mi n and t50%,ma x are the minimum and maximum values of t50% within its
uncertainty interval. In our model, the saturation time ts a t corresponds to the time

where y = PD50%

h (t ) =AR. Therefore, an offset∆y increases or reduces the saturation
time according to

ts a t , mi n = t50%exp

�√

√3

4
r
�

AR−∆y
�2

�

, (6.21)

and

ts a t , ma x = t50%exp

�√

√3

4
r
�

AR+∆y
�2

�

. (6.22)

Equations 6.21 and 6.22 have thus been used to calculate the upper limits (ts a t ,ma x )
and lower limits (ts a t ,mi n ) of the values of ts a t reported in this work.
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Details TEM image

In the fabrication of semiconductor logic and memory devices, plasma ALD of SiO2

and TiO2 have been reported to be used for gap-filling of electrical isolation regions. 7–9

The challenging nature of gap-filling was demonstrated in the introduction of this
work, using a cross-sectional transmission electron microscope (TEM) image of a SiO2

film grown by plasma ALD on vertically-oriented trench nanostructures. Here, we
provide additional experimental information on the provided TEM image.

First of all, the coupon containing the vertical trench structures, having different
aspect ratios in the range of approximately 1 to 10, 35,37 was prepared and provided
by Lam Research. The TEM image of the structures was measured using a JEOL ARM
200F TEM in bright-field mode (BF-TEM). For this, the processed coupon was pro-
tected by a spin-on epoxy layer and the TEM sample was subsequently prepared by a
standard focused ion beam (FIB) lift-out scheme. The displayed SiO2 film was grown
by SiH2(NEt2)2 and O2 plasma, using 250 ALD cycles. For the purpose of visualizing
the starting surface, first a ∼5 nm thick layer of Al2O3 was grown by Al(CH3)3 and H2O,
using 50 ALD cycles. Both films were deposited at a temperature setpoint of 200 ◦C,
using a FlexAL ALD tool of Oxford Instruments. The O2 plasma half-cycles were carried
out using 15 mTorr plasma pressure, 200 W ICP power, 5 s plasma exposure, and 15
W substrate biasing, giving a high mean ion energy of approximately 130 eV. 38 These
plasma conditions were not optimized for achieving a high film conformality. Specifi-
cally, for plasma ALD of SiO2 the GPC reduces under the influence of ions, 18,35 which
mostly affects the growth on surfaces undergoing ion impingement (e.g., the planar
bottom and top surfaces rather than the vertical sidewalls). 35 This effect was relatively
pronounced in this case study, because of the high ion energy dose provided. 18 Nev-
ertheless, a seamless gap-fill was still observed, similar to depositions done without
substrate biasing.
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7 7Evidence for Low-Energy Ions
Influencing Plasma-Assisted
Atomic Layer Deposition of
SiO2: Impact on the Growth
Per Cycle and Wet Etch Rate

Abstract

This work provides evidence that plasma-assisted atomic layer deposition (ALD) of SiO2,
a widely applied process and a cornerstone in self-aligned multiple patterning, is strongly
influenced by ions even under mild plasma conditions with low-energy ions. In two comple-
mentary experimental approaches, plasma ALD of SiO2 is investigated with and without the
contribution of ions. The first set of experiments is based on microscopic cavity structures,
where part of the growth surface is shielded from ions by a suspended membrane. It is
observed that a lower growth per cycle (GPC) and a better material quality are obtained when
an ion contribution is present. Without any ion contribution, a GPC of 1.45±0.15 Å/cycle and
wet etch rate of 4±1 nm/s (in 30:1 buffered HF) are obtained for a deposition temperature of
200 ◦C. With an ion contribution these values decrease, where the magnitude of the decrease
appears to be determined by the supplied ion energy dose. For extended ion doses, the GPC
decreases to 0.85±0.05 Å/cycle and the wet etch rate to 0.44±0.09 nm/s, approaching the
value for a thermal oxide. The important role of ions is confirmed by the second experimental
approach, which is based on ion-selective quartz crystal microbalance measurements. By
these results, it is demonstrated that ions have a stronger impact on plasma ALD of SiO2 than
usually considered, providing essential insights for tailoring the film growth.

Published as: K. Arts, J.H. Deijkers, T. Faraz, R.L. Puurunen, W.M.M. Kessels, and H.C.M.
Knoops, Appl. Phys. Lett. 117, 031602 (2020).
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7.1 Introduction

Silicon oxide is an ubiquitous material that has many applications in nanoelec-
tronics 1,2 as well as in many other fields such as photovoltaics 3 and photonics 4.
Due to the ongoing downscaling of device features, atomic-scale processing
techniques such as (plasma-assisted) atomic layer deposition (ALD) 5,6 are be-
coming increasingly important, also for the synthesis of nm-thin SiO2 films. 1,7

Among others, 1 plasma ALD has become vital for the growth of SiO2 sidewall
spacers in self-aligned multiple patterning, 8,9 which now represents one of
the largest segments of the global ALD market. 7 A key benefit here is that
plasma ALD of SiO2 is relatively facile compared to thermally-driven ALD and
can provide high quality SiO2 even at low temperatures such as 50 ◦C10,11

As shown for several plasma ALD processes, energetic ions impinging on
the surface during the plasma steps can play an important role. 12 For example,
Profijt et al. demonstrated that significantly increasing the kinetic energy of
the ions through substrate biasing can induce a change in the growth per
cycle (GPC) and material properties for Al2O3, Co3O4 and TiO2. 13 In more
comprehensive studies, Faraz et al. and Karwal et al. reported a large and
often beneficial impact of substrate biasing and high ion energies (e.g., 100-
200 eV) on plasma ALD of titanium-, hafnium- and silicon-based oxides and
nitrides. 14,15

In this work, we provide conclusive evidence that even ions with low ener-
gies of <20 eV can significantly influence plasma ALD of SiO2. This influence
is seen, for instance, in the GPC and film quality, even under mild plasma
conditions and when using a grounded substrate. Here, the film quality is
assessed by the wet etch rate (WER) of the SiO2 film in a buffered hydrofluo-
ric acid (BHF) solution. Moreover, the work demonstrates that the supplied
ion energy dose 16 (eV nm−2 cycle−1) is a key parameter, which can be used
to tailor the film growth. These insights are valuable for current and future
applications of plasma ALD of SiO2 and expectedly also other materials.
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7.2 Experimental details

The impact of ion exposure has been investigated by two independent experi-
mental methods. In the first method, lateral-high-aspect-ratio (LHAR) trench
structures were used, 17,18 where only part of the growth area was exposed
to ions. In the second method, film growth was monitored by a sensor with
a quartz crystal microbalance (QCM), where the flux of ions to the quartz
crystal could be controlled by varying the voltage applied to a grid embed-
ded in the sensor. 19 The main focus of this work is on the experiments using
LHAR samples. In these experiments, it should be noted that ultraviolet (UV)
and vacuum ultraviolet (VUV) radiation, which was present only at the ion-
exposed surface, might also have affected the growth to some extent. Still,
the experiments using the ion-selective QCM sensor, which has the same
transmission of (V)UV radiation in ion-blocking and ion-transmission mode,
confirm that the observed trends were caused by ion exposure rather than by
(V)UV.

Plasma ALD of SiO2 was carried out in a FlexAL ALD system of Oxford
Instruments, which was equipped with a remote inductively coupled plasma
(ICP) source operated at 13.56 MHz. 20 Additionally, an external 13.56 MHz
power supply could be connected to the reactor table to apply a substrate
bias. 14,16 For all depositions, SiH2(NEt2)2 was used as precursor (with doses of
∼830 mTorr·s per cycle) and 100/50 sccm O2/Ar plasma as coreactant. Unless
stated otherwise, 600 W ICP power, a grounded substrate, and a pressure of
50 mTorr was used during the plasma steps, providing a relatively low ion flux
and energy (i.e., ∼1013 cm−2s−1 and 9±1 eV average, see Appendix 7.A). No
significant etching component (e.g., by sputtering) was present under these
conditions (see Appendix 7.A). Plasma exposure times ranging from 3.8 up to
120 s per cycle were used to demonstrate the impact of the ion dose (nm−2

cycle−1). As reported in Appendix 7.A, similar trends are obtained within
shorter plasma steps when supplying a higher ion energy and flux, for exam-
ple by using a lower plasma pressure.

A schematic cross-sectional side view of the used LHAR structures (PillarHall®

generation 3 and 4, developed by Puurunen and co-workers) 17,18,21–27 is pro-
vided in Figure 7.1A in Section 7.3, also illustrating film growth during plasma
exposure. Using a network of Si pillars, a polysilicon membrane is suspended
above a Si substrate with a nominal gap height of 500 nm to form a high-aspect-
ratio horizontal trench. The anisotropic ions only impinge on the surface in
the plasma-exposed region that is not covered by the membrane. In contrast,
the reactive plasma radicals are supplied to the exposed and shielded region,
as they can diffuse into the cavity up to aspect ratios as high as ∼900. 22 After
deposition, the membrane can be removed using adhesive tape. Subsequently,
in our experiments, the SiO2 thickness profile was measured by reflectome-
try (Filmetrics F40-UV with a StageBase-XY10-Auto-100mm mapping stage)
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to retrieve the local GPC in terms of thickness per cycle as plotted in Figure
7.1B. The local WER, as plotted in Figure 7.1C, was determined by measuring
the thickness profile before and after a 5 s etch in 30:1 BHF at room tem-
perature with NH4F as the buffer agent. The noise level in the reflectometry
measurements is dependent on the local thickness of the film before and
after etching. In addition to reflectometry, ex-situ spectroscopic ellipsometry
(SE) was performed on Si reference samples that were processed alongside
the corresponding LHAR samples, to more accurately measure the GPC and
WER obtained with ion exposure. To compare the impact of ions to the effect
of temperature, depositions were carried out at table temperatures of 100,
200, and 300 ◦C, using 250, 400, and 250 ALD cycles per sample, respectively.
Further experimental details are provided in Appendix 7.A.

7.3 Results and discussion

The data shown in Figure 7.1B and C demonstrates that the GPC- and WER-
values of the SiO2 grown with exposure to ions and neutrals (shaded area)
are lower than those of the SiO2 grown by neutral species only. In the region
without ion exposure, the local GPC gradually reduces with distance, while
the material quality in terms of WER remains similar with distance. In the ion-
exposed region, the GPC and WER significantly decrease when using longer
plasma steps, which is here exemplified by showing the results when using
12 and 120 s plasma exposure. In contrast, the GPC and WER in the region
without ion exposure are not significantly influenced by the plasma exposure
time (aside from a deeper film penetration into the cavity for a longer plasma
exposure24). This indicates that the radical dose itself has a negligible effect on
the SiO2 film thickness and quality when the plasma half-cycle is in saturation.
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OO+

With ions Without ions

Deposited film

Figure 7.1: LHAR cavity structures 17,18,21–27 (A) with which the GPC (B) and wet etch
rate (C) of SiO2 films grown with and without ion contribution were investigated. The
horizontal bars indicate the values obtained with (left) and without (right) ion exposure,
which are based on the thickness profiles measured by reflectometry after removal of
the membrane. The values obtained with ions (left) have been confirmed by SE. These
results, obtained at a table temperature of 200 ◦C using plasma steps of 12 and 120 s,
demonstrate that the GPC and WER decrease by the contribution of ions.

This experiment using LHAR samples has been repeated for a series of
plasma exposure times, at various table temperatures. The results shown in
Figure 7.2 confirm that the plasma exposure time has a limited effect on the
GPC and WER when the SiO2 is grown by neutral species only. In contrast, the
GPC and WER are reduced with ion contribution, where the reduction in GPC
and WER is larger for longer plasma steps. The refractive index (at 633 nm)
remains approximately constant at n ≈1.45 (see Appendix 7.A information),
indicating that the film density is relatively unaffected. As reference values, Fig-
ure 7.2 also provides the WERs measured for SiO2 grown by plasma-enhanced
chemical vapor deposition (PECVD, see Appendix 7.A) and for a thermal oxide
film. These values, obtained in this work under identical conditions, are simi-
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lar to values reported in the literature (e.g., 1.4 nm/s for PECVD SiO2 and 0.28
nm/s for a thermal oxide, extrapolated for 30:1 BHF from Williams et al.). 28

This comparison indicates that the film quality in terms of WER is similar
to PECVD SiO2 for moderate ion doses and approaches the high quality of a
thermal oxide for extended ion doses. Here it should be noted that the ion
energy also plays a role, as exemplified by the deposition using 60 W biasing
(giving high ion energies of ∼120 eV average).
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Figure 7.2: GPC (A) and wet etch rate (B) of SiO2 films grown with and without ion
contribution at table temperatures of 100, 200, and 300 ◦C, determined as shown in Fig-
ure 7.1. With ion contribution, the GPC and WER decrease when using longer plasma
exposures or by substrate biasing (here using 60 W bias power). For the deposition
using plasma steps of 120 s, the WER approached the value measured in this work
for a thermal oxide (dotted line). The column at the right also provides WER values
measured in this work for PECVD SiO2 grown at 100, 200, and 300 ◦C.



Evidence for Low-Energy ions Influencing Plasma ALD of SiO2 Chapter 7 | 127

Note that the GPC and WER are two very different parameters, where the
GPC is influenced by the surface chemistry during film growth (e.g., OH sur-
face coverage 10), while the WER reflects the properties of the deposited film
(e.g., impurity content 29). Nevertheless, a high similarity between the impact
of ions on the GPC and on the WER is observed. Both effects could be caused
by surface dehydroxylation induced by the kinetic energy delivered by the
impinging ions. A lower OH surface coverage can limit the amount of precur-
sor adsorption per cycle and thereby lower the GPC, 10 while dehydroxylation
could also lower the OH impurity content in the film and reduce the WER. 29

Similarly, a higher deposition temperature can also induce dehydroxylation 30

and lower the GPC 10 and WER. These factors make the effects of ion exposure
and temperature somewhat interchangeable, as also observed in Figure 7.2.

To confirm that ions are the species responsible for the observed effect,
an additional experiment has been performed in the same reactor using a
special ion-selective QCM sensor (Quantum probe of Impedans Ltd.). In this
sensor, the QCM was embedded in a retarding field energy analyzer (RFEA). 19

An RFEA is normally used to measure the energy distribution and flux of ions
impinging on the substrate. 16,19,31,32 Here, as illustrated in Figure 7.3A, the
RFEA grids were used to completely block (e VD > Ei o n ) or partly transmit
(VD = 0) the flux of ions to the quartz crystal, where VD is the potential of the
discriminator grid and Ei o n the maximum ion energy. 19 A representative result
is shown in Figure 7.3B, where the absolute change in resonance frequency
(which is proportional to the deposited mass) 19,33 is plotted for 9 ALD cycles of
SiO2 with and without ion transmission. The slope of this signal represents the
GPC in terms of mass per cycle, which here also reflects the thickness per cycle
since the mass density is approximately unaffected (see Appendix 7.A). Under
the used plasma conditions (100 ◦C, ∼19 mTorr, 100/50 sccm Ar/O2, 600W ICP
power, 10 W bias power, and 5 s plasma steps), the GPC with ion exposure was
reduced to 78±7 % of the value obtained without ion transmission. This is
comparable to the reduction in GPC observed using the LHAR samples when
using 38 s plasma exposure.
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Figure 7.3: Cross-sectional side view of the ion-selective quartz crystal microbalance
sensor used in this work (A). The quartz crystal is embedded in an RFEA which can be
used to measure the energy distribution of ions and to block (voltage VD > Ei o n/e ) or
transmit (VD = 0) the flux of ions to the quartz crystal. Panel (B) shows results obtained
for plasma ALD of SiO2, which confirm that the GPC is reduced upon exposure to
ions. Here, the raw data of three sets of measurements (light background signal),
smoothened signals and linear fits are overlaid. Schematic (A) has been reproduced
from Sharma et al., Rev. Sci. Instrum. 87, 043511 (2016). 19 Copyright AIP Publishing.

Both experimental approaches thus indicate a significant impact of ions
on plasma ALD of SiO2, yet the magnitude of this impact will depend on the re-
actor and plasma conditions used, i.e., on the flux and energy of the impinging
ions, making it difficult to predict the growth behavior in general. A multitude
of data corresponding to various experimental conditions is given in Figure
7.4, which reveals that the magnitude of the influence of ions appears to be
determined by the delivered ion energy dose. This parameter, calculated as
ion flux × plasma exposure time ×mean ion energy, 16 was here estimated by
RFEA measurements (see Appendix 7.A). The data are benchmarked against
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values obtained by Faraz et al.. 14 and by the ion-selective QCM data (the ratio
GPCW i t h i o n s

GPCW i t ho u t i o n s
scaled assuming 1.45 Å/cycle in ion-blocking mode). Figure 7.4

can serve as a map to compare very different reactors and processing con-
ditions. It also shows that the influence of ions on plasma ALD of SiO2 is
negligible when supplying an ion energy dose lower than ∼3 eV nm−2 per
cycle. On the other side, the growth is significantly influenced when dosing
for instance 100 eV nm−2 per cycle or higher. This effect will only be obtained
at the surfaces undergoing ion impingement, e.g., the planar top and bottom
surfaces of a 3D trench structure and not its vertical sidewalls. 14
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Figure 7.4: GPC of SiO2 grown with ion exposure, showing a clear trend with the
supplied ion energy dose as measured by an RFEA. The ion energy dose was varied
by using different plasma pressures and exposure times (this work) and by substrate
biasing (Faraz et al.). 14 The trend is confirmed by the ion-selective QCM measurements,
for which the data is scaled assuming a GPC of 1.45 Å/cycle in ion-blocking mode
(dotted line, see Figure 7.2).

7.4 Conclusions

In conclusion, we have demonstrated that ions have a stronger impact on
plasma ALD of SiO2 than usually considered. Even low-energy ions (<20 eV)
can significantly influence the GPC and material quality, where the magnitude
of this influence can be predicted by the supplied ion energy dose. Aside from
a deeper fundamental understanding, these insights provide very practical
opportunities as well. For instance, a low plasma pressure, substrate biasing
or extended plasma exposure time can be used to increase the ion energy
dose and optimize material quality. In contrast, a low ion energy dose allows
for a more uniform and conformal film in terms of thickness and material
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properties. Finally, the difference in WER with and without ion exposure can
be exploited for topographic selective processing on 3D substrates. 12,14 This
work thus provides valuable insights for tailoring SiO2 film growth by ALD in
state-of-the-art and next-generation device applications.
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7.A Appendix

In this work, the impact of low-energy ions during plasma-assisted atomic layer de-
position (ALD) of SiO2 was investigated using lateral-high-aspect-ratio (LHAR) trench
structures and ion-selective quartz crystal microbalance (QCM) measurements. Fur-
ther experimental details on these methods are given at the end of this appendix. First,
the section below provides additional information on the role of ion energy and flux
and on the potential effects of sputtering and densification during plasma ALD of SiO2.

Role of ion energy and flux

In Figure 7.5 we provide the retarding field energy analyzer (RFEA) 16,31,32 data that
was used to calculate the values of 1) the mean ion energy and 2) the ion energy dose
reported in the letter. The calculation of these parameters using the measured ion
flux-energy distribution functions (IFEDFs) is described in more detail by Faraz et al. 16

Furthermore, this section provides data showing that:

• Figure 7.6: Increasing the ion energy and/or flux, for example by reducing the
plasma pressure or by applying a substrate bias (for a constant plasma exposure
time), has a similar effect on plasma ALD of SiO2 as increasing the plasma ex-
posure time (for constant plasma conditions), as shown in panel A. As a result,
the magnitude of the decrease in growth per cycle (GPC) under ion exposure
appears to be determined by the supplied ion energy dose, as shown in panel
B. This parameter, which is relatively easy to estimate for different plasma ALD
systems, can thus be used to predict and tailor the growth behavior. Note that
the plotted data are also (partly) given in Figures 7.2 and 7.4. Here it serves to
further illustrate the effects of pressure and biasing.

• Figure 7.7: Etching of the SiO2 during ALD (e.g., by sputtering) is not responsible
for the observed decrease in GPC under ion exposure. This is argued by the
results of a post-deposition plasma treatment, where no significant decrease in
thickness is observed compared to the effect of ions during deposition (reported
in Figure 7.6). Moreover, the ion energies supplied in our experiments using a
grounded substrate are well below the sputtering threshold of∼100 eV (reported
for O+ ion impingement on SiO2 grown by plasma ALD). 34

• Figure 7.8: The refractive index (at a wavelength of 633 nm, measured ex-situ
by spectroscopic ellipsometry (SE)) is relatively unaffected by ion exposure,
indicating that the observed decrease in GPC in terms of thickness per cycle is
mostly due to a reduction in active sites for precursor adsorption (i.e., hydroxyl
groups), 10,29 rather than by densification of the material.
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Figure 7.5: Ion flux-energy distribution functions measured by an RFEA, used to cal-
culate the supplied ion energy doses at the plasma conditions used in this work (A)
(pressure series) and by Faraz et al. (B) (bias series) during plasma ALD of SiO2. 14 These
distributions were measured by two different RFEA probes: a 4-grid Semion probe of
Impedans Ltd. with a calculated effective ion sampling area of Ae f f = 1.16 mm2 (A)
and a 3-grid version with Ae f f = 0.39±0.09 mm2 (B) as calibrated by Faraz et al. 16

Figure 7.6: Growth per cycle of SiO2 grown with ion exposure, at a varied plasma
pressure (this work) and substrate bias power (Faraz et al.). 14 A lower GPC is obtained
at plasma conditions with a higher ion energy and/or flux, i.e., at a lower pressure or a
higher bias power. As a result, the GPC is not only determined by the plasma exposure
time (A), but rather by the supplied ion energy dose (B), determined using the RFEA
measurements provided in Figure 7.5.
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Figure 7.7: Argon plasma treatment of SiO2 grown by plasma ALD at 100 ◦C. No signifi-
cant decrease in thickness by physical sputtering is obtained compared to the influence
of ions during deposition (reported in Figure 7.6). Specifically, when a similar total ion
energy dose would be supplied during plasma ALD, e.g., 200 eV nm−2 cycle−1 during
300 cycles, the thickness of the deposited SiO2 film would reduce from∼43 nm (without
ions) to ∼30 nm (with ions). The ion flux-energy distribution function of the employed
Ar plasma is provided in the inset. In our depositions using Ar/O2 plasma the possible
effect of sputtering is expected to be even lower, as the reactive oxygen species present
can replenish sputtered O.

Figure 7.8: Refractive index at 633 nm of SiO2 grown with ion exposure for differ-
ent plasma pressures and exposure times, measured by spectroscopic ellipsometry,
showing that the refractive index only changes marginally. These values are similar to
the refractive indices measured in this work for SiO2 grown by PECVD (∼1.47) and a
thermal oxide film (∼1.46).
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Further experimental details

Experiments using lateral-high-aspect-ratio structures

All-silicon latera-high-aspect-ratio trench structures, 17,18 where part of the growth
surface is shielded from ions by a suspended membrane, were used in this work to
study the thickness and wet etch rate of SiO2 films grown by plasma ALD with and
without the contribution of ions. Here, we provide additional figures explaining the
LHAR structures and experimental procedure (Figure 7.9) and the measurement data
obtained using these structures (Figure 7.10).

Figure 7.9: Top view pictures (top) and schematic cross-sectional side view images
(bottom) of PillarHall® lateral-high-aspect-ratio cavity structures, 17,18 which were used
in this work to study plasma ALD of SiO2 with and without the contribution of ions. For
each sample, the silicon membrane was removed after deposition using adhesive tape
and the thickness profile was measured by reflectometry (see Figure 7.10(A)). This was
repeated after partly etching the film in a buffered hydrofluoric acid (BHF) solution, to
determine the local wet etch rate as plotted in Figure 7.10(B).
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Figure 7.10: Thickness profiles of a SiO2 film grown by plasma ALD on a LHAR cavity
structure (described in Figure 7.9), before and after a 5 second etch in 30:1 BHF (A).
The difference in thickness was used to determine the local wet etch rate as plotted in
(B). The thickness profiles were measured by reflectometry (Filmetrics F40-UV with
a StageBase-XY10-Auto-100mm mapping stage). In addition, the thickness values
obtained with exposure to ions have also been measured by SE on silicon reference
samples (details given below). The values measured by SE are here indicated as red
horizontal bars.

Spectroscopic ellipsometry

In addition to reflectometry, the thickness and refractive index of the SiO2 films grown
with exposure to ions were measured by spectroscopic ellipsometry. These measure-
ments were performed ex-situ on pieces of silicon wafer (Czochralski silicon (100),
single side polished, ∼1.6 nm native oxide) that were processed alongside the corre-
sponding LHAR structure. The optical properties of the SiO2 were not significantly
affected when measuring ex-situ compared to in-situ. 35 The measurements were car-
ried out using a J.A. Woollam Co. M-2000D ellipsometer, at three angles of incidence
(65◦, 70◦ and 75◦) and a wavelength range of 190-1000 nm, where a standard Cauchy
dispersion model 10,36 was used to fit the thickness and refractive index (at 633 nm)
of the SiO2 film. Optimal fitting results (i.e., low mean square errors) were obtained
without including surface roughness in the model, where the thickness of the native
oxide layer was fixed at 1.6 nm.
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Plasma-enhanced chemical vapor deposition

The SiO2 films grown by plasma-enhanced chemical vapor deposition (PECVD) were
prepared in this work using an Oxford Instruments PlasmaLab System ICP PECVD tool.
The films were deposited using 7 minutes of 4/13 sccm SiH4/N2O plasma at 2 mTorr,
1000 W ICP power, 30 W bias power, and table temperatures of 100, 200, and 300 ◦C,
yielding film thicknesses of approximately 79, 73, and 65 nm, respectively.

Ion-selective quartz crystal microbalance measurements

In the ion-selective QCM experiments the ion energy dose was varied using three
plasma conditions: 0 W bias for 5 s, 10 W bias for 5 s, and 10 W bias for 12 s. Here,
it should be noted that the grids located above the quartz crystal also block part of
the ion flux in transmission mode. For the estimated values of the ion energy dose

given in Figure 7.4 a grid transmission of
�

1
2

�4≈0.06 was assumed 19 and the IFEDFs
plotted in Figure 7.5(B) (0 and 10 W bias) were used. The plasma conditions used in
the QCM experiments were different (i.e., 600 W ICP power, 100:50 Ar:O2, ∼19 mTorr),
yet comparable in the sense that the difference in ion energy dose is expected to be
smaller than a factor 2 based on previous RFEA data. 16

Finally, it should be noted that the resonance frequency of the quartz crystal,
which was used to determine the GPC with and without transmission of ions, can
also be affected by temperature. 19,33 Here, the influence of temperature was mitigated
by maintaining an approximately constant pressure, by using several pre-heating
cycles without precursor doses and by heating the reactor table and walls to 100 ◦C,
where the resonance frequency of the crystal was relatively insensitive to changes in
temperature. 19 Furthermore, an additional quartz crystal was integrated in the sensor
and shielded from deposition to account for changes in temperature. 19 Still, it was
observed that a slight effect of heating by ions (and other plasma species) was present,
which could not be corrected for by the reference crystal. As a result, the resonance
frequency decreased by approximately 0.004 Hz/s in ion-transmission mode compared
to ion-blocking mode. This effect, which was much lower than the deposition rates
of 0.114±0.003 Hz/s (with ions) and 0.151±0.004 Hz/s (without ions) corresponding
to Figure 7.3, was corrected for in the calculations of GPCW i t h i o n s

GPCW i t ho u t i o n s
and included as

additional uncertainty in the error bars.
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8 8Impact of Ions on Film
Conformality and Crystallinity
during Plasma-Assisted
Atomic Layer Deposition of
TiO2

Abstract

This work demonstrates that ions have a strong impact on the growth per cycle (GPC) and
material properties during plasma-assisted atomic layer deposition (ALD) of TiO2 (titanium
dioxide), even under mild plasma conditions with low-energy (<20 eV) ions. Using vertical
trench nanostructures and microscopic cavity structures that locally block the flux of ions,
it is observed that the impact of (low-energy) ions is an important factor for the TiO2 film
conformality. Specifically, it is demonstrated that the GPC in terms of film thickness can
increase by 20% to >200% under the influence of ions, which is correlated with an increase
in film crystallinity and an associated strong reduction in wet etch rate (in 30:1 buffered HF).
The magnitude of the influence of ions is observed to depend on multiple parameters such
as the deposition temperature, plasma exposure time, and ion energy, which may all be
used to minimize or exploit this effect. For example, a relatively moderate influence of ions
is observed at 200 ◦C when using short plasma steps and a grounded substrate, providing
a low ion energy dose of ∼1 eV nm−2 cycle−1, while a high effect is obtained when using
extended plasma exposures or substrate biasing (∼100 eV nm−2 cycle−1). This work on TiO2

shows that detailed insight into the role of ions during plasma ALD is essential for precisely
controlling the film conformality, material properties, and process reproducibility.

Published as: K. Arts, H. Thepass, M.A. Verheijen, R.L. Puurunen, W.M.M. Kessels, and H.C.M.
Knoops, Chem. Mater. 33, 5002–5009 (2021).
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8.1 Introduction

Titanium oxide is a widely studied material and as thin film has many ap-
plications, 1 such as in photocatalysis, 2 photonics, 3–5 photovoltaics, 6 and
nanoelectronics, 7 where in the latter TiO2 primarily functions as high-k di-
electric. Especially in the field of nanoelectronics, the miniaturization of
device structures has strongly increased the demand for atomic-scale pro-
cessing techniques such as (plasma-assisted) atomic layer deposition (ALD),
which can typically provide atomic-level thickness control. 8–10 In the case
of TiO2, ALD is used for instance in self-aligned multiple patterning for the
preparation of nm-thin TiO2 sidewall spacers. 11,12 Furthermore, plasma ALD
of TiO2 has been reported for gap-filling and encapsulation applications in
the fabrication of memory devices such as DRAM, where a high level of TiO2

film conformality is required to isolate adjacent memory cells. 13

In previous work (Chapters 5 and 6), we demonstrated that plasma ALD
of TiO2 can fully penetrate into horizontally-oriented trench structures with
extremely high aspect ratio (AR) values of ∼800. 14,15 This indicates that excel-
lent TiO2 film conformality can be achieved, which is enabled by a low loss of
reactive radicals on the TiO2 surface. 14,15 However, it is possible that the film
conformality is still reduced by any influence of ions, which were not taken
into account in our previous study employing the horizontal trench struc-
tures. 16 Even though ions often have a beneficial effect, 17–20 the flux of ions
on surfaces is inherently anisotropic and can therefore induce non-uniform
growth behavior on a 3D surface topography. 20

The influence of ions on plasma ALD of TiO2 has been explored for in-
stance by Profijt et al. 17 and Faraz et al. 19, by greatly increasing the energy of
the ions (e.g., to 100-200 eV) through external substrate biasing. For example,
it has been shown that high-energy ions can be used to tune the properties of
the deposited TiO2 such as the crystalline phase, film density, residual stress
and refractive index. 17,19 These are all important for controlling application-
relevant parameters, such as the optical properties, 3–5 etch resistance 11,12

and catalytic activity. 2 Here, using Ti(NMe2)4 as precursor, we demonstrate
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that also ions with low energies of <20 eV, as typical during plasma ALD pro-
cesses, 9,20 have a crucial impact on plasma ALD of TiO2.

By investigating film growth with exposure to ions and without any contri-
bution of ions, we reveal that the influence of ions is significant even under
mild plasma conditions and when using a grounded substrate. This influ-
ence is verified to significantly affect the film conformality obtained on 3D
nanostructures. Moreover, the growth per cycle (GPC) is observed to be highly
susceptible to the influence of (low-energy) ions. This can be an important
factor behind the large spread in GPC values reported in the literature 19,21–29

for this process (see Appendix 8.A). Therefore, detailed information on the
influence of ions may be essential for improving the limited reproducibility
of plasma ALD of TiO2 in between labs and ALD tools, which appears to be
a long-standing issue. In addition to the GPC, the influence of ions on the
crystallinity of the TiO2 is investigated, since the crystallinity can have a strong
effect on the ALD growth behavior 30,31 and on material properties such as
the wet etch rate and refractive index. Finally, the impact of ions is studied at
various deposition temperatures and plasma exposure times to explore under
what conditions this impact can either be minimized or exploited.

8.2 Experimental method

The impact of ion exposure during plasma ALD of TiO2 has been investi-
gated using microscopic lateral-high-aspect-ratio (LHAR) trench structures
(PillarHall® generation 4), 32–34 where only part of the growth area is exposed to
ions. 16 A top view microscope image and schematic cross-sectional side view
images of the LHAR structures are provided in Figure 8.1. In these all-silicon
structures, a horizontally-oriented cavity with an extremely high AR is formed
by a surface over which a membrane is suspended that is supported by a
network of pillars with nominal gap height of 500 nm. During deposition, the
anisotropic ions only impinge on the surface in the plasma-exposed region
that is not covered by the membrane. In contrast, the plasma radicals are
supplied to the exposed and shielded regions, as they can diffuse deep into
the cavity. 16

In our experiments, the ion-shielding membrane of each LHAR structure
was removed after deposition using adhesive tape. Subsequently, the thick-
ness of the film grown with and without exposure to ions, as plotted in Figure
8.3C in terms of the local GPC, was measured using optical reflectometry
(Filmetrics F40-UV with a StageBase-XY10-Auto-100mm mapping stage). The
film thickness was fitted assuming a refractive index of 2.49 at 633 nm for
TiO2, as confirmed by spectroscopic ellipsometry (SE). The assumption of a
constant refractive index for all conditions is not perfect, but has a relatively
minor influence on the accuracy of the thickness measurement. In addition
to the GPC, the local wet etch rate was determined by measuring the thickness
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Figure 8.1: Top view microscope image and schematic cross-sectional side view images
of PillarHall® LHAR cavity structures, 32–34 used in this work to study plasma ALD of
TiO2 with exposure to ions (opening) and without any contribution of ions (cavity).

profile before and after a 7 minute etch in 30:1 buffered HF at room tempera-
ture, with NH4F as the buffer agent. For all reflectometry measurements of
the GPC and wet etch rate, the thickness (and optical properties) of the TiO2

grown with exposure to ions was verified using ex-situ SE. These measure-
ments were performed on Si reference samples that were processed alongside
the corresponding LHAR structures (see Appendix 8.A for the used SE model
and hardware). Finally, the crystallinity of the TiO2 was investigated by Raman
spectroscopy using an Invia confocal Raman microscope of Renishaw.

In addition to the studies using LHAR structures, the impact of ions on the
TiO2 film conformality has been evaluated using more traditional, vertically-
oriented trench nanostructures with different ARs in the range of approxi-
mately 1 to 10. 19,35 The coupon containing these trench nanostructures was
prepared and provided by Lam Research. A cross-sectional analysis of the
acquired film conformality was carried out using high-angle-annular-dark-
field scanning transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS), both using a JEOL ARM 2010F. The TEM
sample was prepared by a standard focused ion beam (FIB) lift-out scheme,
after coating the processed coupon with a protective spin-on epoxy layer.
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All depositions were carried out using an Oxford Instruments FlexAL ALD
reactor, equipped with a remote inductively coupled plasma (ICP) source op-
erated at 13.56 MHz. 36 For the O2/Ar plasma half-cycles, 100 sccm O2 flow, 50
sccm Ar flow, 50 mTorr pressure, 600 W ICP power, and a grounded substrate
were used. This provided a relatively low ion flux and energy of∼1013 cm−2 s−1

and 9±1 eV average (see Figure 8.2), as measured using a retarding field energy
analyzer (RFEA) (Semion sensor of Impedans Ltd.). In addition, in one depo-
sition run 60 W substrate biasing was used, supplied by an RF power supply
through an automatic matching unit. As measured using an RFEA, this gives a
high mean ion energy of∼120 eV during all plasma steps of this deposition run.

Figure 8.2: Ion flux-energy distribution function (IFEDF) 20 of the O2/Ar plasma em-
ployed in this work (solid line). The plasma was generated at a pressure of 50 mTorr,
using 600 W ICP power and a grounded substrate, providing a low mean ion energy of
9±1 eV and an ion flux of ∼1013 cm−2 s−1 (peak area). As a comparison, the IFEDF of
O2/Ar plasma generated at a pressure of 12 mTorr is also shown (dotted line).

The precursor Ti(NMe2)4 (tetrakis(dimethylamino)titanium, TDMAT) was
used for the growth of TiO2. In addition, SiH2(NEt2)2 (bis(diethylamino)silane,
BDEAS) and AlMe3 (trimethylaluminum, TMA) were used for growing SiO2 and
Al2O3, respectively, which served as benchmark materials for comparing the
influence of ions. In all recipes high precursor doses were used such that the
film penetration into the LHAR structures was typically limited by the plasma
steps. 14 Unless stated otherwise, all depositions were carried out using 400
ALD cycles. To study the influence of ions at different conditions, the TiO2

depositions were carried out at set table temperatures of 100, 200, and 300 ◦C,
with a chamber wall temperature of 145 ◦C (or 100 ◦C for the table temperature
setpoint of 100 ◦C). Due to limited thermal contact between the substrate and
the table, these temperature setpoints corresponded to estimated substrate
temperatures of 100, 180, and 240 ◦C. Finally, the influence of the ion dose was
studied by using different plasma exposure times of either 3.8, 12, 38, or 120 s
per ALD cycle.
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8.3 Results and discussion

Here, the results obtained using the aforementioned experimental approaches
are presented. First, the impact of ions on film conformality during plasma
ALD of TiO2 is discussed. The results are benchmarked against the film confor-
mality obtained during plasma ALD of SiO2, where low-energy ions also have
a significant influence. 16 Moreover, the results are compared to plasma ALD
of Al2O3 to illustrate that, specifically for plasma ALD of TiO2 and SiO2, the
influence of ions on film conformality is typically stronger than the influence
of radical recombination (which is described in Chapters 5 and 6). Secondly,
the impact of ions on the TiO2 material properties (i.e., crystallinity and wet
etch rate) and GPC is investigated at different deposition temperatures and
plasma exposure times.

Film conformality: benchmark against plasma ALD of SiO2

The impact of ions on plasma ALD of TiO2 was first investigated using LHAR
cavity structures, of which a schematic cross-sectional side view is given in
panel A of Figure 8.3. Panel B shows top-view optical microscope images of the
LHAR structures after deposition and removal of the ion-shielding membrane.
The TiO2 and SiO2 films (deposited using a table temperature of 200 ◦C, plasma
steps of 12 s, and a grounded substrate) are visible in panel B due to optical
thin-film interference. Finally, panel C shows the local GPC (the average over
400 cycles) in terms of film thickness as a function of distance into the LHAR
structures.

Two key results are provided by Figure 8.3. First of all, deposition by re-
active neutrals is achieved up to a distance of ∼250 µm, corresponding to an
extremely high AR value of∼500, with a relatively limited decrease in thickness
with distance into the cavity. This confirms that excellent film conformality
can be achieved for both materials, as reported in our earlier work (Chapters
5 and 6). 14,15 Yet, Figure 8.3 also demonstrates that for both processes the
film growth is significantly influenced by ions. This is seen, for instance, in
the top-view optical microscope images (panel B), where the surface areas in
the ion-exposed regions have a different darkness compared to the shielded
cavity regions (i.e., darker for TiO2 and lighter for SiO2). Panel C shows that
the difference in darkness corresponds to a significantly higher GPC for TiO2,
while the GPC for plasma ALD of SiO2 is reduced upon exposure to ions. 16

The observed impact of (low-energy) ions suggests that ions can significantly
influence film conformality during plasma ALD of TiO2 and SiO2, as the flux
of ions is directional and can therefore cause non-uniform growth on a 3D
structure. To assess to what extent the influence of ions is also observed on
traditional, vertically-oriented trench structures with relatively low ARs of<10,
a case study is carried out in Figure 8.4.
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Figure 8.3: Schematic side view (A) of LHAR cavity structures used to study plasma
ALD of SiO2 and TiO2 with (left) and without (right) exposure to (low-energy) ions.
Examples of deposited films are visible in the top view optical microscope images (B),
where the ion-shielding membrane is removed. The reflectometry data given in panel
C indicate that the GPC obtained with exposure to ions (left) is significantly higher for
TiO2 and lower for SiO2 compared to the GPC obtained without any contribution of
ions (right). The values obtained with exposure to ions are confirmed by spectroscopic
ellipsometry (red, horizontal bars).

Figure 8.4 shows cross-sectional TEM images (panels A and C) and an
elemental map by EDS (panel B) of a stack of alternated layers of TiO2 and
SiO2, deposited by plasma ALD on vertical trenches with different ARs. Each
TiO2 layer was grown using 140 cycles and each SiO2 layer using 70 cycles.
Additionally, a single layer of Al2O3 is included, also grown by plasma ALD
using 70 cycles. Throughout the deposition of the stack, the same conditions
were used as in Figure 8.3 (i.e., a table temperature of 200 ◦C, plasma steps of
12 s, and a grounded substrate). While panels A and B demonstrate conformal
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and seamless gap-filling by plasma ALD of TiO2 and SiO2, a closer inspec-
tion does reveal that the film conformality is indeed influenced by ions. This
influence is quantified in panel D, where the average GPC is plotted for the
TiO2 and SiO2 layers grown at the different locations indicated in panel C. For
TiO2, the GPC obtained on surfaces that are directly exposed to ions (i.e., the
planar bottom and top surfaces) is again higher than the GPC on surfaces with
limited exposure to ions (i.e., the sidewalls). For SiO2 the opposite is observed,
where the GPC is lower on the ion-exposed surfaces.

The results presented in Figure 8.4 illustrate that any influence of (low-
energy) ions can to a certain extent compromise film conformality during
plasma ALD in general. Another factor that often limits film conformality
during plasma ALD is the loss of reactive radicals through recombination at
surfaces. 14,15,37 This loss mechanism typically limits the AR up to which film
growth by plasma ALD is feasible. 14,15,37 Compared to plasma ALD of TiO2 and
SiO2, surface recombination of oxygen radicals is much more significant in
the case of plasma ALD of Al2O3. 14 Nevertheless, for the fairly low ARs used,
panels A and B reveal that also for plasma ALD of Al2O3 a highly conformal
film is obtained even in the narrowest trench, indicating that the impact
of radical recombination was negligible. Similarly, the results obtained in
Figure 8.3 for TiO2 and SiO2 also indicate a negligible influence of radical
recombination, as relatively conformal film growth by radicals was achieved
up to extremely high AR values of ∼500. 14 Specifically for plasma ALD of
TiO2 and SiO2, film conformality is thus mostly influenced by the impact
of ions (under the representative conditions used), rather than by surface
recombination of reactive radicals.
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Figure 8.4: Cross-sectional HAADF-STEM images (A and C) and an EDS map (B) of
a stack of alternated TiO2 and SiO2 layers, and a single layer of Al2O3, deposited on
vertical trenches with different initial aspect ratios of approximately 4.3 (A, left), 5.6
(A, right) and 0.6 (C). All layers are grown at 200 ◦C using plasma steps of 12 s. Panel D
gives the GPC values corresponding to the TiO2 and SiO2 layers grown at the different
locations indicated in panel C (excluding the first SiO2 layer), demonstrating a similar
influence of ions as observed in Figure 8.3 using LHAR cavity structures.



150 | Chapter 8 Results and discussion

Film crystallinity and the influence of process conditions

In addition to the film thickness, low-energy ions can also influence the prop-
erties of the deposited TiO2. This has also been studied using the LHAR struc-
tures. For this purpose, TiO2 depositions were carried out at table temperature
setpoints of 100, 200, and 300 ◦C, using plasma steps of 38 s and the same
plasma conditions as before (i.e., a grounded substrate and a mean ion energy
of 9±1 eV). Additionally, at a table temperature of 200 ◦C a deposition run was
carried out using plasma steps of 12 s and 60 W substrate biasing, giving a
high mean ion energy of ∼120 eV.

The crystallinity of the deposited TiO2, which was investigated using Ra-
man spectroscopy, can have a large impact on material properties such as
the refractive index 19 as well as on the ALD growth behavior. 30,31 Examples
of Raman spectra are presented in Figure 8.5, which are all measured in the
ion-exposed regions of the LHAR structures and serve as a benchmark for the
TiO2 grown without exposure to ions (discussed in Figure 8.6). For the purpose
of comparing different measurements, all Raman spectra are normalized to
the 302 cm−1 peak of the silicon substrate, of which the signal is subtracted
from the data (see Appendix 8.A). Peaks corresponding to the anatase phase
of TiO2 are obtained for depositions at a table temperature of 200 and 300 ◦C,
while peaks corresponding to rutile TiO2 are measured for the film grown with
substrate biasing using a table temperature of 200 ◦C. An almost negligible
Raman signal is obtained when using a table temperature of 100 ◦C, indicating
a predominantly amorphous film. These observations are in good agreement
with results reported in the literature. 5,17,19,30,38,39



Impact of Ions on Plasma ALD of TiO2 Chapter 8 | 151

Figure 8.5: Substrate-corrected Raman spectra of TiO2 films grown with exposure to
ions, at table temperatures of 100, 200, and 300 ◦C, using a grounded substrate (mean
ion energy of 9±1 eV) and plasma steps of 38 s. Additionally, one film is grown at 200 ◦C
using 60 W substrate biasing (mean ion energy of∼120 eV) and plasma steps of 12 s. All
spectra are normalized to the 302 cm−1 peak of the silicon substrate (see Appendix 8.A).
Peaks corresponding to the anatase (A) and rutile (R) phase of TiO2 are indicated. 30,40

To probe the crystallinity of the TiO2 grown with and without exposure to
ions, the Raman measurements presented in Figure 8.5 have been performed
in the ion-exposed and ion-shielded region of the LHAR structures. The results
are summarized in panel C of Figure 8.6, where the area of the normalized
144 cm−1 peak for anatase TiO2, or 610 cm−1 peak for rutile TiO2, is plotted as
a function of distance into the cavity. This peak area gives a measure for the
level of crystallinity, which can for instance be amorphous (negligible signal),
mixed-phase (low signal), or fully crystalline (high signal), although other
aspects such as crystal size could also play a role. Furthermore, the Raman
signals are compared with the local GPC in terms of thickness (panel A) and
the local wet etch rate in 30:1 buffered HF (panel B).

The Raman data given in Figure 8.6 indicate that predominantly crystalline
TiO2 is grown at 200 and 300 ◦C with exposure to ions, while the Raman signal
strongly decreases in the region where the TiO2 is grown without any contribu-
tion of ions. Correspondingly, at 200 and 300 ◦C the wet etch rate is negligible
in the ion-exposed region (as confirmed by spectroscopic ellipsometry), but
is considerably higher (∼0.02 nm/s) in the ion-shielded region. A somewhat
similar but less pronounced effect is observed for plasma ALD of SiO2, where
the wet etch rate reduces up to a factor of ∼10 upon exposure to ions. 16 At 300
◦C, the Raman signal is also significant in the ion-shielded region, indicating
that the thermal energy alone was sufficient for crystallization. The gradual
decrease in Raman signal with distance into the cavity (and corresponding
increase in wet etch rate) could be a thickness effect, since complete film
crystallization typically only happens after reaching a certain film thickness
(here, all films were grown using 400 cycles). 23,30,31,41–43 Moreover, since a
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Figure 8.6: Local GPC, wet etch rate, and Raman peak area (at 144 or 610 cm−1) of
TiO2 films grown using 400 cycles on LHAR cavity structures, indicating a significantly
higher GPC, wet etch resistance, and crystallinity in the region where the TiO2 is grown
with exposure to ions (left). The GPC and wet etch rate values obtained with exposure
to ions are confirmed by spectroscopic ellipsometry (horizontal bars). The wet etch
rate data obtained at 200 ◦C with substrate biasing (not shown here) are similar to
those obtained with a grounded substrate (see Appendix 8.A). At 100 ◦C, the film grown
without exposure to ions was fully etched, corresponding to a wet etch rate of ≥0.05
nm/s.

higher GPC is obtained for crystalline TiO2 (as further discussed below), 19,31

this gradual decrease in crystallinity could have enhanced the decrease in
GPC with distance into the cavity acquired at 300 ◦C. Finally, at 100 ◦C, an
almost negligible Raman signal and a significant wet etch rate of ∼0.02 nm/s
is obtained in the ion-exposed region, while the Raman signal goes to zero
and the wet etch rate strongly increases to ≥0.05 nm/s in the ion-shielded
region (where the film was completely etched).
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In addition to the wet etch rate, the Raman signal is also correlated with
the GPC. A considerably higher average GPC is obtained for the crystalline
(anatase or rutile) films compared to the amorphous films. This impact of
crystallinity on the GPC during plasma ALD of TiO2 has also been reported
in the literature 19,31 and may be related to the difference in surface morphol-
ogy 19,30,31,38 and microstructure between amorphous, anatase and rutile TiO2

(see Appendix 8.A for scanning electron microscope (SEM) images of the TiO2

surface). The increase in GPC in the ion-exposed region is even larger for the
deposition carried out using substrate biasing. Since substrate biasing primar-
ily influences the ion energy, 20 this result supports that the observed effects
are indeed caused by ions. Other effects are expected to be of less influence,
such as the potential influence of photons (e.g., UV-induced surface hydroxy-
lation 44), a thermal growth component during the plasma half-cycle, 28 and
soft-saturation during the precursor step, where decomposition of Ti(NMe2)4

may be significant at high temperatures (e.g., at 300 ◦C). 45

By the aforementioned results it is concluded that, also under mild plasma
conditions, ions have a strong impact on the film crystallinity and GPC during
plasma ALD of TiO2. Since the flux and energy of ions is dependent on the
plasma source design and plasma conditions employed, this strong impact of
ions could (partly) explain the limited process reproducibility and large spread
in GPC values reported for TiO2 in the literature, 19,21–29 which appears to be a
long-standing issue. To better control the growth of TiO2 thin films by plasma
ALD, it is therefore important to gain detailed information on the influence of
ions under various conditions. This is further explored in Figure 8.7, which
summarizes data of TiO2 films grown on LHAR structures with and without
exposure to ions, using different plasma exposure times and temperature
setpoints of 100, 200, and 300 ◦C (see Appendix 8.A for the measured thickness
profiles).
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Figure 8.7: Refractive index at 633 nm (panel A) and GPC values (panels B and C)
of TiO2 films grown with exposure to ions (solid symbols) and without ions (open
symbols), at temperature setpoints of 100 and 300 ◦C (grounded substrate) and at 200 ◦C
(grounded and biased substrate). The refractive indices are measured by spectroscopic
ellipsometry on Si reference samples. The GPCs are determined using reflectometry
on LHAR structures as shown in Figure 8.3 and Figure 8.4, where the values obtained
with ions are confirmed by spectroscopic ellipsometry (see Appendix 8.A).

Figure 8.7 shows that the plasma exposure time, which sets the dose of
ions, has a different influence depending on the deposition temperature. For
example, at 100 ◦C the refractive index (at 633 nm) significantly increases when
using longer plasma steps (while the band gap remains similar, see Appendix
8.A). This suggests densification of the predominantly amorphous TiO2 grown
at 100 ◦C. In contrast, at 300 ◦C the refractive index of the (anatase) TiO2 is
relatively constant and the GPC slightly increases with plasma exposure time.
A minor increase in refractive index is observed at 200 ◦C, which is correlated
with a strong increase in Raman peak area (see Appendix 8.A) and an increase
in the difference in GPC with and without ions. Specifically, a difference
GPCWith ions−GPCWithout ions of approximately 0.15 Å/cycle is obtained when
using plasma steps of 3.8 s, which increases to approximately 0.5 Å/cycle when
using plasma steps of 38 s or 120 s.
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The results obtained at 200 ◦C illustrate that the plasma exposure time is a
parameter that can be used to either limit or exploit the influence of ions. As
demonstrated by Faraz et al., 20 also for plasma ALD of TiO2, the influence of
ions can be described and tuned in a more universal way in terms of the ion
energy dose, i.e., the mean ion energy × ion flux × plasma exposure time. 16,20

In Figure 8.7, the different plasma exposure times corresponded to an ion
energy dose of ∼3 eV nm−2 cycle−1 (3.8 s plasma) up to ∼110 eV nm−2 cycle−1

(120 s plasma), as calculated using the RFEA measurement given in Figure
8.2. At 200 ◦C the influence of ions was therefore still moderate at ∼3 eV nm−2

cycle−1 and appeared to have reached a maximum at ∼110 eV nm−2 cycle−1.
On the basis of these results, it is expected that an ion energy dose of ∼1 eV
nm−2 cycle−1 or lower should be used to limit the influence of ions during
plasma ALD of TiO2. A high plasma pressure, giving a more collisional plasma
sheath and a wider ion angle distribution, 46 could also help in obtaining
uniform growth on a 3D surface topography. On the other hand, a high ion
energy dose of ∼100 eV nm−2 cycle−1 can be used to exploit the influence of
ions, for instance for tailoring material properties and for emerging methods
such as topographically-selective processing. 19,47

8.4 Conclusions

In conclusion, we have demonstrated that ions, including ions with a low
energy of <20 eV, have a strong impact on the growth of TiO2 thin films by
plasma ALD. Notably, it was observed that the GPC can increase by ∼20%
to >200% under the influence of ions, even under common conditions such
as a mild plasma and when using a grounded substrate. Because the flux of
ions is directional, this influence has a strong impact on the film conformality
obtained on 3D nanostructures. Moreover, since conformal growth up to
extremely high AR values of ∼500 was achieved by a flux of reactive neutrals
only, the influence of ions on film conformality is dominant in the case of
plasma ALD of TiO2 under the conditions employed. The impact of ions on
the GPC was observed to be related to ion-induced crystallization, which led
to a strong reduction in wet etch rate. Moreover, the magnitude of this impact
was found to be dependent on multiple parameters such as temperature,
plasma exposure time, and ion energy. These results can serve as guidelines
for limiting or exploiting the influence of ions. For example, in this work,
relatively little influence of ions was observed at 200 ◦C when using short
plasma steps and a grounded substrate (giving a low ion energy dose of ∼1
eV nm−2 cycle−1), while the largest effect was obtained when using extended
plasma exposures or substrate biasing (∼100 eV nm−2 cycle−1). These are
important insights for advancing the level of control over plasma ALD of TiO2,
in terms of film conformality, material properties, and process reproducibility.
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8.A Appendix

In this work, we studied the impact of ions on the growth of TiO2 thin films by plasma
ALD. This was done using microscopic cavity structures, which locally blocked the flux
of ions during deposition. The results were analyzed by reflectometry, spectroscopic
ellipsometry (SE) and Raman spectroscopy. In this section, we provide additional
supporting data, namely: 1) an overview of the measured TiO2 thickness profiles, 2)
the wet etch rate data for TiO2 grown with substrate biasing, 3) Raman spectroscopy
data for TiO2 grown at 200 ◦C using different plasma exposure times, and 4) scanning
electron microscopy (SEM) images of the TiO2 surface. Moreover, further details are
given on how the SE data and Raman spectroscopy data were processed. But first, an
overview is provided of growth per cycle (GPC) values reported in the literature for the
studied process, suggesting an apparently low reproducibility.
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LITERATURE: GPC values reported for plasma ALD of TiO2 using
Ti(NMe2)4

Figure 8.8 gives an overview of GPC values reported in the literature for ALD of TiO2

using Ti(NMe2)4 and O2 plasma or O2/Ar plasma (see references below). A large spread
in values is observed, suggesting that reproducibility is an issue for this process and
presumably for ALD of TiO2 in general. Several factors could contribute to this large
spread, such as precursor decomposition at high temperatures 45 or a thermal growth
component during the plasma step. 28 Yet, the influence of ions, which is illustrated by
the GPC values obtained in this work with exposure to ions (solid circles) and without
any contribution of ions (open circles), is expected to be one of the dominant factors
behind the apparently limited reproducibility. This exemplifies that detailed insight
into the influence of ions during plasma ALD of TiO2 is vital.

Figure 8.8: Values of the GPC (in terms of film thickness) for plasma ALD of TiO2

using Ti(NMe2)4, as reported in the literature (squares) and as obtained in this work
with exposure to ions (solid circles) and without exposure to ions (open circles). The
values are plotted against the reported setpoint temperature, which may deviate from
the exact substrate temperature. For clarity, the measurement uncertainties and the
influence of plasma exposure time (observed in this work) are omitted.
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REFLECTOMETRY: Measurement thickness profiles and overview
data

To study the influence of ions, the TiO2 films were grown on lateral-high-aspect-ratio
(LHAR) cavity structures (PillarHall® generation 4), 32,33 where only part of the surface
was exposed to ions. 16 Subsequently, the local thicknesses of the deposited films were
mapped by optical reflectometry, using a Filmetrics F40-UV with a StageBase-XY10-
Auto-100mm mapping stage. The thicknesses were fitted from the interference pattern
(i.e., reflected light intensity versus wavelength) assuming a refractive index of 2.49
at 633 nm of the TiO2 film, as verified by SE. The assumption of a constant refractive
index is not perfect, but has a relatively limited effect on the accuracy of the measured
GPC. A selection of thickness profiles was given in the main text of this work. Here, in
Figure 8.9, we provide the thickness profiles obtained using different plasma exposure
times, that were used to determine the GPC values reported in Figure 8.7 of the main
text.

Figure 8.9: Local GPC of TiO2 films grown on LHAR cavity structures (using 400 ALD
cycles) at temperature setpoints of 100, 200, and 300 ◦C, indicating a significantly higher
GPC in the region where the TiO2 is grown with exposure to ions (left). The GPC and
wet etch rate values obtained with exposure to ions are confirmed by spectroscopic
ellipsometry (horizontal bars).
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In addition to the reflectometry measurements, the thicknesses and refractive
indices of the films grown with exposure to ions were measured by spectroscopic
ellipsometry. These measurements were performed on pieces of silicon wafer that
were processed alongside the corresponding LHAR structure. Further details on the
used SE model are provided in Section 8.A.4. Figure 8.9 shows that the reflectometry
data obtained in the ion-exposed regions of the LHAR structures (shaded area) are
consistent with the SE measurements (horizontal bars), within an uncertainty of 0.075
Å/cycle. Moreover, the impact of ion exposure on the GPC, as discussed in the main
text, is clearly visible.

REFLECTOMETRY: Measurement wet etch rate and data for TiO2

grown with substrate biasing

Optical reflectometry was also used to measure the local wet etch rate of the deposited
TiO2. This was done by measuring the thickness profiles, as plotted in Figure 8.9, before
and after partly etching the films in 30:1 buffered hydrofluoric acid (BHF) at room
temperature, with NH4F as the buffer agent. The differences in film thickness were
divided by the etch time (420 seconds in this work) to obtain the local wet etch rates
as plotted in Figure 8.6 of the main text. To avoid any variation in etching conditions,
the wet etch rate profiles reported in the main text were obtained by simultaneously
etching the films in one BHF dip.

Here, in Figure 8.10, we provide the wet etch rate profile measured for the TiO2 film
grown at 200 ◦C using 60 W substrate biasing (∼120 eV mean ion energy) and plasma
steps of 12 s. As a benchmark, the wet etch rate (determined using the same BHF dip)
is also plotted for the film grown at 200 ◦C using a grounded substrate (9±1 eV mean ion
energy) and plasma steps of 38 s. Similar to the results reported in the main text, for
both samples no significant etching is observed in the ion-exposed region. Moreover,
the wet etch rate in the ion-shielded region is comparable for the TiO2 grown with
and without substrate biasing. This is as expected, since substrate biasing, and as a
result high ion energies, should have no significant influence on the film grown in
the ion-shielded region. It is noted that for the data given in Figure 8.10 a different,
potentially contaminated, 30:1 BHF solution was used compared to the measurements
provided in the main text, giving somewhat lower wet etch rate values. Moreover, for
the data given in Figure 8.10 the film grown without substrate biasing was etched for
the second time, which may have influenced that particular measurement.
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Figure 8.10: Local wet etch rate of TiO2 films grown at 200 ◦C using 60 W substrate
biasing and plasma steps of 12 s (black stars) and using a grounded substrate and
plasma steps of 38 s (orange circles). This data was obtained in a separate experiment
compared to the results reported in the main text, giving slightly different wet etch
rate values.

SPECTROSCOPIC ELLIPSOMETRY: Optical model and fitted data

As mentioned in Section 8.A.2, the thicknesses of the films grown with exposure to ions
were verified by spectroscopic ellipsometry (SE). Moreover, SE was used to determine
the refractive indices of these films. The SE measurements were performed ex-situ,
using a M–2000D Spectroscopic Ellipsometer of J.A. Woollam Co., on pieces of silicon
wafer that were processed alongside the corresponding LHAR structure (Czochralski
silicon (100), single side polished, ∼1.6 nm native oxide).

The angles Ψ and∆, which express the change in polarization of the light beam
upon reflection on the sample (i.e., the amplitude ratio tanΨ and phase angle∆), 31

were measured for a photon energy range of 1.24 eV up to 6.5 eV. An example of an SE
measurement is given in Figure 8.11. In all measurements, the raw data (gray squares)
were fitted using the CompleteEASE v5.10 software of J.A. Woollam Co., according to a
B-Spline model (solid lines). A B-Spline model was adopted such that the dielectric
function of the film could be fitted for the full photon energy range, including the
bandgap. Furthermore, the (partly) crystalline TiO2 films grown at 200 and 300 ◦C were
modeled as a graded layer, where the dielectric function was either higher or lower (by
<5%) at the bottom of the film compared to the top of the film.

An overview of fitted dielectric functions is provided in Figure 8.12. Here, ε1 and ε2

are the real (ε1) and imaginary (ε2) parts of the complex dielectric function ε= ε1+ iε2.
These are related to the refractive index n and extinction coefficient k according to
ε1 = n 2−k 2 andε2 = 2nk . 48 It is observed that under all conditions the optical bandgap,
which is related to the energy at which ε2 starts to rise, 31,49 remains approximately
constant. In contrast, the magnitude of ε is influenced by the deposition temperature
and plasma exposure time. Specifically, at 100 and 200 ◦C the dielectric function tends
to increase with plasma exposure time, which is attributed to the influence of ions (see
Figure 8.7 of the main text).
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Figure 8.11: Example of experimental SE data (gray squares) and modeled data (solid
lines) for a TiO2 film grown with exposure to ions, using a temperature setpoint of 200
◦C, a grounded substrate, and plasma steps of 12 s.

Figure 8.12: Dielectric functions fitted for the TiO2 films grown with exposure to ions
(on Si reference samples, using 400 ALD cycles) at temperature setpoints of 100, 200,
and 300 ◦C.

RAMAN SPECTROSCOPY: Data processing procedure and the
effect of plasma exposure time

In the main text of this chapter, substrate-corrected Raman spectra of the deposited
TiO2 films were shown and discussed, which were measured using an Invia confocal
Raman microscope of Renishaw. Here, we illustrate how these substrate-corrected
spectra were obtained from the raw measurement data. Furthermore, we provide
the substrate-corrected Raman spectra obtained at a temperature setpoint of 200 ◦C
using different plasma exposure times. To quantitatively compare the different Raman
measurements, all measured spectra were normalized to the 302 cm−1 peak of the
silicon substrate (i.e., the all-silicon PillarHall® LHAR structure). Figure 8.13 shows
examples of normalized spectra, measured for the bare substrate (black) and for the
substrate with deposited TiO2 film (blue). The difference between the two normalized
spectra gives the substrate-corrected spectrum of the deposited film (red).
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Figure 8.13: Raman spectra measured for a bare silicon substrate (black) and for a
silicon substrate with deposited TiO2 film (blue). Both spectra are normalized to the 302
cm−1 peak of the silicon substrate (indicated by the dotted line). The difference between
these normalized spectra gives the substrate-corrected spectrum of the deposited film
(red), as presented in this work.

In the example of Figure 8.13, the substrate-corrected spectrum corresponds to
the TiO2 film grown with exposure to ions, using a temperature setpoint of 200 ◦C, a
grounded substrate, and plasma steps of 38 s. Peaks corresponding to the anatase
phase of TiO2 are visible at 144, 394 and 634 cm−1, indicating that predominantly
crystalline TiO2 was grown at these conditions. Figure 8.14 shows that the same holds
for the depositions done using different plasma exposure times (of 3.8, 12, 21 or 120 s
per cycle), although the areas of the peaks tend to be higher when using longer plasma
exposures. This suggests that the crystallinity of the TiO2 (i.e., the fraction of crystalline
material and/or the average crystal size) increases with the plasma exposure time
employed.

Figure 8.14: Substrate-corrected Raman spectra measured for the TiO2 films grown at
200 ◦C, with exposure to ions, using a grounded substrate and plasma exposure times
of 3.8, 12, 21, 38, or 120 s per cycle.
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The increase in film crystallinity observed in Figure 8.14 is attributed to the impact
of ions, where a higher impact is obtained when supplying a higher dose of ions. This
behavior is further exemplified in Figure 8.15, showing data for the films grown at 200
◦C with exposure to ions (solid datapoints) and without any contribution of ions (open
datapoints). Panel (A) gives the refractive index (at 633 nm or 1.96 eV), panel (B) the
area of the substrate-corrected Raman peak at 144 cm−2 and panel (C) the average
GPC over 400 cycles.

Figure 8.15: Refractive index (A), area of the Raman peak at 144 cm−1 (B) and GPC (C)
of the TiO2 films grown at 200 ◦C using a grounded substrate, with exposure to ions
(solid datapoints) and without exposure to ions (open datapoints).

With exposure to ions, the refractive index, Raman peak area, and GPC, plotted
in Figure 8.15, all tend to increase when using longer plasma steps. Deviations of the
overall trend may be related to sample-to-sample variations which can be caused by
slight differences in processing conditions, such as the chamber conditioning and
thermal contact with the table. In contrast, without exposure to ions the Raman
peak area remains negligible, suggesting an amorphous film, and the GPC remains
approximately constant around 0.63 Å/cycle.
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SCANNING ELECTRON MICROSCOPY: Images of the TiO2 sur-
face

Finally, in this section we provide top-view SEM images (recorded by a JSM-7500FA
high-resolution SEM of JEOL) of the TiO2 films grown at temperature setpoints of 100,
200, and 300 ◦C, using a grounded substrate and plasma steps of 38 s. The images are
given in Figure 8.16, where the area left of the dotted line corresponds to the surface
area that was exposed to ions during deposition, while the surface area at the right was
shielded from ions. Note that the ion-shielding membrane of each LHAR structure
(illustrated in the top image) was removed in these images. As further discussed below,
differences in surface morphology (although not clearly visible) can be observed.

The top image displays the film grown at 100 ◦C, which appears to have a relatively
smooth surface in the region where the film was grown with exposure to ions (left)
and without exposure to ions (right). Since a rough, faceted surface is expected for
crystalline TiO2, this suggest that the film grown at 100 ◦C is predominantly amorphous
in both regions. In contrast, the film grown at 200 ◦C appears to have a faceted sur-
face in the ion-exposed region, while a relatively smooth surface is obtained in the
ion-shielded region. This indicates that, at 200 ◦C, crystalline TiO2 was grown only
with exposure to ions. Finally, the film grown at 300 ◦C exhibits a rough surface in both
regions, indicating that film crystallization was also obtained without exposure to ions.
These observations are all in line with the Raman spectroscopy data measured for
these samples (see Figure 8.6 of the main text).
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Figure 8.16: Top: schematic cross-sectional side view of a LHAR structure used to study
plasma ALD of TiO2 with (left) and without (right) exposure to ions. Below: top-view
SEM images of the structures after deposition of TiO2 and removal of the membrane.
The films were grown using 400 cycles, a grounded substrate, plasma steps of 38 s and
temperature setpoints of 100, 200, and 300 ◦C.
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9 9Conclusions and future
research

This chapter gives a high-level summary of the main results of this dissertation.
Moreover, opportunities for future research are highlighted that are inspired
or enabled by the results obtained in this work.

9.1 Conclusions

The following high-level conclusions can be drawn from the work presented
in Chapters 3 to 8:

• The film conformality obtained during ALD is typically directly related to
the initial sticking probability s0 and surface recombination probability
r . These direct relations can be used to experimentally determine values
of s0 and r . (Chapters 3, 4, 5, and 6)

• For ALD of Al2O3 using Al(CH3)3 and H2O, the initial sticking probabil-
ities s0 are determined as (0.5-2)×10−3 for Al(CH3)3 and (0.8-2)×10−4

for H2O, at an estimated substrate temperature of 220 ◦C. This means
that an Al(CH3)3 or H2O molecule typically collides with the surface
approximately 1000 or 10000 times, respectively, before it irreversibly
adsorbs at the surface. (Chapter 4)

• The probability r , which describes the loss of reactive radicals through
recombination at the surface, is the key parameter governing the fea-
sibility of plasma ALD in high-aspect-ratio applications. For example,
during plasma ALD on a trench with an aspect ratio of 100:1, only∼0.02%
of the radicals reach the bottom of the trench if r = 10−2. In contrast, if
r = 10−4, approximately 40% of the radicals reach the bottom, making it
much easier to achieve conformal film growth. (Chapters 3, 5, and 6)

• The value of r is highly material-dependent, e.g., ranging from 10−5 up
to 10−1 for different oxides, and can be very low in certain cases. In the
case of plasma ALD of SiO2 and TiO2, for instance, r typically lies in
the range of 10−5 up to 10−4, such that trenches with an aspect ratio of
>100:1 can be coated relatively easily. (Chapters 5 and 6)
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• The value of r can be significantly influenced by process conditions
such as the substrate temperature and plasma pressure. This not only
has consequences for the film conformality, but also for the minimal
plasma exposure time that is needed to reach saturation everywhere
on a high-aspect-ratio structure. As an example, for plasma ALD of
SiO2 on a trench with an aspect ratio of 600:1, plasma steps of 10 s can
be sufficient when using conditions where r is low (∼2×10−5), while
plasma steps of >1000 s may be required when using conditions where
r is high (∼2×10−4). (Chapter 6)

• Also low-energy ions can have a considerable influence during plasma
ALD. For example, (low-energy) ions contribute to the film quality during
plasma ALD of SiO2 and can induce crystallization during plasma ALD
of TiO2. Moreover, for both SiO2 and TiO2, ions can alter the growth per
cycle up to a difference of ∼200%. (Chapters 7 and 8)

• The magnitude of the influence of ions can be controlled by the supplied
ion energy dose. For example, in the case of plasma ALD of SiO2, the
growth per cycle follows a clear trend with the ion energy dose, for a
wide range of plasma conditions. (Chapter 7)

• Since the flux of ions is directional, the aforementioned influence of ions
can have a significant effect on the film conformality obtained on 3D
surface topographies. This effect can be minimized or exploited using
multiple parameters, including the deposition temperature, plasma
exposure time, and ion energy. (Chapter 8)

As a general conclusion, it is noted that also plasma ALD can provide
excellent film conformality, in spite of potential challenges related to the
loss of reactive radicals and the influence of ions. For this purpose, in-depth
insight into these potential challenges is essential. This general conclusion is
appealingly illustrated in Figure 9.1, showing the stack of plasma ALD-grown
layers of TiO2, SiO2, and Al2O3 described in Chapter 8.

Figure 9.1: Stack of alternated TiO2 and SiO2 layers and a single layer of Al2O3, all grown
by plasma ALD on nanoscale trench structures. While an effect of ions is observed
for TiO2 and SiO2, this image also demonstrates that plasma ALD can provide a high
film conformality in narrow trenches. Moreover, the trenches are filled without leaving
behind a seam. Images available online at AtomicLimits.com.

https://www.atomiclimits.com/2021/05/24/conformal-deposition-and-gap-fill-by-plasma-ald-some-great-tem-images-and-recently-published-cover-art/
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9.2 Prospects

This thesis can serve as a basis for future research into the fundamental mech-
anisms underlying plasma ALD. Based on the presented results and insights,
four main avenues for future research are here suggested. Each potential
avenue is clarified by a (non-comprehensive) selection of specific examples.

First of all, this work provides a framework to acquire more fundamental
information using lateral-high-aspect-ratio structures. This includes the
determination of r for hydrogen or nitrogen-based radicals during plasma
ALD of nitrides and metals. Moreover, the parameter t50% extracted using
the method presented in Chapter 6 can be further explored as a measure for
the local flux of reactive radicals. Finally, lateral-high-aspect-ratio structures
can also be used to investigate other methods, including spatial ALD and
anisotropic ALE, and to study advanced effects such as a coverage-dependent
reaction probability.

Secondly, follow-up research into the role of ions could provide deeper in-
sight into effects related to ion energy thresholds and the ion energy dose.
Detailed insight into these effects is expected to be key for achieving more
accurate control over the influence of ions. In particular, ion energy threshold
effects could be identified and exploited by supplying a narrow distribution
of ion energies using tailored waveform biasing.

Thirdly, it could be valuable to further explore the influence of plasma
species other than radicals and ions. This includes the role of photons, elec-
trons, surface charge, and synergetic effects, which may in certain cases be
more significant than expected based on present-day knowledge. For this
purpose, experimental beam studies could be employed, similar to those con-
ducted by Coburn and Winters for investigating ion-radical synergy during
plasma etching.

Finally, there are opportunities to translate the presented results and
insights to practical applications. For instance, data acquired on r and s0

can be used as input for predictive simulations, and information on s0 can
be relevant for area-selective ALD. Moreover, the influence of ions can be
exploited for topographically-selective ALD. Finally, the precise growth of a
non-conformal film, having a specific penetration depth into a high-aspect-
ratio structure, can also be of interest in certain applications. In those cases,
fundamental insight into the penetration depth and the shape of the non-
conformal film, as provided in this work, is essential.

https://aip.scitation.org/doi/10.1063/5.0028033
https://aip.scitation.org/doi/10.1063/1.326355
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Summary

The ongoing downscaling of semiconductor device structures has reached the
point where critical dimensions can be counted in the number of atoms. In ad-
dition, devices are now progressively scaling in the vertical dimension, where
the aspect ratios involved can go up to 100 to 1. To sustain these incredibly
demanding scaling trends, the ability to deposit thin films with atomic-level
thickness control and excellent conformality on 3D structures is becoming ex-
tremely vital. Accordingly, atomic-scale processing techniques such as atomic
layer deposition (ALD) are more and more widely applied. This holds also
for plasma-assisted ALD (plasma ALD) processes, which are required for low
temperature processing and for challenging surface chemistries. For example,
plasma ALD of oxides such as SiO2 and TiO2 is essential for patterning, gap-
filling, and for applying dielectric liners with a high conformality.

To further advance plasma ALD processes, this work has addressed key
open questions regarding the role and impact of the plasma. First of all, the
loss of reactive plasma radicals through surface recombination can be a major
factor limiting the conformality of films in 3D nanostructures. Yet, before this
work, it was generally unknown what level of film conformality can still be
achieved and how conditions such as temperature and pressure play a role.
Secondly, how and to what extent ions influence the film growth, and how
this influence can be controlled, was also largely unknown. Understanding
the role of ions is essential also in the context of film conformality, since the
flux of ions is directional and can induce non-uniform growth behavior on
a 3D surface topography. These open questions have been addressed in this
dissertation by means of novel, dedicated experiments, supported by analyti-
cal modeling to obtain insight into the underlying reaction kinetics.

To pinpoint to what extent radical recombination is limiting film confor-
mality during plasma ALD, a new method was developed to determine the
surface recombination probability r of the radicals. This is a major result,
since literature values of r were only available for a very limited number of ma-
terials and not determined under ALD-relevant conditions. The method was
based on the (recombination-limited) film penetration depth into extremely
high-aspect-ratio structures, which was established to be directly related to r
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under most conditions. Using this relation, a strong material-dependence was
observed for oxygen radicals during plasma ALD of SiO2, TiO2, Al2O3 and HfO2.
Notably, very low values of r < 10-4 were determined for SiO2 and TiO2, where
film growth was obtained up to aspect ratios approaching 1000 to 1. This was
considerably deeper than commonly assumed to be achievable by plasma
ALD. Additionally, it was observed that r can be substantially influenced by the
substrate temperature and plasma pressure, which was shown to be crucial
for controlling plasma ALD throughput and feasibility in demanding high-
aspect-ratio applications.

In addition to the surface recombination probability r of plasma radicals,
the initial sticking probability s0 of the limiting reactant was demonstrated to
be an important parameter governing film conformality during ALD. Specif-
ically, the value of s0 was shown to directly affect the leading front of the
thickness profile in high-aspect-ratio structures. This direct impact can be
used to experimentally determine values of s0, as demonstrated using ALD of
Al2O3 by Al(CH3)3 and H2O as a model system. The determined values of s0

(e.g., (0.5-2)×10-3 for Al(CH3)3 and (0.8-2)×10-4 for H2O), give fundamental
insight but also valuable practical information, for example, in terms of pre-
cursor consumption.

Regarding the role of ions, this work has demonstrated that also ions with a
low energy of<20 eV, which are present even when using a grounded substrate
and a remote plasma source, can considerably influence plasma ALD pro-
cesses. For plasma ALD of SiO2, for instance, it was observed that low-energy
ions enable the growth of high-quality SiO2 and can significantly lower the
growth per cycle (GPC). Moreover, it was revealed that the magnitude of this
influence can be controlled in a universal way by the supplied ion energy
dose, i.e., the ion flux ×mean ion energy × plasma exposure time. For plasma
ALD of TiO2, it was shown that the GPC and material properties such as crys-
tallinity are even more susceptible to the presence of (low-energy) ions. Here,
multiple parameters were observed to play an important role, such as the
deposition temperature, plasma exposure time, and ion energy. The strong
impact of ions during plasma ALD of TiO2 was found to be an important factor
behind the large spread in GPC-values reported for this process. Moreover,
for plasma ALD of both SiO2 and TiO2, the observed influence of ions was
verified to directly affect the film conformality obtained on 3D nanostructures.

In conclusion, this work has provided key insights and methods to further
advance plasma ALD as a processing technique. This includes the precise
control of materials and their preparation but also the application of plasma
ALD in state-of-the-art and next-generation device fabrication. Accordingly,
this dissertation forms a strong basis for the ultimate goal: to bring plasma
ALD to the next level.
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