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1General Introduction

The last few decades can be characterized by a range of technological break-
throughs in information and communications technology, which have drastically
changed our society. Many of these breakthroughs were enabled by advancements
in the field of electronic integrated circuits (ICs) using Si as semiconducting ma-
terial, which among other things relied on developments in thin film technology.1

Thin films are currently widely used for the fabrication of functional components
in semiconductor nanoelectronics, but also in photovoltaics, displays and batter-
ies.2 Moreover, thin film technologies are continuously under development, which
is to a large extent motivated by the downscaling of semiconductor devices.3 No-
tably, this downscaling led to the doubling of the number of transistors on an IC
every two years, as is described by Moore’s law.4 The semiconductor industry has
grown to a market with a revenue of nearly $500 billion in 2018.5 Upcoming tech-
nologies including the next-generation mobile communication infrastructure (5G),
self-driving cars, and artificial intelligence will keep driving advancement in thin
film technology and its application in the semiconductor industry.6 Moreover, the
transition to a data-based society requires the coupling of existing electronic tech-
nologies with integrated photonics. Relying on transport of photons rather than
electrons, photonics can allow for faster data transfer at a lower power consump-
tion.7,8 Ongoing trends in the fields of semiconductor nanoelectronics, integrated
photonics, and thin film processing are identified in this chapter, in order to provide
the context for the research addressed later in this thesis.

Figure above after Ref. 9

1
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1.1 Introduction of new materials

Until approximately the year 2000, the semiconductor industry made use of a small
set of materials (mainly Si/SiO2/SiNx , W and Al) for the fabrication of electronic
devices. Advances in the semiconductor industry were mostly made by geomet-
ric scaling of device architectures, meaning that all features on ICs were shrinking
simultaneously through continuous improvements in optical lithography.10,11 How-
ever, dictated by the miniaturization and increasing functionality of devices, the
number of employed materials has grown drastically in recent years, and continues
to grow.10,12

Figure 1.1 shows examples of materials which have been introduced recently, or
are being considered for future transistor fabrication. For instance, materials such
as Cu, strained Si, SiGe, as well as low-k and high-k dielectrics have facilitated
scaling in the last two decades.10,13 To allow further miniaturization of semicon-
ductor devices, researchers are considering the integration of various novel thin
film materials.5,13,14 A significant, current example which illustrates this point is
the replacement of Cu by Co and Ru in small-dimension interconnects. Metal in-
terconnects are structures which serve to electrically connect the features of an IC
with each other, and were originally made from Al until they were replaced by Cu
in the late 90s.12 As metal interconnects in the back-end-of-line of semiconductor
devices are further decreasing in size, the resistance of the Cu line is rising signif-
icantly due to electron scattering at external surfaces and grain boundaries.15,16

This increase in resistance results in a substantial RC (Resistance-Capacitance)
delay, which hinders the performance of ICs.12,17 At small dimensions, the wire
resistance of Co and Ru can be lower than that of Cu, and the industry is therefore
investigating, and starting with, the replacement of Cu by Co or Ru.18–20
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Figure 1.1 Simplified representation of a field-effect transistor (‘FET’), and the first layer
metal interconnects (‘M1’). Materials which were used in the past, and materials which
are currently being used for transistor fabrication are listed, in addition to materials which
might be introduced in the near or far future. The list illustrates an increase in the number
of employed materials. Examples of 1D and 2D materials being investigated for application
as channel in FETs are nanowires, carbon nanotubes, graphene and 2D-transition metal
dichalcogenides such as MoS2 and WS2. Ferroelectric materials considered for integration
in the gate stack include Pb(ZrxTi1-x)O3 and BaTiO3, while potential perovskite high-k
gate insulators are doped-HfO2, BaHfO3 and SrTiO3.21,22 Gate oxide materials typically
have a high dielectric constant (‘high-k ’), whereas dielectric insulators between contacts
and interconnects are ‘low-k ’.23,24 Note that the timeline by which future materials might
be introduced varies (e.g. air gaps are already being introduced, while 2D materials might
be expected in >10 years). This image was inspired by review articles of King et al. and
Salahuddin et al.10,13 The selection of materials being considered for future FETs was
based on a collection of literature reports and serves an illustrative purpose rather than
being a comprehensive overview.18,21–30
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1.2 Transition to bottom-up fabrication

Conventional semiconductor device fabrication relies on subtractive, top-down fab-
rication schemes using a sequence of deposition, lithography and etch steps, as
illustrated in Figure 1.2a.31 By repeating these processing steps, a multi-layered
device structure (i.e. an IC) is build up. The downscaling of device dimensions
results however in issues regarding the alignment of features on top of each other,
quantified by the ‘edge placement error’ (EPE).32,33 The EPE is the mismatch be-
tween the intended and actual feature position (see Figure 1.2a), and can lead to
decreased device performance or even device failure. For this reason, the semicon-
ductor industry is currently looking for processing technologies that mitigate these
issues by employing self-aligned fabrication schemes.14,34,35 Self-aligned schemes
result in features exactly on the desired location, and thereby reduce alignment
issues. A relevant example of such self-aligned schemes is area-selective deposi-
tion, which allows for bottom-up fabrication by depositing material only on spe-
cific areas. Since the deposition is limited to areas where it is required, some of
the lithography and etch steps can be eliminated (see Figure 1.2b).36,37 Area-
selective deposition is thus an additive process, rather than subtractive.38 Since
semiconductor devices are approaching the 5-nm scale, area-selective deposition
is currently receiving significant interest from the industry.38,39

Film deposition  
Film etch + 

resist removal

Area-selective 
deposition

(a)

(b)

Resist patterning 
by lithography

EPEEPEFilm Resist

Figure 1.2 Schematics illustrating (a) top-down fabrication using deposition, lithography
and etching, and (b) bottom-up fabrication based on area-selective deposition. Misalign-
ment during the lithography step in (a) results in an edge placement error (‘EPE’). During
area-selective deposition the film preferentially grows on one area of the substrate (‘growth
area’), while no material is deposited on the other area (‘non-growth area’). Note that
area-selective deposition is used for specific layers of a device structure, and that other
layers are formed by employing the conventional top-down fabrication steps. The struc-
ture serving as the starting point for area-selective deposition (here consisting of the two
different materials in blue and grey) is thus typically obtained using top-down processing.
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1.3 Integration of electronics and photonics

Although developments in integrated electronics have enabled great technological
breakthroughs in recent decades, it is believed that the introduction of integrated
photonics is required to allow for the growth of data traffic in the 21st century.7,40

Photonic devices rely on transport of photons instead of electrons and generally
demonstrate a higher speed and lower power consumption as compared to elec-
tronics.41 Photonic integrated circuits (PICs) are expected to become an integral
part of information and communication technologies.42–45 In addition, photonics
has applications in various other fields, for instance in sensors used in health care
and aerospace. In 2009 the European Commission announced photonics as one
of its six Key Enabling Technologies, meaning it is recognized to be of key value
to the society and economy.46 However, as compared to electronics, the produc-
tion of integrated photonics is still in its infancy. Nevertheless, the photonics
industry is expected to grow significantly in the coming decades, and significant
investments are being made for projects ranging from fundamental research to the
scale-up of production.46 Research on photonics has focused in recent years on
the integration of multiple photonic devices on a PIC, and on the integration with
electronics.47,48 Figure 1.3 shows a recent example were photonic and electronic
components are combined on one single Si microchip.48

Figure 1.3 (a) Schematic example of electronic and photonic components integrated on
a single chip. (b) Scanning electron microscopy images of photonic (i.e. a modulator, a
grating coupler and waveguides) and electronic components (i.e. 65-nm node transistors).
Polycrystalline Si (polysilicon) serves as the active material in the photonic components
and as the gate material in the electronic transistors, while SiO2 (in blue) was used for
isolation. Adapted from Atabaki et al.48
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It can be expected that similar developments will occur in the photonics indus-
try as previously have been observed in the semiconductor industry. For instance,
the complexity of PICs will increase significantly, and a transition to high-volume
manufacturing will lead to a cost-reduction. Although the scaling of photonic
devices is limited by the wavelength of light, a Moore’s law for photonics has been
proposed in terms of the number of components integrated on a single PIC, which
has been increasing steadily in recent years.49,50 Bringing the field of integrated
photonics closer to widespread industrial application will be accompanied by de-
velopments in thin film technologies and the use of novel thin film materials.51

1.4 Atomic Layer Deposition

Overall, an increasing complexity in terms of thin film materials and processing
techniques can be observed within a wide range of application fields, including
electronics and photonics. Atomic layer deposition (ALD) is a thin film deposi-
tion technique which is playing a significant and expanding role in those trends.
This vapor-phase deposition technique relies on the cyclic dosing of precursor (in
sub-cycle ‘A’) and co-reactant chemicals (in sub-cycle ‘B’), as is illustrated in
Figure 1.4a.52 These doses are separated by purge steps and result in self-limiting
surface reactions. As will be further elaborated in Chapter 2, the precursor gen-
erally delivers the main desired element (typically a metal), while the co-reactant
results in removal of the precursor ligands, and, if needed, the incorporation of
additional elements (e.g. O, N, S, F, ...).53 By dosing sufficient precursor and
co-reactant species to the surface, saturation of the surface reactions is achieved.
This self-limiting behavior allows for deposition of uniform and conformal films
on large-area and 3D-structured substrates. The technique is characterized by
very precise thickness control, with typically less than 0.2 nm of material being
deposited per ALD cycle. By combining precursors with different co-reactant
chemicals, different additional elements can be incorporated, which enables the
deposition of a wide variety of materials, including metals, oxides, nitrides, sul-
fides, and fluorides.54 Because ALD results in uniform and pinhole-free films, the
technique was introduced in the semiconductor industry around the year 2000 and
since then evolved into a key technique in device fabrication.55 Furthermore, it
can be expected that ALD will play an even more significant role in the coming
decades, driven by decreasing device dimensions. Notably, the increased use of
ALD in the industry will be accompanied by further development of the deposition
technique.
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1.4.1 Advanced ALD cycles

While the conventional ALD cycle consist of a combination of a precursor and a
co-reactant dose in an AB-type ALD cycle (see Figure 1.4a), other variations of
ALD cycles are possible. Such advanced ALD cycles go beyond standard AB-type
cycles and typically rely on the use of more than two chemicals (see Figure 1.4).
Advanced ALD cycles are generally more sophisticated and challenging than tra-
ditional ALD processes, and offer unique opportunities to extend the possibilities
of ALD. For instance, combination of more than two precursor and/or co-reactant
chemicals in one ALD cycle (i.e. an ABC-type cycle), or combination of multi-
ple ALD cycles (i.e. a supercycle, see Figure 1.4c) enables the growth of doped,
ternary and quaternary materials, with control over the composition.56 As will
be discussed in Chapter 3, advanced ALD cycles can also allow for extension of
process parameters such as deposition temperature, and can be used to achieve
area-selective deposition. Driven by the increasing requirements of thin film ma-
terials, and the introduction of new materials, researchers are more and more
investigating advanced ALD cycles.

time

A
time

C

B B

(a) AB-type cycle (b) ABC-type cycle

1 ALD cycle 1 ALD cycle

A

time

B

A

D

C

(c) Supercycle

n cycles m cycles

1 supercycle

n x m x

Figure 1.4 (a) Conventional AB-type ALD cycle, relying on sequential dosing of a
precursor (‘A’) and a co-reactant (‘B’). (b) ABC-type cycle, where three different
chemicals are used. (c) Supercycle consisting of two different ALD cycles. The
ABC-type cycle and the supercycle are examples of advanced ALD cycles.
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1.4.2 ALD: from nanoelectronics to photonics

Thus far, the main driver for ALD has been the semiconductor industry, and ALD
is now a critical technology for numerous steps in the fabrication of micro- and
nanoelectronics.55–58 Examples of ALD-deposited films include the high-k metal
gate oxide (HfO2) and the metal electrode (TiN) for fin field-effect transistors
(finFETs), the spacer material (e.g. SiO2) for self-aligned double or multiple pat-
terning, and the word line (W) for 3D NAND flash memory.54,58 ALD has also
proven its potential for a variety of related technologies outside of the IC industry,
including displays and Si-photovoltaics.57,59,60 For instance, Si solar cells can be
passivated using ALD of Al2O3, resulting in a very low surface recombination.61,62

A relatively new application of ALD can be found in the field of photonics,
where researchers have investigated ALD for a variety of photonic structures and
devices, including waveguides, resonators and modulators, as well as photonic
crystals.63,64 ALD typically results in the reduction of scattering losses due to a
decrease in surface roughness, as well as lower surface absorption losses as a con-
sequence of passivation of dangling (i.e. unoccupied) bonds at the surface.65–68

The reduction of surface roughness was among others reported for Si and Si3N4

waveguides.65,66 The Si and Si3N4 were coated with TiO2 (40 nm) and Al2O3 (50
nm) by ALD, respectively, achieving a significant reduction in propagation loss of
approximately 90 % in both cases.65,66 Furthermore, ALD-grown TiO2 and HfO2

were employed to tune the dispersion (i.e. the dependence of the refractive index
on the wavelength) of Si and Si3N4 based waveguides.67,68 Various other photonic
components have also been modified or fabricated using ALD. Recently, ALD was
used for the surface passivation of InP nanowires, yielding an improvement of the
photoluminescence efficiency by 20%.69 Guha et al. demonstrated a very high
quality (Q) factor of 6×106 for GaAs disk resonators by depositing 5 nm of Al2O3

on top.70 Furthermore, a grating coupler was created by sandwiching ALD-grown
HfO2, Al2O3 or AlN as low index slot material between amorphous Si layers.71

Interestingly, ALD supercycles (see Figure 1.4c) have been used to deposit
doped materials, multilayers and laminates for photonic waveguides. Karvonen et
al. fabricated a slot waveguide (i.e. a waveguide were the light is confined in a nar-
row slot between two high-refractive-index strips) by coating Si strips with a stack
of Al2O3 and TiO2.72 In addition, the deposition of a conformal Ta2O5/polyimide
multilayer was demonstrated on Si strips, where the nanolaminate is a metama-
terial that serves as a slot waveguide.73 The number of Ta2O5 or polyimide ALD
cycles in the supercycle can be varied in order to change the thickness of the indi-
vidual layers and thereby tune the effective refractive index.73 More recently, a slot
waveguide was fabricated by coating Si3N4 with Er-doped Al2O3 using an ALD
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supercycle.74 In this case, the Er-doped Al2O3 acts as an active gain material, of
which the Er concentration can be varied by changing the supercycle ratio (i.e.
the ratio between Er2O3 and Al2O3 ALD cycles).75 Roussey et al. fabricated a
new type of waveguide called ‘strip-loaded horizontal waveguide’ by depositing a
TiO2/SiO2/TiO2 trilayer by ALD and placing a polymer strip on top.76 In this de-
sign, the optical mode is contained in the SiO2 film, which means that the device
benefits from low losses at the interfaces enabled by the high uniformity of ALD.76

In addition to an extensive exploration of ALD coating of waveguides, ALD has
been performed on top of photonic crystals.63 1D Si nanocavities have for exam-
ple been coated with Al2O3, which resulted in an increase in the Q factor of 38
%.77 The tuning of the optical response of 2D photonic crystals has been reported
using TiO2, HfO2 and Al2O3.78–81 ALD has also been performed on top of 3D
photonic crystals, for instance to cover them with TiO2, VO2, Mn-doped ZnS and
WS2, thereby changing their optical characteristics.82–85 Except for modification
of the properties of the photonic crystals, ALD was also carried out in order to
replicate their shape, using the crystal as a template. Fabrication of such inverse
photonic crystals by infiltrating a template using ALD, followed by removal of the
template (e.g. by annealing or etching), has been reported for a variety of ALD
materials, including TiO2, ZnO and the Al2O3/SiO2 alloy mullite.86–88

ALD-grown Al2O3 thin films have also been used for wafer bonding, which is a
technique that can be used to integrate active III-V photonic devices on passive
Si-based substrates. InP chips have for instance been bonded onto a Si wafer, by
first coating the chips and the wafer with a thin Al2O3 adhesion layer (5 nm -
20 nm).89 Ikku et al. formed a low-loss InGaAsP waveguide on a SiO2/Si wafer
after bonding an InGaAsP/InP wafer to the SiO2/Si wafer using 6 nm Al2O3 as
adhesion layer on both wafers.90

The examples above demonstrate that ALD is a valuable technique for both the
modification and the fabrication of photonic structures and devices. Especially the
characteristics of low-temperature deposition, reduced surface roughness and good
conformality are often mentioned as benefits for the use of ALD.63,64 Although
mostly ALD of binary metal oxides has been explored thus far, other types of
materials have also been investigated, including metal sulfides, doped materials
and multilayer films, and the use of other material categories (e.g. fluorides as
low-index material or metals for connections to electronic devices) can be expected
for the future. Finally, to enable further use of ALD for specific applications within
the field of photonics, it will be required to extend the toolbox of ALD in terms
of materials than can be deposited, as well as the required processing conditions.
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1.5 Setting, aim and outline of this thesis

The research described in this thesis was carried out within the Zwaartekracht
program ‘Research Centre for Integrated Nanophotonics’, which is funded by the
Netherlands Organization for Scientific Research (NWO). The research program
is a long-term collaboration between six groups of the Applied Physics and Elec-
trical Engineering departments at the Eindhoven University of Technology, and is
aimed at the development of the next-generation photonic integrated circuits and
systems, and the corresponding material technologies. The role of the Plasma
and Materials Processing (PMP) group is to explore and develop nanolayers for
application in integrated photonic devices and circuits (PICs) fabricated by the
other research groups in the project. These nanolayers are typically deposited
by ALD, although other deposition techniques such as chemical vapor deposition
(CVD) are also available. The set of available materials is extended by develop-
ing novel ALD processes for materials which are potentially relevant for photonic
applications.

The broader goal of this thesis is to extend the ALD toolbox, aiming at the
application of nanolayers in both integrated photonics and integrated electronics.
To this end, ALD processes were developed that allow the growth of new materials
by ALD, or enable area-selective ALD and innovative applications of ALD. The
investigated ALD processes were based on novel co-reactants and advanced ALD
cycles. In addition to characterizing the growth behavior and material properties,
the aim was to obtain a fundamental understanding of the reaction mechanisms of
film growth, such that these insights can be translated to other material systems,
and ALD in general.

More specifically, the research focused on three different material systems: alu-
minum fluoride (AlF3), cobalt (Co) and ruthenium (Ru). Metal fluorides are
important for optical and photonic applications due to their interesting optical
properties (i.e. they are highly transparent and have a low refractive index in the
range of 1.3 to 1.6), while Co and Ru are currently considered for use as metal
interconnect material in electronic circuits (because of superior conductivities as
compared to Cu at small dimensions). Firstly, the goal was to investigate whether
SF6 plasma is a suitable co-reactant for ALD. To enable the use of SF6 plasma
for ALD of other metal fluorides, the growth mechanisms of AlF3 using Al(CH3)3
and SF6 plasma were determined. ALD of Co was performed using H2- and N2-
based plasmas, elucidating the role of the various plasma species. Finally, it was
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studied how ALD can be combined with etching in order to achieve area-selective
deposition, using Ru as a model system. Here, the objective was to identify design
rules and guidelines for an area-selective deposition process which is based on a
supercycle of ALD and etch cycles.

This thesis is structured as follows. In Chapter 2, the principles of ALD are
explained, followed by a description of the ALD reactor, and the procedure for
the development of an ALD process. The three sections of Chapter 2 can be read
independently and serve to provide the general background on ALD. Chapter 3
then describes the fundamental roles of the precursor and co-reactant during film
growth, and discusses how advanced ALD cycles can be used to fulfill those. In
addition, opportunities offered by advanced ALD cycles are discussed, including
growth of multiconstituent materials and area-selective ALD. This chapter ad-
dresses the extension of the ALD toolbox using advanced ALD cycles on a general
level, based on a selection of examples from the literature. Chapter 4 deals with
the development of an ALD process for deposition of AlF3, using SF6 plasma
as a novel co-reactant. In order to help the development of ALD processes for
other metal fluorides using SF6 plasma, the reaction mechanisms of the AlF3

ALD process are described in Chapter 5. In Chapter 6 the growth of Co by ALD
using H2- and N2-based plasmas is discussed, and insight into the influence of
different co-reactants on the growth and film properties is obtained. Chapter 7
demonstrates that a cycle for Ru ALD can be combined with an etch cycle in a
supercycle recipe to obtain area-selective ALD. This advanced ALD cycle allows
for achieving area-selective ALD with high selectivity, which is currently one of the
main challenges for area-selective deposition. In Chapter 8, the Ru ALD-etch pro-
cess is investigated further by varying the etch duration and frequency, to provide
insights into how an ALD-etch supercycle can be optimized in terms of selectivity
and net growth rate. Finally, the main conclusions of this work are summarized
in Chapter 9, together with recommendations for further research.
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2Atomic Layer Deposition

This chapter is devoted to atomic layer deposition (ALD), and serves to familiarize
the reader with the basics of ALD. First, the working principles and characteristics
of ALD are discussed. The experimental reactor that was used for the majority of
the experiments is then described, together with typical experimental conditions.
Finally, a procedure for developing and characterizing an ALD process is discussed.
This procedure is comprised of ten steps, serving as a guideline when setting up
a novel ALD process.

17
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2.1 Principles of ALD

Atomic layer deposition is a surface-controlled thin film deposition technique that
can enable ultimate control over the film thickness, uniformity on large-area sub-
strates and conformality on 3D (nano)structures.1–5 A standard ALD cycle con-
sists at least two sub-cycles, containing a precursor dose step and a co-reactant
exposure step, separated by purge or pump steps (see Figure 2.1). In principle,
the same amount of material is deposited in each cycle, due to the self-limiting
nature of the surface reactions (see below). By carrying out a certain number of
ALD cycles, the targeted film thickness can be obtained. As will be discussed in
Chapter 3, ALD cycles can be more complex and can rely on the use of more than
just two chemicals.

M

M

M M M M M M M M M

PurgePrecursor 
dosing

Purge

co-reactant
precursor

reaction
products

reaction
products

Co-reactant
exposure

Sub-cycle A Sub-cycle B

Figure 2.1 Schematic illustration of a typical AB-type ALD cycle consisting of
two sub-cycles for the growth of a binary material. Sequential precursor (‘A’)
and co-reactant (‘B’) doses are separated by purge or pump steps, leading to self-
limiting surface reactions. Precursor ligands are colored grey and are first partly
eliminated in the reaction with the surface, before the remainder is removed by
the co-reactant. ‘M’ indicates the metal atom (in blue), which can for instance
be bound to oxygen or nitrogen atoms (in green), to form a metal oxide or
metal nitride, respectively. The formed reaction products are evacuated from the
reactor chamber in purge steps.

An ALD cycle generally starts with dosing a precursor which contains the main
element to be incorporated in the film. During this dosing step, the precursor
reacts with the surface groups (e.g. OH), typically leading to elimination of a
part of the precursor ligands, while the remainder of the ligands (or fragments
thereof) stays on the surface. The formed reaction products contain (fragments
of) the precursor ligands and are pumped away. After dosing sufficient precursor,
all reactive surface groups are consumed. This means that all available surface
sites are occupied, and the surface is terminated with ligands that are unreactive
towards the precursor. Dosing more precursor therefore does not lead to addi-
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tional precursor adsorption, hence the reaction is self-limiting. After saturation
has been reached, the remaining reaction products are evacuated from the reac-
tion chamber by performing a purge and/or pump step. In the following sub-cycle,
the co-reactant interacts with the precursor ligands left after the precursor dos-
ing, resulting in their removal. The formed reaction products are again pumped
away. If a binary material (e.g. metal oxide or nitride) is desired, the co-reactant
typically also results in the incorporation of an additional element. After exposing
the surface sufficiently long to the co-reactant, all precursor ligands are removed,
and the formed surface groups are not reactive towards the co-reactant. Similar
to during the precursor sub-cycle, the reactions in the co-reactant sub-cycle are
self-limiting. It is noted that in some literature different terminology is used for
the precursor and co-reactant (e.g. ‘metal precursor’ and ‘non-metal precursor’,
‘precursor’ and ‘reagent’, or ‘reactant A’ and ‘reactant B’).6

A distinction can be made between ‘thermal ALD’ and ‘plasma ALD’ (also
called ‘plasma-assisted ALD’, or ‘plasma-enhanced ALD’. In a thermal process,
a co-reactant chemical is dosed as a gas, while a plasma is used as co-reactant
for plasma ALD. For instance, Al2O3 can be grown using H2O or O3 in thermal
processes, or using O2 plasma. As compared to thermal ALD, plasma ALD can
offer the benefit of a higher growth rate at low temperatures and lower impurity
incorporation, due to the additional reactivity of the plasma species.7,8 Further-
more, tuning of the plasma properties such as pressure and power can allow for
tuning of the obtained material properties.

2.1.1 Merits of ALD

Due to the self-limiting nature of the surface reactions during ALD, a fixed amount
of material (typically less than 0.2 nm) is deposited per cycle. The technique
therefore gives a very precise control over the film thickness. Moreover, by ensur-
ing that saturation occurs everywhere on the sample, ALD allows for deposition
of films with high uniformity on large-area substrates and conformality on 3D-
structures. These three key characteristics are illustrated in Figure 2.2, and make
ALD a technique which is highly attractive for application in the fabrication of
semiconductor devices, where complex 3D structures require coatings with films
of thicknesses in the nanometer regime.9 Furthermore, in other technologies the
application of ALD has also proven to be highly relevant, for instance in photo-
voltaics, in high-surface-area catalysts, and in 3D structured batteries.10
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Figure 2.2 The key merits of ALD: thickness control, uniformity and conformality.
The precise thickness control of ALD is obtained by tuning the number of ALD
cycles, since the same amount of material (typically less than 0.2 nm) is deposited
each cycle. High uniformity means that there is little variation in thickness across the
sample, while conformality is the ability to coat 3D structures with material of the
same thickness along the structure.

Another benefit of ALD is that a wide variety of materials can be deposited
using ALD, ranging from metals, oxides, and nitrides to sulfides and fluorides. In
addition to elemental and binary films, ALD can also be used to deposit ternary or
quaternary materials, as will be addressed in Chapter 3. By combining a specific
precursor with different co-reactants, various types of materials can be grown,
as is illustrated in Figure 2.3. For instance, trimethylaluminum (TMA, Al(CH3)3)
can be used to deposit an oxide, a nitride, or a fluoride, by combining it with H2O,
NH3, or HF as co-reactant, respectively.2,11–13 Several review articles published in
the literature and book chapters provide extensive overviews of the materials that
have been grown by ALD.2,4,6,8,14
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Figure 2.3 Categories of materials commonly deposited by ALD and corresponding
co-reactants that are frequently used.14 In addition to the materials listed, ALD is em-
ployed to grow other types of materials, including carbides, phosphides, phosphates,
and tellurides, although they are reported less often in the literature.15–19

2.1.2 Precursors and co-reactants

The development of an ALD process starts with the selection of the precursor and
the co-reactant. The selected chemicals need to meet certain requirements to be
suitable for the use in an ALD process. Most importantly, they should demon-
strate a high volatility and reactivity (see also Section 2.3).14,20 Some examples
of precursors and co-reactants employed for ALD are discussed below, together
with considerations for use.

Precursors

As mentioned before, the precursor molecule serves to deliver the main element
to the surface. In most cases the main element is a metal, such as Al or Pt,
but it can also be a semimetal or metalloid (e.g. Si or B). ALD precursors are
generally coordination complexes consisting of a central metal, surrounded by or-
ganic or inorganic ligands. The chemical properties of a precursor molecule such
as volatility and thermal stability are largely determined by the ligands. A wide
variety of precursor ligands exists, and common ligands are based on halides (Cl,
F), alkyls (CH3, C2H5), carbonyl (CO), alkoxides (OCxHy) and cyclopentadienyl
(Cp, C5H5) groups.2,14 Figure 2.4 shows an example of each of these categories.

Halide-based (Cl, F) precursors are traditionally used in the industry, since they
are low-cost and stable, although organometallic or metal-organic compounds are
also becoming more employed.14 For organometallic precursors, the stability is
largely determined by the strength of the metal-carbon (M-C) bond. For instance,
metal alkyls and metal carbonyls generally have relatively low bond energies, while
the Cp ligand results in a stronger M-C bond. Metal-organic precursors (lacking a
direct M-C bond) such as alkoxides and alkylamides (e.g. with N(CH3)2 ligands,
not shown in Figure 2.4) are typically more stable than alkyls and carbonyls.
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Finally it is noted that homoleptic, symmetric precursors (i.e. with only one type
of ligand) generally demonstrate a low volatility, while heteroleptic precursors are
more volatile.14

Diethylzinc

Titanium isopropoxide
Alkoxide

Bis(cyclopentadienyl)cobalt

Hf

F

ClCl

Cl

Cl

Fe

CC

C C

C

OO

OO

O

C

CZnC

C

C

FO

O

O

C

Ti
C

C

CC

O

C

C

Iron pentacarbonyl

Hafnium chloride

Alkyl

CyclopentadienylHalide

C

C

C

C

C

CC

CC

C

Co

Carbonyl

H

H

H

H

H

H

HH

H

H

H

HHHH

H

H

H

H

H

H

H H

H H H

H

H

H

H

H

H

H H

H

H

H

H

H

H

H

H

H H

Figure 2.4 Examples of precursors based on ligands commonly used for ALD.
Bis(cyclopentadienyl)cobalt is also known as cobaltocene and abbreviated as
CoCp2, while diethylzinc and titanium isopropoxide are usually abbreviated as
DEZ and TTIP, respectively. The text in italic indicates the type of ligand. Note
that the molecules are not drawn to scale. Based on Ref. 14

.

Co-reactants

Although the development and selection of precursors generally receives most
attention in the ALD literature, the choice of co-reactant is equally important.
Not only does the co-reactant to a large extent determine the composition of
the deposited film, together with the precursor it also influences the conditions
(e.g. deposition temperature) that can be used for the process. A wide variety
of co-reactants has been reported for ALD. In Figure 2.5 some examples of typi-
cal co-reactants are shown. ALD researchers are increasingly investigating novel
co-reactants, and the list of employed co-reactants keeps increasing. Examples
of less-common co-reactant chemicals include hydrazine, disilane, formic acid, 1-
propanol, propanethiol, and sulphur hexafluoride (see Figure 2.5).15,21–24
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Figure 2.5 Different examples of co-reactants used for ALD. O2, H2, H2O, NH3

and H2S have historically been widely used for ALD. Note that the molecules are
not drawn to scale.

Selection of an appropriate co-reactant can be difficult for ALD of challenging
materials such as fluorides and metals. The use of an alternative co-reactant
can enable deposition of a new material by ALD, or can allow for the widening
of process parameters such as deposition temperature. For instance, Golrokhi et
al. demonstrated that the use of tertiary butyl hydrazine (TBH, C4H12N2) as co-
reactant for Ag ALD allowed for a significantly larger temperature window than for
a earlier reported Ag ALD process using 1-propanol as co-reactant (using the same
precursor).25,26 The ALD process for AlF3 using SF6 plasma (Chapters 4 and 5)
provides another example of a novel co-reactant. Thus far ALD of metal fluorides
was less straightforward due to limited availability of suitable co-reactants.27

2.2 ALD Reactor

The majority of the experiments discussed in this dissertation were performed in
a home-built ALD reactor. The studies on Co and Ru ALD were done using this
reactor, while the AlF3 depositions were performed in a commercial tool from Ox-
ford Instruments, the FlexAL.28 Both reactors are similar in design and working
principles, and are equipped with a similar pump system and the same type of
plasma source. A significant difference is nevertheless that the FlexAL reactor is
equipped with a loadlock to position samples on the substrate table automatically,
whereas the home-built reactor is not. Since apart from this aspect the reactors
are very similar, only the home-built reactor will be described here.
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A photograph and a schematic of the home-built reactor are shown in Fig-
ure 2.6. The reactor consists of a vacuum vessel connected to a rotary vane
prepump and a turbomolecular pump, allowing for a base pressure of ∼10-6 Torr.
The reactor is an open-load system, meaning that it is vented to atmospheric
pressure each time a sample is loaded. The pressure in the reactor chamber is
monitored with pressure gauges. The reactor wall is heated using heating wires
wrapped around the vacuum vessel, allowing for wall temperatures up to ∼120 °C.

Spectroscopic
ellipsometry

 Matching 
network

Plasma

Substrate table
(25 - 400°C)

Precursor

p
u
m
p

Ar
N2

O2, N2, H2, NH3, SF6, Ar

IR source +
interferometer

Quadrupole mass 
spectrometry

FTIR 
detector

Figure 2.6 Home-built ALD reactor used for the majority of the experiments. The
reactor consists of a vacuum chamber connected to a prepump and a turbomolecular
pump (not shown here). The precursors are contained in a stainless steel canisters,
and Ar can be used as carrier or purge gas. An inductively coupled plasma source is
installed above the substrate table, through which several gases can be dosed in both
thermal and plasma ALD processes. A matching box is connected to the coil around
the plasma tube for impedance matching. Furthermore, several in situ diagnostics
are mounted on the reactor chamber, i.e. quadrupole mass spectrometry (QMS),
spectroscopic ellipsometry (SE), and Fourier transform infrared spectroscopy (FTIR).

Precursor chemicals are stored in stainless steel canisters, which can be heated
(up to 120 °C) to increase the vapor pressure if necessary. Precursors are dosed
to the reactor through a small inlet (∼4 mm diameter), using open-close gas
valves. Two types of valves are installed on the reactor, a fast ‘ALD’ valve, with
an accuracy up to ∼10 ms, which is used for precursor doses up to 100 ms, and a
‘normal’ dose valve, used for longer doses. Depending on the vapor pressure of the
precursor, it can be delivered to the reactor chamber by different methods: vapor
drawn; by flowing an inert carrier gas such as Ar or N2 over the precursor (‘carrier
gas assisted’); or by flowing a carrier gas through the precursor (‘bubbling’). The
precursor delivery lines are typically heated (between 30 °C and 120 °C) in order
to prevent condensation of precursor and blockage of the line.
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An inductively coupled plasma (ICP) source is installed on top of the reactor
chamber, which is used for the co-reactant exposures during plasma ALD (Chap-
ters 4 to 6), O2 plasma etch steps for area-selective ALD of Ru (Chapters 7
and 8), as well as pretreatments of the samples prior to deposition. The ICP
source consists of a dielectric quartz tube, surrounded by a copper coil. Through
electromagnetic induction the electrons in the plasma gas are heated using the
coil in order to generate and sustain a plasma. Furthermore, a matching box is
installed, to match the impedance of the power source to the impedance of the
plasma. The plasma source is operated at a radiofrequency (rf) of 13.56 MHz
(13.553 - 13.567 MHz range), which is one of the frequency bands available for
industrial, scientific and medical purposes (‘ISM band’).29 The required plasma
power typically scales with the surface area of the substrate table. A power of
100 W is normally used on the home-built reactor (which has a table with a 4
inch diameter), although in general, powers vary between 0 W and 600 W when
employing ICP plasmas for ALD.7,30 Co-reactant gases are delivered to the reactor
chamber through the plasma source and the gas flow is controlled with the use
of needles valves. Typical pressures during co-reactant exposures are in the order
of 10 mTorr. Source gases which can be dosed through the plasma source are
O2, N2, H2, NH3, SF6, Ar, and mixtures thereof. H2O is dosed from a stainless
steel canister if needed for a thermal metal oxide ALD process, similar to dosing a
precursor. All source gases fed through the top of the plasma source can also be
used for thermal processes. To protect the plasma source from deposition inside
the tube, a gate valve is installed between the chamber and the source, which is
usually closed during precursor dosing.

The substrate can be heated between room temperature and 450 °C. Two dif-
ferent types of table heating were used. The Co work was carried out with a
heating coil mounted underneath the table. A thermocouple was fed through the
back flange of the reactor and installed in the side of the table. This heating
mechanism is affected by changes in reactor pressure, since both the thermocou-
ple and the heating coil are in vacuum when the reactor is pumped down. At low
pressure, the thermal contact between the heating coil and the table, and between
the table and the thermocouple is reduced as compared to atmospheric pressure.
This reduced thermal contact can cause temperature fluctuations which need time
to stabilize. For this reason, the Ru work was performed using a substrate table
containing heating rods (instead of coils) and two thermocouples, installed inside
the substrate table, which are left at atmospheric pressure at all time. The two
thermocouples are installed at the center and the edge of the table, such that the
temperature homogeneity can be monitored and controlled.
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Before starting a set of experiments, the reactor walls are typically coated (‘con-
ditioned’). This is done by first carrying out a number of ALD cycles (500 -
1000) for Al2O3, followed by a number of ALD cycles for the material of interest.
Furthermore, material deposited on the reactor walls is removed regularly (approx-
imately once a year) by means of sand blasting, since flaking of the material on
the walls occurs after performing many depositions.

To allow for the use of in situ diagnostics, several ports and valves are installed
on the side of the reactor chamber (see Figure 2.6). Spectroscopic ellipsometry
(SE) is used to monitor the development of the film thickness and optical prop-
erties as a function of ALD cycles. The light with wavelengths of 245 nm - 1000
nm is directed through quartz windows, which are protected by gate valves during
film deposition. To allow for an SE measurements, the recipe is interrupted for a
short period of time (typically 40 s), and the gate valves are opened. SE serves
as a powerful tool during the development of an ALD process, and was used for
the work described in Chapters 4 to 8. The light source and detector for SE are
installed at an angle of ∼70 ° with respect to the substrate normal, which is close
to the Brewster angle of Si. Optical emission spectroscopy can be performed by
mounting a optical fiber horizontally to the side of the transparent quartz tube of
the plasma source. This technique allows for identification of excited species in
the plasma, and was employed to study the SF6 plasma and the H2- and N2-based
plasmas used for AlF3 (Chapters 4 and 5) and Co ALD (Chapter 6), respectively.
In addition, an infrared light source, Fourier transform infrared (FTIR) interferom-
eter and detector can be connected to the reactor for identification of gas-phase
reaction products or surface species (see Figure 2.6). The IR light travels parallel
to the substrate table, through KBr windows also protected by gate valves. A
manipulator can be used to mount the sample and align it to the light source.
Surface IR spectroscopy was employed for studying the reaction mechanism of
AlF3 ALD, as is described in Chapter 5. Finally, a quadrupole mass spectrome-
ter (QMS) detector is mounted vertically to the side of the reactor chamber to
identify gas phase reaction products, such as done in Chapters 5 and 6.
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2.3 ALD Process Development*

Although the principle of ALD appears to be relatively simple, developing an ALD
process is not necessarily a trivial task and it requires careful attention.6 Here,
steps are suggested and described to successfully set up an ALD process. Although
the steps are roughly ordered chronologically, the preferred order will depend on
the process, while repetition of some steps might also be needed at a later stage.

1. Precursor and co-reactant selection
Before setting up an ALD process, a suitable combination
of precursor and co-reactant has to be decided on. Most
importantly, the precursor and co-reactant molecules should
consist of the appropriate elements, to obtain a material of
the desired composition. In addition, they need to be reac-
tive towards the surface groups present after the preceding

sub-cycle, and in turn result in reactive surface groups after dosing.14 Moreover,
volatility, thermal stability and reactivity need to be sufficiently high.20 Other re-
quirements include availability and safety of the chemicals. Furthermore, reactor
constraints and the application of the ALD film have to be considered, since they
can limit the choice of possible chemicals. In addition to selecting the precursor it
has to be determined how the precursor will be delivered to the chamber: vapor
drawn, carrier gas assisted (i.e. carrier gas flowing over the precursor), bubbling
(i.e. carrier gas flowing through the precursor), etc.

MαXβ

2. Chemical composition
Soon after deposition of the first ALD film, it is valuable
to check if the grown material consists of the intended el-
ements. Common ways to investigate the chemical com-
position are X-ray photoelectron spectroscopy (XPS) and
Rutherford backscattering spectroscopy (RBS), although
XPS is typically more readily available. In case the ma-

terial should be conductive, a simple four-point probe conductivity measurement
can tell if the material is of high purity. Furthermore, a quick assessment of the
refractive index can also indicate whether the desired material is obtained. If the
deposited material is very different from the expectation, it might be good to
reconsider Step 1, since proceeding can be a waste of time. However, in many
cases, optimization of the deposition temperature or dosing and purge times can
lead to improvement of the material composition. It is important to realize that
the chemical composition will determine the final material properties.

* This section appeared online as a blog post on AtomicLimits.com.
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3. Thickness control
An important characteristic of ALD is the deposition of the
same amount of material in each cycle, allowing for ulti-
mate thickness control.31 To confirm this, the thickness or
material increase is to be determined per cycle, which is
called the growth per cycle (GPC). Determining the GPC
can be done both in situ, by following the material increase

during deposition, as well as ex situ, by depositing multiple samples with varying
number of cycles. Typically, the film thickness is measured (e.g. by spectro-
scopic ellipsometry), although alternative ways to check for linear growth are by
determining the number of deposited atoms (e.g. by Rutherford backscattering
spectroscopy) or deposited mass (e.g. by a quartz-crystal microbalance). Fig-
ure 2.7 shows a typical example of the film thickness increasing linearly with
the number of ALD cycles. Note that the initial growth on the substrate might
occur differently than at a later stage, as will be discussed in Step 9. For this
reason the focus should lie on relatively thick films, with thicknesses over ∼10 nm.

n

d
GPC = dn

_

Figure 2.7 Typical example showing the film thickness as a function of
number of ALD cycles, illustrating the linear growth behavior which is typical
for ALD. The growth per cycle (GPC) can be defined as the slope of the
thickness as a function of cycles. In case the number of deposited atoms
or the mass is measured as function of cycles, the GPC is given in terms of
atoms per unit area or grams per unit area deposited per cycle.
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4. Saturation
To confirm self-limiting growth, one of the key character-
istics of ALD, the growth per cycle (GPC) has to be de-
termined as a function of dosing and purge times. In the
case of a standard AB-type (i.e. two-step) process, the pre-
cursor dosing time, precursor purge time, the co-reactant
exposure time and co-reactant purge time need to be opti-

mized. This is done by choosing a relatively long time for three of the four times
and keeping those constant, while varying the fourth. This needs to be done for
every step and, logically, the first step would be to confirm saturation of the pre-
cursor dosing time (see Figure 2.8a). After this the saturation of the other dosing
times can be investigated, and perhaps the whole procedure has to be reiterated
with slightly different dosing and purge times based on the findings.

Figure 2.8 Idealized growth per cycle (GPC) as a function of (a) reactant (precursor
or co-reactant) dosing time and (b) purge time, illustrating the self-limiting ALD
behavior. After saturation is reached, dosing additional reactant, or prolonging the
purge time does not lead to a change in GPC. Note that it is important to include
a measurement for the data point corresponding to 0 s precursor (or co-reactant)
dosing time. When purge times are too short, parasitic CVD can occur, leading to a
higher GPC.

Ideally, a clear plateau is observed when investigating saturation, meaning that
the GPC does not increase or decrease when more precursor/co-reactant is dosed,
or the purge time is extended.31 Certain phenomena can however cause deviation,
such as precursor condensation and precursor decomposition in the case of the
precursor saturation curve. In addition, too short co-reactant dosing times can
cause impurity incorporation, while too short purge times (see Figure 2.8b) can
lead to a parasitic CVD component (i.e. reaction of the precursor and co-reactant
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molecules in the gas phase or at the surface), which can impact conformal and
uniform deposition. Too long dosing and purge times, on the other hand, can
significantly slow down the experiment, or in the case of industrial application,
fabrication time. It can also be insightful to perform experiments where only the
precursor or co-reactant is dosed, to see if this leads to film deposition or modifi-
cation of the substrate. Furthermore, saturation should also be confirmed at other
process conditions, such as different table temperatures, as will be addressed later.

n
α

ρ
µ Xc

5. Material properties
Apart from the desired chemical composition, several other
material properties are highly important. Depending on
the application of the ALD films, it can be of interest to
check the following: optical properties (refractive index n,
absorption coefficient α), electrical properties (resistivity ρ,
carrier density Ne and mobility µ), film and surface mor-

phology (roughness, crystallinity Xc), et cetera. Note that the material properties
are strongly linked to the chemical composition of the film, which should be in-
vestigated in detail first, and that tuning of the chemical composition can enable
different material properties.

T1

T2

T3

6. Temperature dependence
Varying the deposition temperature can have a significant
effect on both the growth behavior and the material prop-
erties. For this reason, it is advised to deposit films over
a range of substrate temperatures, for example between 50
°C and 350 °C. ALD researchers often speak about an ALD
window, i.e. a region where the GPC is (nearly) constant,

allowing for reliable and repeatable results despite slight temperature variations
(see Figure 2.9).32 However, this constant GPC is not a necessity for an ALD
process, and it is mostly important that saturation behavior is found for all tem-
peratures. Effects such as precursor condensation (at low temperature) and pre-
cursor decomposition (at high temperature) can namely become visible by verifying
saturation at various temperatures. While a constant GPC is a desirable feature,
numerous reports actually exist of ALD processes that demonstrate a temperature
dependent GPC, but do show saturating ALD behavior over a wide temperature
range (e.g. Al2O3 and AlF3 using Al(CH3)3 and H2O or HF).2,13
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Condensation

Low reactivity

Decomposition

Desorption

ALD-window

Figure 2.9 Growth per cycle (GPC) as a function of deposition
temperature, showing the idealized ALD window. In addition,
precursor related phenomena which can occur at high or low
temperature are indicated.

It should be noted that the actual temperature of the sample can be signif-
icantly lower than the set temperature of the substrate table, especially when
working with a warm (instead of hot) wall reactor at high vacuum. This differ-
ence in temperature can be due to the reduced thermal contact between the table
and the sample, which is pressure dependent.

7. Uniformity
Another important merit of ALD is the uniformity of the
film over large area substrates.33 Often, saturation is ver-
ified using coupon samples at the center of the substrate
table, which does not mean that precursor or co-reactant
dosing is sufficient everywhere. Moreover, non-uniformity
is generally a clearer signal of a CVD component than ob-

tained through saturation curves. Hence, a good uniformity is evidence that the
process is a well-behaving ALD process. Therefore, it is a recommended that
a film is deposited on the largest substrate that fits in the ALD reactor. Most
importantly, the thickness variation can easily be determined, either manually, or
using an automated mapping stage. However, certain material properties such as
composition and resistivity can also be important with respect to uniformity. It
might for example be that the thickness uniformity of the deposited film is good,
while the resistivity of the film varies significantly over the substrate.
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8. Conformality
Although often disregarded during ALD process develop-
ment, the conformality of the ALD film should be taken into
account. Conformality is the ability to conformally deposit
a film on 3D structures, i.e. with (ideally) no variation in
thickness along the structure.34 Instead of the conventional
planar coupons, specific samples are required to assess the

conformality, which contain trenches or vias. A way to quantify the conformality
is to deposit in a vertical trench or via with a certain aspect ratio (AR), and,
after preparation of a cross-section, calculate the ratio between the thickness at
different locations (see Figure 2.10). Another approach is to use a specifically
designed structure with a lateral via, such as Pillar Hall, allowing for assessment
of the thickness profile without the need of a cross-section.35,36 In addition to
conformality in terms of film thickness, variations in material properties along the
3D structure can also be significant.

Figure 2.10 Schematic explaining conformality, which can be defined
as the film thicknesses at different positions in the trench relative to
the thickness at the top of the trench. The trench has an aspect ratio
(AR), defined as the height of the trench divided by the width.

9. Nucleation behavior
The film growth during an ALD process might initially show
a different behavior than at a later stage of the deposition
(see Figure 2.11). The reason for this is that reactions
of the precursor with the material and the chemical groups
present on the substrate will probably occur differently than
reactions with surface groups on the deposited film. As is



2.3. ALD Process Development 33

shown in Figure 2.11, it is generally possible to distinguish three cases that can
manifest themselves during the initial cycles: linear growth, accelerated or en-
hanced growth, and delayed growth.37 The nucleation behavior can affect ma-
terial properties, such as defect or pinhole density, crystalline structure, surface
roughness and film resistivity. Moreover, sometimes differences between nucle-
ation on various substrates can be observed, which can be the starting point for
an area-selective ALD process. This means that a delayed growth can be beneficial
in certain cases, although usually fast nucleation is desired for regular applications.

The nucleation behavior is strongly dependent on the growth mode of the ALD
material. ALD of a metal on a metal oxide often starts with island growth, also
known as Volmer-Weber-type growth, before a closed films is obtained, while cer-
tain other materials growth in a layer-by-layer fashion or Frank-Van Der Merwe
mode.38 Note that the growth mode depends on the difference in surface energy
between the substrate and the deposited film. After investigating the nucleation
behavior, it is important to realize that specific thickness effects may start play-
ing a role in the growth behavior after the initial nucleation phase. For instance,
crystallization of the film after a certain film thickness is reached might lead to
an increase of the GPC.

Accelerated growth

Linear growth

Delayed growth

Figure 2.11 Example of the thickness as a function of number
of ALD cycles, illustrating the difference between accelerated,
linear, and delayed growth during the initial ALD cycles.
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10. Other important aspects

Several other aspects are also important during ALD pro-
cess development, although they are not necessarily specific
to ALD.

� Safety: Apart from considering the safety of the used chemicals, it is wise to
inform yourself whether any poisonous or potentially harmful reaction products
are produced during the ALD reactions, or upon contact with the environment.
Moreover, it should be checked if the film material itself is not creating any
safety risk.

� Film stability: The stability of the deposited films over time and their sensitivity
to the environment (e.g. the ambient) need to be taken into account. Especially
in case the film is intended for use in a certain environment, it should be
confirmed if it can withstand these conditions (e.g temperature, humidity, etc.).

� Reproducibility: It should be confirmed that the same film thickness and film
properties can be obtained by repeating the same deposition recipe. Condition-
ing of the reactor wall can play a role in this context, although variations in
substrate temperature or reactor pressure can also be responsible for unwanted
effects.

� Precursor consumption: Efficient use of the precursor becomes more significant
for expensive precursors and can for instance be achieved by minimizing the
size of the reactor chamber and by avoiding overdosing. Note that the required
precursor dosing typically depends on the total surface area of the substrate,
which is larger when working on 3D substrates.

� Precursor stability: Prolonged heating of the precursor, which is usually needed
to obtain a certain vapor pressure, can sometimes cause degradation of the
precursor. For this reason it might be needed to turn off the precursor heating
during periods that no deposition runs are being performed.

� Literature comparison: It is advised to verify whether the obtained results are
in agreement with previous reports on the same (or very similar) ALD process,
especially in terms of chemical composition and growth behavior. If this is not
the case, an explanation for the distinctions should be found.

� Device performance: The real test for the developed process will be the applica-
tion in a working device, such as a transistor or solar cell. Certain phenomena,
for instance the presence of defect states or film pinholes and the incorporation
of particles, might not be detected by basic characterization techniques and
might only become visible when testing the film in a device.
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18 Hämäläinen, J., Holopainen, J., Munnik, F., Heikkilä, M., Ritala, M., and
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3Advanced ALD cycles
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Advanced ALD cycles rely on the use of more than two chemicals serving as pre-
cursor and co-reactant, and offer unique opportunities to extend the possibilities
of ALD. They can for instance be used to grow materials that cannot be obtained
using a standard AB-type ALD cycle. Furthermore, advanced ALD cycles allow for
deposition of multiconstituent or multilayer materials, as well as area-selective de-
position (see figure above). However, the development of an ALD process based
on an advanced cycle is typically more challenging than the development of a
standard AB-type cycle. In this chapter, categories of advanced ALD cycles are
discussed, as well as considerations that need to be taken into account. Further-
more, examples of advanced ALD cycles from the literature are given, in order
to obtain a general understanding of the challenges and opportunities offered by
advanced ALD cycles.

Figures above after Refs. 1 and 2.

37
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3.1 Introduction

Atomic layer deposition (ALD) relies on the cyclic dosing of precursor and co-
reactant chemicals. The standard two-step (‘AB-type’) ALD cycle consists of one
precursor dose (’A’) and one co-reactant dose (’B’), separated from each other
by purge steps, whereas advanced ALD cycles are more complex. To be able to
understand how advanced cycles can be used to extend the possibilities of ALD,
it is relevant to discuss the distinctive roles that the precursor and co-reactant
have to fulfill in a proper ALD process. Note that the general case of common
reaction mechanisms is described below, and that processes exist which deviate
from this. From a fundamental point of view, the main role of the precursor
is the deposition of the (semi) metal atom, as is illustrated in Figure 3.1.3 As
was discussed in Chapter 2, there are several characteristics for a chemical to be
suitable as an ALD precursor.4,5 Identifying or developing a chemical with all of
these characteristics is not trivial, and synthesis of precursor chemicals can be a
challenging endeavor. For example, the precursor should be sufficiently volatile
and demonstrate thermal stability.5,6 Moreover, a precursor molecule should react
with the surface groups in a self-limiting manner, and result in surface groups re-
active towards the co-reactant.6,7 To assess the volatility and thermal stability of
a molecule, synthetic chemists typically rely on thermogravimetric analysis, which
is a technique where a sample of the precursor is gradually heated to determine at
which temperatures the molecule starts to volatize and to decompose.6,7 In ad-
dition, density functional theory (DFT) calculations can be carried out to predict
the reactivity of a precursor with a specific surface, by evaluating the pathways
for precursor adsorption and the corresponding reaction energies.8,9

Although the precursor has only one main role contributing to the ALD growth
(i.e. incorporation of the metal atom), the co-reactant generally has to fulfill three
distinctive roles to obtain ALD growth (see Figure 3.1). First, the co-reactant dos-
ing should lead to elimination of the precursor ligands, or fragments thereof.3 This
role is referred to as ‘Role I: Ligand-elimination’. Although precursor ligands of-
ten partly leave during the precursor dose, ligands or ligand fragments typically
remain after the precursor has reacted with the surface. These remaining ligands
therefore have to be removed during the subsequent co-reactant sub-cycle. Sec-
ond, a change of the oxidation state of the metal atom can be required, since
the metal atom is often in a different oxidation state in the precursor as in the
film.3 This role is termed ‘Role II: Redox reaction’. For instance, during ALD of
metallic TaNx using Ta(NMe2)5, the oxidation state of the Ta atom should change
from 5+ to 3+.10 Examples exist of ALD processes where the change in oxidation
state (partly) takes place during precursor adsorption, although it is more com-
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mon that the co-reactant is responsible for the redox reaction. Third, in case of
non-elemental deposition, the co-reactant is generally needed for incorporation of
a second (or sometimes third), element, e.g. O or N.3 This role is referred to as
‘Role III: Element-incorporation’. Examples exist where the second element is pro-
vided by the precursor (e.g. TiN from tetrakis(dimethylamido)titanium (TDMAT)
or NiCx from bis(N,N’-di-tert-butylacetamidinato)nickel), but these are excep-
tions.11,12 Note that all of the abovementioned reactions should be self-limiting.
This means that the surface groups formed in a sub-cycle should not be reactive
towards the reactant (precursor or co-reactant) being dosed during that sub-cycle.

co-reactantco-reactantco-reactant

reaction
products

I. Ligand 
elimination

Metal 
incorporation

II . Redox 
reaction

III. Element 
incorporation

precursor

reaction
products

Figure 3.1 Fundamental roles that the precursor and co-reactant typically have to fulfill
to enable ALD growth. The precursor should result in the incorporation of the (semi)
metal atom. Role I of the co-reactant is the removal of precursor ligands or fragments.
Role II is the promotion of the redox reaction, resulting in a change in oxidation state
from +X to +Y. Role III concerns the incorporation of a second element, which generally
needs to occur during the co-reactant sub-cycle when a binary material is desired. Note
that all reactions should be self-limiting.

Ideally, all of the roles described above are fulfilled by the combination of one
precursor and one co-reactant in an AB-type ALD cycle. However, sometimes
the two selected chemicals are not sufficient for the reactions essential for ALD
growth to occur, and sometimes additional roles or functionalities are desired. At
first sight, the solution would be to identify, or design, alternative precursor or
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co-reactant chemicals, such that all required roles are fulfilled. However, instead
of trying to solve the puzzle using just two chemicals, it can be beneficial or more
straightforward to employ an advanced ALD cycle.

Advanced ALD cycles go beyond the standard AB-type cycle and rely on the
use of more than just two chemicals. In such cycles the employed chemicals serve
different purposes, in order to fulfill all the fundamental roles as described above.
Furthermore, the toolbox of advanced ALD cycles offers other opportunities. The
use of an advanced ALD cycle can namely be motivated by special requirements
which can hold for an ALD process. For instance, advanced cycles are widely
used for growth of multiconstituent (i.e. doped, ternary, or quaternary) materi-
als. Another use of advanced cycles can be found the field of area-selective ALD,
and recently several different advanced ALD cycles have been investigated for this
purpose.13 Since advanced ALD cycles offer a wide range of opportunities, ALD
processes based on advanced cycles are increasingly being reported in the litera-
ture. However, the development of such advanced ALD processes is typically less
trivial than for a conventional AB-type process, and several pitfalls can occur, as
will be illustrated in this chapter.

This chapter is structured as follows. In Section 3.2, different categories of
advanced cycles are described on a general level, and the opportunities as well
as the non-trivialities that need to be considered when employing these cycles
are addressed. Illustrative examples of advanced ALD processes are discussed
in Section 3.3. In Section 3.3.1 advanced ALD cycles to fulfill the fundamental
roles are addressed. Other opportunities offered by advanced ALD cycles are
discussed in Section 3.3.2. This section focuses on multiconstituent materials and
area-selective deposition, although more additional uses of advanced cycles can
exist. Some generalizations on the basis of the discussed examples and the main
conclusions are summarized in Section 3.4.

3.2 Categories of advanced ALD cycles

Generally, three different types of advanced ALD cycles can be identified (see
Figure 3.2):

� The co-dosing cycle, where either two precursor or two co-reactant chemicals
are dosed simultaneously.

� The ABC-type cycle, where an additional C-step is included in the ALD cycle.

� The supercycle, which can consist of two (or more) ALD cycles, or the com-
bination of an ALD process with a surface treatment (e.g. a plasma exposure).
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Figure 3.2 Schematic illustrations of different categories of advanced ALD cycles:
(a) co-dosing cycle using co-reactants B1 and B2, (b) an ABC-type cycle where a
C-step is added, and (c) a supercycle comprised of two different AB-type cycles. In
one supercycle, first n cycles of one process are performed, followed by m cycles of the
other process. Their ratio (i.e. ‘supercycle ratio’) is typically defined as n/(n+m).

In case either the precursor or the co-reactant cannot fulfill all the required
roles, a relatively simple solution is to add a third chemical during one of the
reactant (i.e. precursor or co-reactant) doses.5 As will be discussed later, such a
co-dosing cycle is mostly employed for ALD of doped or ternary materials. The
mixing ratio of the two chemicals can influence the growth behavior as well as the
material properties, and a co-dosing cycle therefore typically requires additional
optimization as compared to a standard AB-type ALD cycle. Another important
aspect is the possibility of competitive adsorption of the two chemicals, which
can result in the loss of control over the film composition, in addition to loss of
self-limiting behavior.14
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In some cases, it is not sufficient to combine two reactant chemicals in a co-
dosing cycle to fulfill all roles and requirements. Moreover, in a co-dosing cycle
the interaction of chemicals with each other can be undesirable. At high working
pressures, the combination of O2 and H2 can for instance pose explosion hazards.
In such cases, an additional C-step can be included in the ALD cycle, resulting in
an ABC-type cycle. This additional step is often a second co-reactant exposure,
which is contributing to film growth. It can however also have another purpose,
e.g. growth inhibition to enable area-selective ALD, as will be discussed in Sec-
tion 3.3.2.15 When using ABC-type cycles certain aspects should be considered.
Firstly, the order of the different dosing steps is to be determined. For certain
processes, the order can be switched, but typically one reaction step needs to take
place before the other one. Moreover, the inclusion of the C-step can change
the saturation behavior of the other sub-cycles, and additional experiments are
therefore required to confirm saturation of all dosing steps.

The cyclic nature of ALD makes that the same reaction steps occur during every
(AB- or ABC-type) ALD cycle. Although this allows for precise thickness control
(i.e. the same amount of material is deposited every cycle), it can be a drawback
that all of the steps are performed every cycle. For this reason, it is sometimes
decided to carry out one or more steps after several ALD cycles, in a supercycle
manner. Such a supercycle where an ALD cycle is combined with either another
ALD cycle, or with a surface treatment, can further extend the possibilities of
ALD. For example, supercycles of two ALD cycles have extensively been employed
to enable growth of doped or ternary materials.14 Recently, also other variations
have been reported, where an ALD cycle is combined with a treatment, such as for
example a plasma exposure.16,17 Several nontrivialities can play a role for super-
cycle processes. Nucleation effects after switching between the two processes can
lead to an overall growth rate which deviates from what is expected. In addition,
it is worth noting that both the cycle ratio and number of cycles per supercycle
need to be optimized.

3.3 Illustrative examples of advanced ALD cycles

To illustrate how the different advanced ALD cycles can be employed to meet the
requirements as described above, several examples of advanced ALD cycles are
discussed in this section. First, ALD cycles are described where the fundamental
roles are fulfilled by using more than two reactants. Subsequently, two additional
uses of advanced ALD cycles are discussed: ALD of doped and ternary materials,
and area-selective deposition.
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3.3.1 Fulfilling the fundamental roles

Co-dosing two co-reactants during In2O3 ALD

The ALD process for H-doped In2O3 (In2O3:H) using InCp as precursor and H2O
and O2 as co-reactants provides a successful example of a co-dosing cycle (see
Figure 3.3a).18,19 In this ALD process, H2O and O2 both serve a separate role,
and the ALD reaction does not proceed when using only one of them. In the
work by Libera et al. it was shown that H2O is needed for the removal of the
Cp ligand (see Figure 3.3b), which corresponds to Role I (‘ligand elimination’, see
Figure 3.2). Apart from elimination of the Cp, H2O also results in the formation
of hydroxyl surface groups, needed for precursor chemisorption in the next ALD
cycle. Meanwhile, the O2 leads to a change of the oxidation state of the In atom
from 1+ to 3+ and additional O incorporation, connecting to Role II (‘redox
reaction’) and III (‘element incorporation’).
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Figure 3.3 (a) Schematics of the co-dosing cycle and (b) the reaction mechanism for
ALD growth of In2O3:H using co-dosing of O2 and H2O. Ligand elimination by H2O
results in OH surface groups and the release of HCp as reaction product (‘B1’), while
O2 leads to a change in oxidation state of the In atom (‘B2’). The modifications by
H2O and by O2 are indicated in green and purple, respectively. After Ref. 19.

In addition, to the co-dosing cycle, Libera et al. investigated two different
variations of an ABC-type cycle, with the O2 and H2O dosed after one another. It
was demonstrated that the order has an effect on the growth characteristics and
the material properties. Co-dosing however resulted in the best results in terms of
growth per cycle (GPC) and carrier mobility. Furthermore, subsequent dosing in
an ABC-type cycle results in a longer cycle-time. Finally, it is noted that the InCp
precursor can also be combined with O2 plasma as co-reactant to grow In2O3.

H2/N2 plasmas for ALD of nitrides and metals

Co-dosing of H2 and N2 has widely been used for plasma ALD of both nitrides
and metals.20–26 As will also be discussed in Chapter 6, a relevant aspect for these
types of plasmas is the presence of NH3 and NHx, x≤3 species in the plasma. When
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using a mixed H2/N2 plasma, NH3 can be formed at the reactor walls through
recombination reactions of incoming H and N radicals, while subsequent dissocia-
tion of NH3 results in NHx, x≤3 species.27,28 These species can play a role in the
ALD growth mechanism, as will be illustrated below.

An example of an ALD cycle based on a mixed H2/N2 plasma is the co-dosing
cycle for conductive TaN films using TaCl5 as precursor shown in Figure 3.4. TaNx

can exist in the conductive TaN phase, or in the resistive Ta3N5 phase, and precise
control of the stoichiometry is therefore essential. In the co-dosing cycle for TaN,
N species in the plasma are responsible for the formation of a metal nitride film,
which is Role III as described above. H species, on the other hand, are needed to
fulfill Roles I and II, i.e. to reduce the Ta atom from 5+ in TaCl5 to 3+ in TaN
and to eliminate the Cl ligands. As can be seen in Figure 3.4b, the N/Ta ratio of
the deposited films depends on the N2/H2 mixing ratio of the plasma source gas,
which allows for tuning of the composition and material properties. It is noted
that growth of TaN films has also been reported by thermal ALD using ABC-
type cycles employing TaCl5 and NH3 as precursor and co-reactant, together with
elemental Zn or Al(CH3)3 in an additional C-step to reduce the film from Ta3N5

to TaN.29,30 These approaches however resulted in a higher film resistivity than
obtained using the H2/N2 plasma process, which can be explained by a different
stoichiometry (N/Ta ratio) or a higher impurity content.
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Figure 3.4 (a) Co-dosing cycle using TaCl5 and a mixed H2/N2 plasma for deposition
of conductive TaN. (b) Number of Ta atoms deposited per cycle and N/Ta ratio as
a function of N2/H2 mixing ratio of the plasma source gas. After Ref. 20.

Apart from ALD of metal nitrides, H2/N2 plasmas can be used for ALD of
metals. In this type of process, N or H should not be incorporated in the film,
but the NHx, x≤3 species in the plasma can be required for removal of the pre-
cursor ligands (Role I). For ALD of Pt-group metals O2 is a typical co-reactant,
but during certain fabrication processes, as well as for ALD of metals such as
Co, Ni and Cu, it is often not possible to use oxidizing agents. Figure 3.5
shows a cycle employing an H2/N2 plasma for ALD of Ru. Interestingly, the Ru
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atom is already in the zero oxidation state in the employed precursor (isopropyl-
methylbenzene)(cyclohexadiene)Ru(0)), meaning that Role II (‘redox reaction’)
does not need to be fulfilled. In the work of Hong et al., the N2/(N2+H2) mixing
ratio was varied, and it was found that the resistivity of the films increased for
higher N2 fractions due to N-contamination (see Figure 3.5b).26 This finding illus-
trates that for these types of plasmas, optimization of the mixing ratio is required,
as will be further discussed in Chapter 6, where H2/N2 plasmas are employed for
Co ALD, and the role of the various plasma species is investigated.

0.0 0.2 0.4 0.6 0.8 1.0

20

30

40

50

60

70
300

360

R
es

is
tiv

ity
(µ

Ω
cm

)

N2/(N2+H2)

time

IMBCHRu

Purge Purge

(a)

H2 plasma

N2 plasma

(b)

Figure 3.5 (a) Co-dosing cycle for ALD of Ru employing isopropyl-
methylbenzene)(cyclohexadiene)Ru(0) (IMBCHRu) and an H2/N2 plasma. (b) Film
resistivity as function of the N2/(N2+H2) mixing ratio. The lowest resistivity was
obtained for an N2 fraction of ∼0.25, while the resistivity increased up to ∼340 µΩ

cm for higher N2 fractions due to N-incorporation. After Ref. 26.

ALD of Pt-group metals using ABC-type cycles

The ALD growth of Pt-group metals using a combination of an oxidizing agent (O2

gas or plasma, or O3) and a reducing agent (H2 gas or plasma) is another example
of an ALD process using two different co-reactants. In this case the oxidizing and
reducing agents are dosed consecutively in an ABC-type cycle. Such a cycle is
typically used for depositing Pt-group metals at low temperature. Examples of
metals grown using these ABC-type cycles include Ir, Rh, Ru, Pt and Pd.31–36 Low
deposition temperatures (<150 °C) can be required to avoid damage or intermixing
of materials during device fabrication. However, the use of O2 gas as co-reactant
in an AB-type cycle at low temperatures (<150 °C) typically does not lead to
film growth.31,36,37 On the other hand, for Ir, Rh, Pt and Pd it is reported that
using the stronger oxidizing agents O3 or O2 plasma typically leads to deposition
of a metal oxide instead of a metallic film below deposition temperatures of ∼200
°C. The deposition of a metal oxide occurs because the oxidizing agent results
in the combustion of the precursor ligands, as well as O-incorporation at these
temperatures.31,37 This means that Role I of ligand removal is met, whereas Role
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II of the redox reaction is not. The addition of the reducing H2 (gas or plasma)
dose is therefore needed to also fulfill Role II.
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Figure 3.6 (a) ABC-type cycle for growth of Pt at ≥ 100 °C, using subsequent
O2 plasma and H2 gas exposures. For deposition at room temperature the H2 gas
dose should be replaced by an H2 plasma exposure. (b) Gas-phase Fourier-transform
infrared spectroscopy (FTIR) spectra for the MeCpPtMe3, O2 plasma, and H2 gas ex-
posures at 100 °C, showing the formation of CO2 and H2O as main reaction products
during the co-reactant steps. These reaction products indicate the ligand elimination
and the reduction of PtOx to Pt. After Ref. 35.

Mackus et al. demonstrated low-temperature ALD of Pt using trimethyl(methyl-
cyclopentadienyl)platinum (MeCpPtMe3) as precursor, and subsequent O2 plasma
and H2 gas exposures as co-reactants (see Figure 3.6a).35 To investigate the re-
action mechanism of this ABC-type ALD cycle, Fourier-transform infrared spec-
troscopy (FTIR) was employed (see Figure 3.6b). It was found that combustion-
reactions during the O2 plasma exposure result in elimination of the ligand frag-
ments and in CO2 formation, meaning that Role I is fulfilled. Reduction of the
surface oxide corresponds to Role II (‘redox reaction’) and results in release of
H2O. Whereas for Pt ALD the oxidizing agent was dosed first, Weber deposited
Pd using Pd(hfac)2 (Pd(C5HF6O2)2, hfac = hexafluoroacetylacetonate) by per-
forming the H2 plasma before the O2 plasma.36 It was found that performing the
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O2 plasma before the H2 plasma results in almost no growth and significant C and
F contamination. This observation was explained by the presence of F in the hfac
precursor ligand, which has been reported to lead to metal fluoride surface species
and other by-products during the O2 plasma exposure.36,38 F-containing ligands
or surface species are more efficiently removed by first dosing the H2 plasma. De-
pending on the precursor, either O2 or H2 should thus be dosed first. An ABC-type
cycle using subsequent oxidation and reduction steps is employed for ALD of Ru
at <150 °C in Chapter 7 and Chapter 8.

Stoichiometry control of VOx using ABC-type cycles

ABC-type cycles have also been employed to control the stoichiometry of VOx

films. VOx can exist in different oxidation states, including V2O3, VO2, and
V2O5.39 The oxidation state greatly affects the material properties and obtain-
ing the correct stoichiometry is therefore essential. Interestingly, V2O3 and VO2

can both demonstrate a phase-change from semiconductor to metal. Weimer et
al. demonstrated an ABC-type cycle using consecutive H2O and O2 dosing steps
to grow V2O5, with V in the 5+ state (see Figure 3.7a). Vanadium-tris(N,N’-
diisopropylacetamidinate) (V(amd)3) was used as the precursor, which contains
V in the 3+ oxidation state. H2O is believed to be responsible for the ligand ex-
change reaction, donating OH to the surface and accepting an one amd-precursor
ligand. H2O thus fulfills Role I (ligand-elimination), and partly Role III (element-
incorporation). O2, on the other hand, causes the oxidation reaction to occur
(Role II: redox reaction and Role III: element-incorporation combined), and leads
to the change of V3+ to V5+. The use of only H2O or only O2 does not lead to
sustainable film growth and stops after ∼6 nm. However, the use of O3 as co-
reactant in an AB-type cycle does result in deposition of V2O5 (see Figure 3.7c),
since O3 is a stronger oxidizing agent than H2O and O2.

In the quest to find a method to deposit VO2 (instead of V2O5), an ABC-type
cycle using H2O2 (hydrogen peroxide) and H2 was developed (see Figure 3.7b).
In VO2, the V atom is in the 4+ state. The H2O2 dosing step of this ABC-type
cycle leads to removal of the precursor ligands (Role I) and the incorporation of
O as the second element (Role III), while the H2 step serves to obtain the correct
oxidation state (Role II). Notably, the V atom is fully oxidized (V5+) after the
H2O2 exposure, before it is reduced to an intermediate oxidation state (V4+)
during the H2 dose.
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Figure 3.7 (a,b) ABC-type cycles using H2O-O2 and H2O2-H2 as co-reactant pairs
for ALD of V2O5 and VO2, respectively. Both processes use vanadium-tris(N,N’-
diisopropylacetamidinate) (V(amd)3) as precursor. (c) Raman spectroscopy was em-
ployed to determine the oxidation states of the films deposited using different ALD
cycles. The presence of characteristic Raman peaks indicates whether the film corre-
sponds to either V2O5 or VO2. After Ref. 39.

ABC-type ALD cycle for WS2

Other cases exist where the change of oxidation state (Role II) and the incorpora-
tion of the second element (Role III) were achieved by using multiple co-reactants.
For the growth of WS2 using tungsten hexafluoride (WF6) as precursor, it was
shown that an ABC-type cycle with H2 plasma followed by H2S gas exposure can
be used (see Figure 3.8).40,41
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Figure 3.8 (a) ABC-type cycle for growth of WS2, using WF6 (tungsten hexafluoride)
as precursor and H2 plasma and H2S as consecutive co-reactants. (b) Growth per cycle
(GPC) in terms of W and S atoms deposited per cm2 and S/W ratio as a function of
H2 plasma exposure time. After Ref. 41.

In this ABC-type cycle, the H2 plasma is responsible for the reduction of the W
atom from +6 in WF6 to +4 in WS2 (Role II: redox reaction), while the H2S re-
sults in the incorporation of S (Role III: element-incorporation). Moreover, during
the H2 plasma exposure, the F ligands are eliminated (Role I: ligand-elimination),
accompanied by the release of volatile HF. Interestingly, the AB-type cycle using
H2 plasma results in a W film, while growth is not achieved using only H2S gas.
As can be seen in Figure 3.8a, precise optimization of the H2 plasma duration is
needed to obtain material with the desired stoichiometry (S/W = 2). Further-
more, the S/W ratio was found to decrease with increasing H2 plasma power. This
dependence on the H2 plasma duration and power is explained by the reduction
of the WSx film during the plasma exposure, which leads to removal of S from
the film. This ABC-type cycle does therefore not demonstrate ideal self-limiting
behavior.

3.3.2 Opportunities provided by advanced ALD cycles

In the previous section it was described how advanced ALD cycles have been
used to fulfill the fundamental roles required for ALD growth. The insights from
these advanced ALD processes offer opportunities for the development of other
processes. As mentioned before, special requirements can hold for an ALD process,
which can potentially be met by employing an advanced ALD cycle. In this section,
two additional uses of advanced ALD cycles will be discussed, starting with the
growth of multiconstituent materials, followed by area-selective deposition.
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Multiconstituent materials

Most current industrial applications of ALD make use of binary metal oxides,
such as SiO2, Al2O3 and HfO2. However, as discussed in the introduction, the
deposition of a doped, ternary (ABxCy ), or quaternary (ABxCyDz) material is
sometimes desired. Multiconstituent materials are currently receiving increased
interest, as they can possess material properties different from simple binary ma-
terials.14 Moreover, variation of the film composition of doped, ternary or qua-
ternary materials allows for more accurate tuning of the material properties. For
deposition of a multiconstituent material an extra requirement is the incorporation
of one or two additional elements. This incorporation can be achieved in different
ways, namely by co-dosing two precursors, by co-dosing two co-reactants, or by
combining two ALD cycles in a supercycle. In this section examples of all three
options are discussed, together with some points of attention.

An example where two precursors have been co-dosed is the process for AlZnxOy

using trimethylaluminum (TMA), diethylzinc (DEZ) and H2O (see Figure 3.9a).42

When using two precursors X and Y in a co-dosing cycle, the composition of
the material can typically be controlled by varying the relative partial pressure
pX/(pX+pY ).42,43 However, the growth can be influenced by competitive adsorp-
tion of the two precursors, which can lead to loss of self-limiting behavior. Due
to the dependence on the partial pressure of the two precursors, this loss of self-
limiting behavior can manifest itself in uniformity issues, and poor conformality in
trenches and other 3D structures. For AlZnxOy , the Al/(Zn+Al) ratio was found
that to depend on the precursor (TMA and DEZ combined) exposure time (see
Figure 3.9b), meaning that control over the film composition is lost. Furthermore,
the Al concentration could also be varied by varying the TMA flow. These find-
ings indicate that competitive adsorption occurs, meaning that Zn species on the
surface are etched by TMA.
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Figure 3.9 (a) Co-dosing cycle using Al(CH3)3 (TMA) and (C2H5)2Zn (DEZ) as pre-
cursors for growth of AlZnxOy . H2O is used as the co-reactant. (b) Al/(Zn+Al) ratio
as a function of precursor (TMA and DEZ together) exposure time. The Al-content
increases with exposure time due to etching of Zn species by TMA. After Ref. 42.
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While the co-dosing of two metal-based precursors can be employed when a
metal is desired as third element, the co-dosing of two co-reactants allows for addi-
tional incorporation of a non-metal. An example where two co-reactant molecules
are dosed simultaneously to achieve a ternary material is the ALD process for
ZnOS using H2O and H2S as co-reactants (see Figure 3.10a).44,45
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Figure 3.10 (a) Co-dosing cycle for ZnOS using H2O and H2S as co-reactants.
(b) S/(S+O) ratio as a function of the relative partial pressure (Pp) of H2S in the
H2O/H2S gas mixture (pH2S/(pH2S+pH2O)). After Ref. 44.

To tune the stoichiometry of the ZnOS films (i.e. the S/(S+O) ratio), the
mixing ratio between H2O and H2S was varied (see Figure 3.10b). This allowed
for tuning of the material properties such as the refractive index (1.9 - 2.3) and
bandgap (2.6 - 3.4 eV). Alternatively, the deposition temperature could be varied
to change the S/(S+O) ratio. The GPC of the process was found be strongly
correlated to the mixing ratio between H2O and H2S (and therefore the stoichiom-
etry), which was explained by a change from crystalline to amorphous material.
Similar to the process for AlxZn1-xO discussed above, the co-dosing of H2O and
H2S leads to a dependence on the co-reactant exposure time. Longer exposures
result in a higher S-content, which is due to the gradual replacement of surface
O by S (from H2S), and a release of H2O as well.

A different method to achieve a material composed of three or four elements
it to use a supercycle of two ALD cycles, for instance cycles for Al2O3 and ZnO
ALD such as illustrated in Figure 3.11a.46,47 Doped, ternary (ABxCy ) or qua-
ternary materials (ABxCyDz), as well as multilayer films, after often grown with
such a supercycle. The majority of ternary materials deposited by ALD are metal
oxides (e.g. AlZnxOy , TaZrxOy and SrTixOy ).14,46,48,49 However, other examples
of materials deposited using supercycles include oxysulfides (e.g. ZnOS), metal
nitrides (e.g. InGaN), sulfides (e.g. CuInS2), and fluorides (e.g. LiAlF4).50–53
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Figure 3.11 (a) Supercycle composed of ALD cycles for Al2O3 and ZnO which can be
used to grow Al2O3/ZnO multilayer films, Al-doped ZnO films, or the ternary material
AlZnxOy . Note that the supercycle ratio n/(n+m) determines which of these three
types of materials is deposited. (b) Growth rate as a function of ALD cycles. The
growth of ZnO on Al2O3, and the growth of Al2O3 on ZnO demonstrate a nucleation
period of approximately 3 and 12 ALD cycles, respectively, before a constant growth
rate is achieved. After Ref. 46.

The composition of the ternary films can to a certain extent be controlled by
varying the number of n and m cycles in one supercycle, and their ratio n/(n+m).
However, nucleation effects often occur when switching from one material to the
other, which can affect the obtained film composition and can lead to an un-
desired distribution of material in the matrix.14,47,54 For instance, the growth of
Al2O3 on ZnO demonstrates a short nucleation period, due to the removal of ZnO
species by TMA.47,55,56 Similarly, ZnO shows a nucleation delay on an Al2O3 sur-
face (see Figure 3.11b).46,47 One explanation for this nucleation delay has been
the formation of ZnOH2+•••AlO- complexes as a result of proton transfer between
ZnOH and AlOH when dosing DEZ onto Al2O3.47,55,56 The formation of these
complexes would cause a loss of surface OH-groups, and since this is the reactive
site to which DEZ binds, less precursor would adsorb to the surface. This results
in a nucleation period which lasts until the OH-density is restored. A second
explanation can be found in precursor ligands remaining after co-reactant dosing
(i.e. ‘persisting ligands’ which are not built into the film but eliminated during
subsequent ALD cycles).14 For ALD of ZnO, it was reported that ∼16% of the
ligands persisted at 150 °C, while ∼50% of the ligands was found to remain for
Al2O3 ALD.14,57 A higher amount of CH3 ligands remaining on the surface can
result in a reduced amount of DEZ precursor when switching from Al2O3 ALD to
ZnO ALD.14 Together these effects make that the supercycle should carefully be
optimized to achieve the desired thickness and material composition.
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Finally, an interesting example of an ALD supercycle to achieve a ternary ma-
terial is the process for H-doped ZnO reported by Macco et al.17 In this case the
ALD cycle was not combined with another ALD cycle, but with an H2 plasma
treatment instead (carried out after every n ZnO ALD cycles as illustrated in Fig-
ure 3.12a). This plasma exposure results in H incorporation in the film, but has
the side-effect that the ZnO film is slightly etched. This means that there is a
competition between deposition and etching and that the supercycle ratio affects
the obtained net deposition. Interestingly, there is no net deposition for n ≤ 2
(see Figure 3.12b), due to the etching of all ZnO by the H2 plasma. For 3 ZnO
ALD cycles or more, net deposition is obtained, but the length of the nucleation
delay depends on the number of ALD cycles. The observation that the nucleation
delay and net deposition depends on the number of ZnO cycles corroborates that
the cycle ratio should be optimized when employing supercycle recipes.

time

1 supercycle

H2O

DEZ H2 plasma

Purge Purge Purge

n cycles
1 plasma 
exposure

(a) (b)n x

Figure 3.12 (a) Supercycle for H-doped ZnO consisting of ZnO ALD cycles combined
with an interleaved H2 plasma exposure. (b) Thickness as a function of ALD cycles
for different number (n) of ZnO ALD cycles in one supercycle. Due to etching of the
ZnO film by the H2 plasma, n ≤ 2 results in no overall film deposition. However,
when a thin starting layer is deposited using ALD only (iZnO), the deposition can be
continued using a supercycle with n = 1. After Ref. 17.

Area-selective ALD

Advanced ALD cycles also offer opportunities for area-selective ALD. Due to the
growing challenges with respect to alignment of device features, area-selective
ALD is especially being considered for fabrication of nanoelectronics. The field of
area-selective ALD is however in an early stages of development, and large scale
application requires more specialized processes. In principle, precursor molecules
can in some cases be designed such that they selectively adsorb to a surface, by
carefully selecting the precursor ligands. However, this can be a challenging task,
and in practice the chance of success is higher when the different substrate areas
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are modified such that precursor adsorption is hindered. This so-called selective
functionalization is typically done prior to starting the ALD recipe, often by ap-
plying self-assembled monolayers (SAMs) using wet-chemistry based processes.58

However, the selectivity obtained by this pretreatment is usually lost after a certain
number of ALD cycles, and the used processes are typically time-consuming.58 It
can therefore be beneficial to repeat a functionalization or correction step during
the ALD recipe using vapor-phase chemistry. One way to achieve this is to dose
an inhibitor molecule in an additional step, resulting in an ABC-type cycle. An
acetylacetone (Hacac) dose was for instance added to an ALD cycle for SiO2, as
shown in Figure 3.13.15 When using this process, Hacac only adsorbs to specific
surfaces, including for instance Al2O3 and TiO2, leading to blocking of the growth
on these surfaces, and eventually to area-selective deposition on areas that are not
covered by Hacac (e.g. GeO2 and SiNx).

time

A B C

BDEAS

O2 plasma

Hacac

Purge Purge Purge

(a)

(b)

Figure 3.13 (a) ABC-type cycle consisting of acetylacetone (Hacac) dosing, bis-
(diethylamino)silane (BDEAS) dosing, and O2 plasma exposure, which is used for
area- selective ALD of SiO2. (b) Schematic illustrating the concept of area-selective
ALD by using inhibitor molecules which selectively adsorb to the non-growth area.
After Ref. 15.
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In practice, the selectivity of area-selective ALD processes (including the one
described above) is typically limited to a certain number of cycles due to modifica-
tion of the substrate by the ALD precursor and/or co-reactant. This modification
means that defects can be formed on which the growth can start, after an initial
nucleation delay. A method to improve the selectivity of an area-selective ALD
process, is to integrate correcting etch steps in a supercycle recipe of ALD and
etching. In this case, the precursor can to some extent adsorb to the non-growth
area and (minimal) nucleation is initially acceptable. The undesired growth on the
non-growth area is removed by performing an etch step or cycle after a certain
number of cycles. This concept is illustrated in Figure 3.14. For such an ALD-
etch supercycle, the number of the ALD cycles in the supercycle, as well as etch
frequency (i.e. the cycle ratio) have to be optimized. Note that the ABC-type
cycle using inhibitors mentioned above can potentially be combined with etching
cycles in a supercycle, to improve the selectivity further.5

ALD ALD + etching
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ALD cyclesALD cycles

Figure 3.14 Schematic illustrating how ALD can be combined with etch steps to ob-
tain area-selective deposition. The etch steps result in removal of material from both
the growth and the non-growth area. However, since the growth rate on the growth
area is significantly higher than on the non-growth area, the ALD-etch supercycle
results in net deposition on the growth area. The development and optimization of
an ALD-etch supercycle for area-selective ALD is described in Chapters 7 and 8.

Vallat et al. recently demonstrated area-selective ALD of Ta2O5 and TiO2 on
TiN employing intermediate etch steps. The etch step was done using a mixed
O2/NF3 plasma (i.e. co-dosing), in order to remove deposited Ta2O5 or TiO2

from the Si and SiO2 non-growth areas.16,59 The supercycle employed for TiO2

and a SEM image demonstrating selectivity are shown in Figure 3.15.
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Figure 3.15 (a) Supercycle recipe where an ALD process for TiO2 is combined with an
etch cycle to achieve area-selective ALD.59 An O2 plasma is used as co-reactant during
the ALD cycle, while the etching of TiO2 is done with a mixed O2/NF3 plasma. A similar
supercycle using TBTDET (tertiary-butylimidotrisdiethyl-amino tantalum) as precursor
instead of TDEAT (tetrakis(diethylamido) titanium) was employed for area-selective ALD
of Ta2O5.16 (b) Scanning electron microscopy (SEM) image of a 3D pattern structure
with TiO2 selectively deposited on top of TiN, demonstrating that no deposition is present
on the SiO2 and SiN regions. After Ref. 59.

Recently, Song et al. used a similar approach as Vallat et al. for area-selective
deposition of TiO2.2 In this case, an atomic layer etching (ALE, “inverse ALD”)
process was employed to remove TiO2 nuclei from the H-terminated Si non-growth
area, enabling area-selective deposition on SiO2. Chapters 7 and 8 of this disser-
tation address the development of ALD-etch cycle for Ru, which allows for growth
of Ru on Pt with negligible deposition on SiO2. In this case the employed etch
cycle consists of an O2 etching step, followed by a reducing H2 step, which results
in quasi self-limiting etch behavior.

3.4 Conclusions

Generally, the fundamental roles to obtain ALD growth are fulfilled by just two
chemicals: one precursor and one co-reactant chemical. During the precusorsor
sub-cycle, the precursor serves to deliver the main elemental to the surface (a
metal or semimetal). The co-reactant should subsequently result in the removal
of precursor ligands, promote the redox reaction such that the correct oxidation
state is obtained (if necessary), and in case of non-elemental films the incorpora-
tion of an additional element.



3.4. Conclusions 57

In this chapter it was shown that standard AB-type ALD cycles are sometimes
not sufficient to fulfill all of these fundamental roles, and that advanced ALD cy-
cles can offer a solution to this. The examples discussed above demonstrate that
advanced ALD cycles can be a powerful tool to extend the capabilities of ALD,
and that they can be employed for a variety of reasons and applications. For in-
stance, the roles of ligand elimination and element incorporation sometimes have
to be fulfilled by two separate co-reactants in either a co-dosing or ABC-type cycle.
Obtaining the right oxidation state is often an important aspect in the reaction
mechanism, and the addressed literature reports demonstrate various methods to
modify the oxidation state of the main element. Furthermore, advanced ALD
cycles can be used for low-temperature deposition of Pt-group metals, growth of
multiconstituent materials, and area-selective ALD deposition.

Despite demonstrating the opportunities of advanced ALD cycles, the exam-
ples also showed that designing an advanced cycle is not trivial, and that several
aspects have to been considered. More specifically, when employing a co-dosing
cycle, competitive adsorption or etching effects can influence the material compo-
sition. In an ABC-type recipe, the order of the dosing steps can be of significance.
Furthermore, the addition of a C-step to an existing AB-type cycle requires the
re-establishment of saturation, and in some cases leads to loss of self-limiting be-
havior. When employing a supercycle, the most significant point of attention is the
optimization of the cycle ratio and the number of cycles of the individual processes
in the cycle. Furthermore, nucleation effects can play a role when switching from
one type of cycle to the other. Similar as for co-dosing cycles, etching of surface
species by either the precursor or the co-reactant has been reported for supercycle
recipes. Finally, the opportunities offered by advanced ALD cycles such as low-
temperature deposition, growth of multiconstituent materials and area-selective
deposition are highly relevant for the extension of the ALD toolbox, and for the
broadening of the application possibilities of ALD.
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4Atomic Layer Deposition of Aluminum
Fluoride using Al(CH3)3 and SF6 plasma
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Metal fluorides typically have a low refractive index and a very high transparency
and find many applications in optical and optoelectronic devices. Nearly stoichio-
metric, high-purity AlF3 films were deposited by atomic layer deposition (ALD)
using trimethylaluminum (TMA, Al(CH3)3) and SF6 plasma. Self-limiting growth
was confirmed and the growth per cycle (GPC) was determined to range from
1.50 Å to 0.55 Å for deposition temperatures between 50 °C to 300 °C. In ad-
dition, the film density of ∼2.8 g·cm-3 was found to be relatively close to the
bulk value of 3.1 g·cm-3. Spectroscopic ellipsometry (SE) measurements over the
wavelength range of 140 - 2275 nm showed a refractive index n of 1.35 at 633 nm,
and an extinction coefficient k of <10-4 above 300 nm, for all deposition tem-
peratures. Optical emission spectroscopy (OES) during the SF6 plasma exposure
step of the ALD cycle revealed the consumption of F radicals and the formation
of C2H2 and CF2 species, resulting from the interaction of the plasma with the
surface after Al(CH3)3 exposure. On the basis of these results and insights from
the literature a reaction mechanism is proposed in which F radicals from the SF6

plasma participate in the surface reactions. Overall this work demonstrates that
SF6 plasma is a promising co-reactant for ALD of metal fluorides, providing an
alternative to co-reactants such as metal fluorides, HF or HF-pyridine.

Published as: M.F.J. Vos, H.C.M. Knoops, R.A. Synowicki, W.M.M. Kessels and A.J.M.
Mackus, Appl. Phys. Lett 111, 113105 (2017).
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4.1 Introduction

Metal fluorides such as AlF3, MgF2 and CaF2 generally have a wide bandgap
(>10 eV) and low refractive index (1.3-1.6).1–4 Due to these properties they find
use in many optical devices, including waveguides, Bragg reflectors, optical filters,
and mirrors.5–9 Moreover, metal fluorides have been used as electron-selective
contacts in photovoltaics and protective layers in Li-ion batteries.10–12 Thin metal
fluoride films have been deposited using a variety of techniques such as sputtering,
evaporation, and more recently atomic layer deposition (ALD).

ALD is a chemical vapor deposition technique that is based on alternating pre-
cursor and co-reactant exposures. Compared to other deposition techniques, ALD
offers the benefits of precise thickness control and the ability to deposit uniform
and conformal films on large-area substrates.13 These merits can facilitate applica-
tions of metal fluorides such as 3D-nanostructured optical devices and batteries.
Mostly metal oxides have been explored by ALD, often using H2O, O3, or O2

plasma as the co-reactant.14 Metal nitrides have also been studied extensively, in
this case mainly with NH3 gas or H2, N2, and NH3-based plasmas. The choice
of co-reactant is not only important for determining the type of material that
is deposited (oxide, nitride, etc.) but also since it often affects the deposition
conditions (such as deposition temperature) and the threshold for industrial im-
plementation. In this respect, ALD of metal fluorides is more challenging, due
to limited choice of suitable co-reactants. Previously, ALD of fluorides has been
demonstrated using TiF4 and TaF5 as the F-source for the deposition of AlF3,
MgF2, CaF2, LiF, and LaF3, which can be accompanied by Ti or Ta incorpora-
tion.15–19 More recently, AlF3, ZrF4, MnF2, HfF2, MgF2 and ZnF2 have been
deposited by HF either using pure HF or a HF-pyridine solution.9,20–22 Lee et al.
gave insight into the reaction mechanisms during ALD using HF as the co-reactant
and postulated that HF adsorbed on the surface serves as the reactive sites for
the precursor molecules to bind.21,22 Moreover, DumMnt and George found that
the temperature dependence of the growth per cycle (GPC) can be explained by
the amount of HF adsorbed on AlF3, which decreases with temperature.23

In this work, SF6 plasma was explored as the co-reactant for ALD of metal fluo-
rides. Using trimethylaluminum (TMA, Al(CH3)3) as precursor and SF6 plasma as
F-source, high-purity AlF3 films were deposited in an Oxford Instruments FlexAL
ALD reactor. It is demonstrated that this approach is a promising alternative to HF
or HF-pyridine as co-reactant. As compared to thermal ALD, the use of a plasma
as co-reactant generally allows for an increased GPC at lower temperatures, reduc-
tion of the purge times and additional control over the material properties.24 SF6

is a stable, non-toxic gas that is relatively easy to handle and therefore commonly



4.2. Results and discussion 63

applied. The dominant neutral species in an inductively-coupled SF6 plasma are
known to be SF6, F, F2 and SF4, while the dominant ions are SF5

+ and F-.25–27

The concentration of S and S+ is typically a factor ∼103 lower than the concen-
tration of F and F-.25 SF6 plasmas, as well as other F-containing plasmas such as
CF4 and NF3 are extensively used for etching (Si, SiO2, Si3N4, ...) and chamber
cleaning, meaning that the existing knowledge can be utilized for ALD process de-
velopment. Moreover, F-based plasmas are widely available both in research and
manufacturing, which can facilitate the implementation and scale-up of plasma
ALD of metal fluorides.28

4.2 Results and discussion

To confirm ALD behavior, the GPC was determined using in situ spectroscopic
ellipsometry (SE) as a function of TMA dosing time, plasma exposure time and
purge times at a deposition temperature of 200 °C.29 The saturation curve for
the plasma exposure time in Figure 4.1 clearly indicates saturation around 5-
10 seconds. 20 cycles of Al2O3 ALD were performed prior to AlF3 deposition
to prevent etching of the Si (100) substrate. See the Supporting Information
()S.I.) for additional experimental details. The GPC as a function of precursor
dosing time was found to saturate after 40 ms, and self-limiting behavior was also
confirmed as a function of both purge times and for a deposition temperature of
50 °C (Figure S4.1, S.I.). Based on the saturation curves, a TMA dose of 80 ms,
followed by a purge step of 6 s, a plasma exposure of 10 s and a final purge step
of 4 s were used for the remainder of the experiments.

0 1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

SF6 plasma exposure time (s)

G
P

C
 (Å

)

(b)(a)

Figure 4.1 Growth per cycle (GPC) as a function of plasma exposure time for a
precursor dosing time of 40 ms and a deposition temperature of 200 °C. The line
serves as a guide to the eye. Inset: TEM images of (a) the top and (b) the middle
of a GaP nanowire (∼7 µm in length) after deposition of a ∼20 nm AlF3 film at 200
°C, illustrating the conformality of the ALD process.
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The uniformity and conformality were investigated (without additional optimiza-
tion) to further demonstrate the ALD behavior of the process. Using SE-mapping
of a film deposited on a 200 mm wafer, the thickness and refractive index non-
uniformity (standard deviation, 1 sigma) were determined to be 3.9 % and 0.3
%, respectively, which indicates good uniformity (see Figure 4.2). The confor-
mality was studied by depositing AlF3 on a GaP nanowire array and analyzing
separated nanowires using transmission electron microscopy (TEM). The ∼7 µm
long nanowires were randomly located on the substrate, spaced at 0 nm - 500 nm
(meaning that the ratio between the length and spacing is 14 or higher). The TEM
pictures in the inset of Figure 4.1 clearly show a conformal, ∼20 nm thick film
along the full length of a nanowire (see also Figure S4.2, S.I.). The ratio between
the thickness at the bottom and the top of the nanowire was determined to be
>0.9, indicating a SF6 plasma can enable conformal deposition on 3D structures.

Figure 4.2 Contour maps of (a) the AlF3 thickness and (b) the refractive index n across
a 200 mm wafer as determined from SE-mapping. 300 ALD cycles were performed at a
table temperature of 200 °C. The grey circle indicates the dimensions of the wafer and
an edge-exclusion of 5 mm was used. The thickness and refractive index non-uniformity
(standard deviation, 1 sigma) were determined from these maps to be 3.9 % and 0.3 %,
respectively. The TMA inlet is located at the top-right of the wafer and the thickness
gradient towards the bottom-left seems to correlate with the flux of TMA.

The effect of the table temperature on the growth of the AlF3 films was inves-
tigated by depositing films at temperatures of 50 °C, 100 °C, 200 °C and 300
°C. The thickness as a function of ALD cycles in the inset of Figure 4.3 shows
a linear behavior for all temperatures as is expected for ALD. The GPC in terms
of thickness as determined from SE in Figure 4.3 is strongly dependent on the
table temperature and decreases from 1.50 Å for a temperature of 50 °C to 0.55
Å for 300 °C. The GPC in terms of Al atoms deposited per nm-2 as determined
from Rutherford backscattering spectroscopy (RBS) follows a similar trend. This
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indicates the decrease in GPC is not caused by an increased atomic density at
higher temperatures, but rather by reduced precursor adsorption. The decrease in
GPC with temperature is similar to the observations by Lee et al. and Hennessy
et al. for thermal ALD of AlF3 using HF as co-reactant.9,21 This trend is likely
related to a reduced amount of HF adsorbed on the surface at higher temper-
atures, leading to decreased TMA adsorption in the precursor sub-cycle, which
is analogous to dehydroxylation for metal oxide ALD.23 A transition from AlF3

ALD to Al2O3 atomic layer etching (ALE) as found by Lee et al. above 250 °C
was however not observed. This difference can be explained by the fact that our
actual sample temperature is lower than the set table temperature due to reduced
thermal contact in vacuum (see also the Supporting Information, S.I.).

Figure 4.3 Growth per cycle (GPC) as a function of substrate table temper-
ature in terms of thickness as determined from SE (left axis) and deposited
Al atoms per nm2 as measured by RBS (right axis). The lines serve as
guides to the eye. Inset: Thickness as a function of ALD cycles for deposi-
tion temperatures between 50 °C and 300 °C.

Table 4.1 summarizes the properties of the AlF3 films as determined by a combina-
tion of SE, RBS and elastic recoil detection (ERD) measurements. No significant
impurity levels of S, O and C were detected in the AlF3 films using RBS, even
for low deposition temperatures. The S-content was found to be 0.5 at.% for a
deposition temperature of 50 °C and decreased to below the detection limit for
300 °C. The minimal amount of S incorporation can be explained by the difference
in reactivity of F and S. From a comparison of the electronegativity and electron
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affinity of F and S it becomes evident that it is much more likely to incorporate
F.30 Furthermore, RBS measurements showed a F/Al ratio of 2.9-3.1 and an O
content of around 0.5-1 at.%. From ERD, the H content of the AlF3 films was
determined to be between 3.2 at.% and 1.3 at.%. These results are in agree-
ment with XPS measurements (see Figure S4.3, S.I.). Using the RBS, ERD and
SE data, the density of the films was calculated to be between 2.7 g·cm-3 and
2.9 g·cm-3, which is relatively close to the AlF3 bulk value of 3.1 g·cm-3. More-
over, atomic force microscopy (AFM) measurements indicated very smooth films
with root mean square (RMS) roughness values ≤0.2 nm (see Figure S4.4, S.I.).
Grazing-incidence X-ray diffraction (XRD) measurements revealed that the films
were amorphous for all deposition temperatures (see Figure S4.5, S.I.), which is
in line with the low surface roughness. Note that the obtained properties are very
similar to the results reported for AlF3 ALD using HF as co-reactant.21

Table 4.1 Properties of AlF3 films for deposition temperatures (T ) between 50 °C
- 300 °C. The growth per cycle (GPC) in terms of Al atoms nm-2 cycle-1 and the
chemical composition were determined from RBS and ERD, the refractive index from
SE, and the mass density by combining the RBS and SE results. Typical errors are
indicated in the top row, unless the error varies with temperature.

Figure 4.4 shows the optical properties as obtained from VUV/VIS/NIR (vacuum
ultraviolet/visible/near-infrared, 140 - 2275 nm) SE measurements for an AlF3

film deposited at 200 °C.31 The refractive index n is ∼1.35 at 633 nm (1.96 eV)
and the film shows a relatively low dispersion (i.e. a weak dependence of n on
wavelength). The refractive index values for the other deposition temperatures
are similar with values between 1.34 and 1.36 at 633 nm (see Figure S4.6a, S.I.).
The extinction coefficient k is <10-6 over the wavelength range of 300 - 2275
nm for a deposition temperature of 200 °C (Figure 4.4). Moreover, the inset
of Figure 4.4 shows low absorption for all other deposition temperatures, i.e.
<10-4 below photon energies of 4.1 eV (wavelengths >300 nm). The extinction
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coefficient for 50 °C is higher than for 100 °C and 200 °C, which might be related
to a higher S content at 50 °C. The reason for the increased absorption for 300
°C is currently not understood and requires additional investigation. To obtain a
good fit to the data, a Tauc-Lorentz and two Gaussian oscillators were needed
to describe the dielectric function. The two Gaussian oscillators used to fit the
absorption below the band gap are visible at photon energies around 6.4 eV and
7.8 eV (inset Figure 4.4). The presence of an absorption band around 6.4 eV was
previously observed by Barriere et al.1 Note that the band gap (>10 eV) cannot
be determined from the VUV/VIS/NIR-SE data since it lies above the maximum
photon energy of 8.8 eV. The refractive index values of ∼1.35 are in agreement
with AlF3 films prepared by ALD using HF and TiF4 as the co-reactants.16,21

Moreover, the obtained n and k values are close to what can be expected for AlF3

and indicate that SF6 plasma enables ALD of high-quality metal fluoride films.1–3

Figure 4.4 Refractive index n and extinction coefficient k as a function of
wavelength as determined from VUV/VIS/NIR-SE for a ∼35 nm thick film
deposited at a temperature of 200 °C. Inset: Extinction coefficient k as a
function of photon energy for deposition temperatures between 50 °C and
300 °C.
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Figure 4.5 Optical emission spectra of an SF6 plasma (‘no ALD’) and an
SF6 plasma during an AlF3 ALD cycle (‘ALD, after TMA’). In the latter
case, in addition to lines related to the SF6 plasma and reaction products,
an Ar line is visible at 811.5 nm, which is due to Ar residing in the chamber
after the preceding purge step. The SF6 gas flow was set to 50 sccm (instead
of 100 sccm) to increase the residence time of the species in the plasma.

To get more insight into the SF6 plasma as co-reactant for ALD, Figure 4.5 shows
optical emission spectrometry (OES) data collected during a steady-state SF6

plasma (no ALD, i.e. without preceding TMA dosing) and during the plasma
exposure step of an AlF3 ALD cycle (i.e. after TMA dosing).32 Comparison of
the two spectra gives insight in the consumption and formation of species during
the plasma exposure step of the ALD cycle. The spectrum for the normal SF6

plasma is dominated by characteristic lines for F at 685.6 nm, 703.7 nm and 739.9
nm.33 In addition, the SFx band starting at 289.3 nm and the S-lines at 469.4
nm, 545.4 nm and 564.0 nm can be identified.33,34 Furthermore, H-lines at 486.1
nm and 656.3 nm are present, which can be attributed to residual background
species (e.g. H2O) in the plasma.33 In the OES spectrum collected during an ALD
cycle (after TMA dosing) additional lines are visible around 250 nm - 300 nm,
indicating the formation of C2H2 and CF2 as reaction products.35–39 Moreover,
this spectrum shows a decreased intensity for the F-lines, implying consumption
of F, and an increased intensity for the H-lines, related to excitation of hydrogen
from the methyl groups (see Figure S4.7, S.I. for a zoom of the region between 650
nm and 800 nm). These observations indicate that F radicals react with methyl
surface groups during the SF6 plasma exposure step, which leads to formation
of hydrofluorocarbons (CHyF4-y ), both in surface and plasma reactions. The
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presence of C2H2 can be explained by the reaction of hydrofluorocarbons in the
plasma (see below).39 Based on these findings, and on the work of Lee et al.21,
the following reaction equations can be proposed for the two sub-cycles:

HF (ads) + Al(CH3)3 (g) → AlF(CH3)2 (ads) + CH4 (g), (4.1)

AlF(CH3)2 (ads) + F (g) → AlF3 (s) + HF (ads,g) + CHyF4−y (g). (4.2)

For simplicity, these equations are written unbalanced and it is assumed that the
hydrofluorocarbon species (CHyF4-y ) contain only one C atom with 0 ≤ y ≤ 3.
In the first sub-cycle (Equation 4.1), the TMA molecule reacts with HF adsorbed
on the surface, releasing CH4 as product.21 In this way, the density of HF on the
surface determines the amount of TMA precursor adsorption. The temperature
dependence of the HF surface density can thus explain the decrease of GPC with
temperature.23 Note that Equation 4.1 states that one methyl group is eliminated
upon precursor adsorption, although removal of two or three methyl groups may
also be possible. In the plasma sub-cycle (Equation 4.2), the adsorbed AlF(CH3)2
reacts with F radicals from the plasma, forming HF, which partly remains on the
surface, and CHyF4-y species, which are released from the surface and end up in
the plasma where they can be dissociated and form other species. The reaction
mechanism for thermal ALD with HF is different, as only CH4 is produced in both
sub-cycles.21 Note that the release of CH4 (y = 4) as a reaction product in the
SF6 plasma sub-cycle requires a source of H, such as HF. However HF is formed
according to Equation 4.2 and can enable a secondary, thermal reaction pathway,
resulting in the release of CH4. This CH4 can subsequently react in the plasma
to form C2H2.39 It is noted the presence of HF, CH4, C2H2 and CHyF4-y species
was corroborated using quadrupole mass spectrometry (see Figure S4.8, S.I.), as
will be discussed in more detail in Chapter 5.

4.3 Conclusion

In conclusion, it was demonstrated that the ALD process using TMA and SF6

plasma yields high-purity, nearly stoichiometric AlF3 films. Self-limiting behavior
was confirmed for all process steps and the GPC was found to decrease with
temperature. In addition, material properties such as density and refractive index
were found to be in line with literature reports on AlF3. A reaction mechanism
was proposed where F radicals remove the CH3-ligands and bind to Al to form
AlF3. CH4 is released as reaction product in the precursor sub-cycle, whereas HF
and hydrofluorocarbons are released during the plasma exposure. Considering the
high reactivity of SF6 plasma and the low amount of S incorporation in the films,
SF6 plasma can likely be used as the co-reactant for ALD of other metal fluorides
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such as MgF2, LiF and CaF2. Moreover it can be expected that NF3 can be
used similarly. The wide availability and the ease of handling of these gases make
plasma ALD of metal fluorides feasible on a wide scale.
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4.4 Supporting Information

Additional experimental details

All depositions were done in an Oxford Instruments FlexAL reactor, which reaches
a base pressure of ∼10-6 Torr. An activated carbon filter is installed on the re-
actor, and no special calcium oxide filter was used to neutralize the HF that is
produced during the ALD process. The reactor is however situated inside a clean-
room and all exhaust gasses go through a gas scrubber before being released into
the environment. The FlexAL reactor is equipped with an inductively coupled
plasma (ICP) source, operated at a radiofrequency of 13.56 MHz and typically a
power of 300 W. The TMA precursor (Sigma Aldrich, >99.9999%) was contained
in a stainless steel bubbler, kept at a temperature of 30 °C. The precursor line was
heated to 60 °C to avoid condensation of the precursor. The chamber pressure was
set to 15 mTorr and 50 mTorr during the TMA dose and SF6 plasma exposure,
respectively. During the ALD cycle 100 sccm SF6 gas was continuously injected
from the top of the ICP source. It was confirmed that no growth occurs without
igniting the plasma, indicating TMA does not react with SF6 gas. Depositions
were performed on Si (100) with native oxide (Siegert Wafer, 10-20 Ohm cm).
Prior to any film deposition the samples were cleaned with an O2 plasma for 30 s.
To avoid etching of the Si, 20 Al2O3 ALD cycles were performed using TMA and
O2 plasma, prior to deposition of the AlF3, at the same deposition temperature
as the subsequent AlF3 deposition.
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The characterization of the ALD process was done on small pieces of wafer,
which were placed on a 200 mm carrier wafer. Depositions were performed at a
table temperature between 50 °C and 300 °C. The FlexAL is a warm wall reactor,
and for depositions at a table temperature of 100 °C and higher the wall tem-
perature was set to 120 °C. For deposition at a table temperature of 50 °C the
wall was set to 50 °C. Note that the actual temperature of the samples is lower
than the table temperature due to reduced thermal contact in vacuum.40 Since
the pressure during the ALD process is 15 - 50 mTorr, the difference between
the table temperature and actual sample temperature is quite significant. This
temperature deviation can explain why we do not observe etching at temperatures
above 250 °C in contrast to the work of Lee et al. (performed at ∼1 Torr in a hot
wall reactor).

The growth of the AlF3 films was monitored in situ by spectroscopic ellipsome-
try (SE) using a J.A. Woollam Co., Inc. M2000U ellipsometer. In order to obtain
the optical properties of the AlF3 films over the wavelength range of 140 nm -
2275 nm ex situ SE measurements were performed using a vacuum ultraviolet
ellipsometer (VUV/VIS/NIR range) at J.A. Woollam Co., Inc. For the in situ
SE and the SE-mapping measurements (both 245 nm - 1000 nm) the dielectric
function of the films was parameterized using a Cauchy model, since the films are
transparent over this full wavelength range. For the ex situ VUV/VIS/NIR-SE
measurements (140 nm - 2275 nm) the model consisted of a combination of a
Tauc-Lorentz and two Gaussian oscillators.

Optical emission spectroscopy (OES) was performed using a USB4000 spec-
trometer from OceanOptics. Rutherford backscattering spectroscopy (RBS) and
elastic recoil detection (ERD) were performed by Detect99 (Eindhoven, The Nether-
lands) using a Singletron with a 3 MeV He+ beam to determine the chemical
composition of the films. X-ray photoelectron spectroscopy (XPS) was done with
a Thermo Scientific KA1066 spectrometer, using monochromatic Al Kα X-rays
with an energy of 1486.6 eV. An Ar ion source was employed for depth profiling
using an energy of 500 eV. A PANalytical X’Pert Pro MRD system was used for
gracing-incidence X-ray diffraction (XRD) measurements, with Cu Kα X-rays (λ
= 1.54 Å).
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Self-limiting ALD growth
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Figure S4.1 Growth per cycle (GPC) as a function of (a) precursor dosing time, (b)
precursor purge time, (c) plasma exposure time and (d) plasma purge time for deposition
at 50 °C and 200 °C. As can be seen, all saturation curves show self-limiting behavior.
The fact that the precursor purge time also shows saturation for 50 °C confirms that the
higher GPC at low temperature is not a consequence of precursor condensation. Based on
these saturation curves, a TMA dose of 80 ms, followed by a purge step of 6 s, a plasma
exposure of 10 s and a final purge step of 4 s where chosen as standard recipe. The lines
serve as guides to the eye.
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Conformality
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Figure S4.2 (a) Top-view and (b) tilt-view SEM images of the nanowire array after 300
cycles at a deposition temperature of 200 °C. The nanowires are randomly located on the
substrate and the spacing is typically 0-500 nm. Note that figure (b) does not show the
full length of the nanowires (∼7 µm). (c-f) TEM images of a GaP nanowire with a ∼20
nm AlF3 film, originating from the array as shown in (a) and (b). Figure (c) indicates that
the nanowires are ∼7 µm long. Figure (d), (e) and (f) show the top, middle and bottom
of the nanowire, respectively. Prior to AlF3 deposition the nanowire array was treated with
30 s O2 plasma and 20 cycles Al2O3 ALD, which probably lead to slight oxidation of the
top of the nanowire (figure (d)). The thickness of the nanowire increases to the bottom
of the nanowire, while the AlF3 thickness (∼20 nm) remains almost constant along the
full length of the nanowire. The nanowire was part of the nanowire array during ALD.
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Chemical composition from XPS

Figure S4.3 (a) XPS survey spectrum and (b) depth profile for an AlF3 sample of ∼35
nm thick. 300 cycles were performed at a deposition temperature of 200 °C using the
standard recipe. The survey spectrum was collected prior to Ar sputtering. No S and
C were detected in the bulk of the film, and the amount of O incorporation is minimal
(∼1 at.%). Moreover, the depth profile in (b) shows an F/Al ratio very close to 3. The
presence of O at the Si interface is related to both the Al2O3 protection layer and a SiO2

interlayer. Note that the XPS results are in line with the composition as determined from
RBS/ERD measurements.
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Atomic force microscopy
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Figure S4.4 Atomic force microscopy (AFM) scans (0.5 µm x 0.5 µm) of AlF3 films
deposited at temperatures of 50 °C, 100 °C, 200 °C and 300 °C using the standard recipe.
All films were between 25 nm and 35 nm thick and were smooth with a root mean square
(RMS) roughness of ≤0.2 nm, as indicated in the top left of the figures.

Crystallinity from X-ray diffraction

Figure S4.5 X-ray diffractograms for AlF3 films deposited at 200 °C and 300 °C. The two
diffractograms do not show any clear peaks, certainly not at the positions corresponding
to AlF3, indicating the films are predominantly amorphous in nature. This is in line with
the literature on AlF3 films prepared by ALD at these temperatures. Note that crystalline
peaks for AlF3 have been reported to be located at 25 °, 45 ° and 53 °.
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Optical properties from SE

Figure S4.6 (a) Refractive index n over the wavelength range of 140-2275 nm for depo-
sition temperatures between 50 °C and 300 °C. All n values are between 1.34 and 1.36
at 633 nm, which is in agreement with AlF3 films prepared by ALD using HF and TiF4

as the co-reactants. (b) Extinction coefficient k over the wavelength range of 140 - 500
nm for deposition temperatures between 50 °C and 300 °C. The extinction coefficient is
nearly zero above 300 nm. For absorption below the band gap two Gaussian oscillators
were used, as was discussed in the main text. By comparing the n and k values for all
temperatures it can be concluded that the optical properties of the films deposited at
100 °C and 200 °C are closest to ideal AlF3, i.e. low refractive index (∼1.34) and low
absorption.

Optical emission spectroscopy

Figure S4.7 Optical emission spectra of an SF6 plasma (‘no ALD’) and an SF6 plasma
during an AlF3 ALD cycle (‘ALD, after TMA’), over the wavelength range of 650 nm -
800 nm (zoom of Figure 4.5). The intensity of the characteristic F-lines (685.6 nm, 703.7
nm and 739.9 nm, among others) is lower in the spectrum collected during the ALD cycle
as compared to the normal SF6 spectrum (‘no ALD’), indicating the consumption of F.



4.4. Supporting Information 77

Quadrupole mass spectrometry

Figure S4.8 Time resolved QMS signals for selected m/z ratios (m/z = 15, 19, 20, 26,
50), collected during the plasma sub-cycle. The plasma is ignited at approximately 14 s
and lasts 10 s. After the plasma starts HF (20), CH4 (15), C2H2 (26) and CF2 (50) are
released, while F (19) is slightly consumed. Data over five ALD cycles were averaged to
improve the signal to noise ratio.
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16 Mäntymäki, M., Heikkilä, M. J., Puukilainen, E., Mizohata, K., Marchand, B.,
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Metal fluorides generally demonstrate a wide band gap and a low refractive index
and they are commonly employed in optics and optoelectronics. Recently, an SF6

plasma was introduced as a novel co-reactant for atomic layer deposition (ALD) of
metal fluorides. In this work, the reaction mechanisms underlying the ALD growth
of aluminum fluoride (AlF3) from Al(CH3)3 and an SF6 plasma are investigated.
Surface infrared spectroscopy studies suggested that Al(CH3)3 reacts with the
surface in a ligand-exchange reaction by accepting F from the AlF3 film, and
forming CH3 surface groups. It was found that at low deposition temperatures
Al(CH3)3 also reacts with HF surface species. These HF species are formed
during the SF6 plasma exposure, and were detected both at the surface and
in the gas-phase using infrared spectroscopy and mass spectrometry, respectively.
Furthermore, mass spectrometry and optical emission spectroscopy measurements
showed that CH4 and CHyF4-y (y ≤ 3) species are the main reaction products
during the SF6 plasma exposure. The CH4 release is explained by the reaction
of CH3 ligands with HF, while CHyF4-y species originate from the interaction
of the SF6 plasma with CH3 ligands. The obtained insights indicate a reaction
pathway where F radicals from the SF6 plasma eliminate the CH3 ligands remaining
after precursor dosing, and where F radicals are simultaneously responsible for the
fluorination reaction. The understanding of the reaction mechanisms during AlF3

growth can help in developing ALD processes for other metal fluorides (such as
LiF, MnF2, ZnF2 and MgF2) using SF6 plasma as the co-reactant.

M.F.J. Vos, H.C.M. Knoops, W.M.M. Kessels and A.J.M. Mackus, in preparation for submis-
sion to J. Phys. Chem. C.
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5.1 Introduction

Metal fluorides typically have a low refractive index (1.3-1.6) and a wide band gap
( 10 eV) and due to these properties they are widely used in optical devices.1–6

For example, AlF3 has been applied as protective coating for Al mirrors, while
MgF2/ZnS and CaF2/ZnS multilayer films have been used for dielectric optical
filters or Bragg reflectors, respectively.5–8 Recently, metal fluorides, AlF3 and LiF
in particular, have also received considerable attention for application in Li-ion
batteries, either as protective layer on electrodes or as active electrode mate-
rial.9–15 Furthermore, metal fluorides have been employed in photovoltaics, e.g.
as electron-selective contact.16–23 A variety of methods has been employed for
deposition of metal fluorides, including evaporation,1,24,25 sputtering,26–28 ion-
assisted deposition,29–31 as well as atomic layer deposition (ALD).7,8,32–38 Since
ALD is a chemical vapor deposition technique that relies on sequential and self-
limiting surface reactions, it typically results in ultrathin films which are highly
uniform and conformal. These characteristics are often relevant for the afore-
mentioned applications of metal fluorides.39,40 ALD of metal fluorides has been
reported using various co-reactants, such as NH4F, the volatile metal fluorides
TaF5 and TiF4, and HF.7,8,32–38 Moreover, Lee et al. demonstrated ALD of AlF3,
ZrF4, MnF2, HfF4, MgF2 and ZnF2 using HF from a HF-pyridine solution.41,42

For thermal ALD of AlF3 using HF, it was proposed that the reaction occurs
according to the following two reaction equations:41

x HF (ads) + Al(CH3)3 (g) → AlFx(CH3)3-x (ads) + x CH4 (g), (5.1)

AlFx(CH3)3-x (ads) + 3 HF (g) → AlF3 (s) + x HF (ads) + (3-x) CH4 (g). (5.2)

In the precursor sub-cycle (Equation 5.1), the Al(CH3)3 precursor reacts with HF
that remained adsorbed to the surface after the preceding co-reactant sub-cycle.
Upon this reaction with HF, one or more CH4 molecules are released, resulting in
AlFx(CH3)3-x (x = 1, 2) surface species. Based on quartz crystal microbalance
(QCM) measurements, it was found that mainly AlF(CH3)2 is formed.41 In the
following co-reactant dose (Equation 5.2), the remaining CH3 ligands combine
with H (from HF) and are eliminated as CH4, accompanied by the fluorination
of the surface to AlF3. The amount of AlFx(CH3)3-x species adsorbed to the
surface was found to decrease with temperature, explaining why this ALD pro-
cess is strongly dependent on the deposition temperature.41,43 Interestingly, the
temperature-dependent desorption of AlFx(CH3)3-x species makes that TMA and
HF can also be used for atomic layer etching (ALE) of Al2O3 at temperatures >
∼250 °C.41,43,44
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The main reactions that govern this ALE process are given by:44

Al2O3 (s) + 6 HF (g) → 2 AlF3 (s) + 3 H2O (g), (5.3)

2 AlF3 (s) + 4 Al(CH3)3 (g) → 6 AlF(CH3)2 (g) (T > ∼250°C). (5.4)

In Equation 5.3, HF is responsible for the self-limiting fluorination of the Al2O3

surface. Subsequently, the formed AlF3 surface layer can be removed by dos-
ing Al(CH3)3, leading to the formation of volatile AlF(CH3)2, as described by
Equation 5.4. The reaction in Equation 5.4 can be considered a ligand-exchange
transmetalation reaction, where TMA accepts F, and donates CH3 to the sur-
face.43,45 As mentioned, the volatility of AlFx(CH3)3-x species is dependent on
the temperature, and desorption of these species at high temperatures enables
ALE. In addition to the reaction of Equation 5.4, Al(CH3)3 can react with Al2O3

after the AlF3 layer is etched, resulting in AlCH3 species on the surface, which are
responsible for the self-limiting behavior of the surface reactions.

Recently, we presented an ALD process for AlF3 using SF6 plasma as alternative,
easy-to-handle and readily-available co-reactant.46 SF6 is a stable and non-toxic
gas, which is widely used in the industry. Notably, F-containing plasmas such
as SF6, NF3, CF4 and C2F6 are employed for etching of Si-based materials (Si,
SiO2, Si3N4, ...).47 Since an SF6 plasma etches Si or SiO2 substrates, ALD-grown
Al2O3 was used as a protective coating in our previous work.48 An SF6 plasma is
characterized by high concentrations of F radicals and F- ions, which are known
to be ∼103 times higher than the concentrations of S and S+.49 SF6 gas can form
electronegative plasmas where significant concentrations of positive ions (mainly
SF5

+ and SF4
+) are balanced by negative ions (mainly F- and SF6

-) and elec-
trons.49–51 In an inductively-coupled SF6 plasma, the dominant neutral species
are reported to be F2, SF6, and SF4.49–51 It is noted that F is very reactive due
to a very high electronegativity and electron affinity. The high concentration of
reactive F radicals makes SF6 plasma a suitable co-reactant for ALD of metal
fluorides.52

The ALD process using SF6 plasma as co-reactant yields high-purity films, with
material properties such as refractive index and mass density (see Table 4.1) sim-
ilar to those reported in the literature for AlF3 films deposited using various other
methods, including thermal evaporation, sputtering and thermal ALD.1,8,53,54 Fur-
thermore, a decrease in the growth per cycle (GPC) was found from 1.50 Å at a
deposition temperature of 50 °C to 0.55 Å at 300 °C, similar to previous findings
for the thermal ALD process using TMA and HF.8,41,46 This decrease of the GPC
was believed to be related to a lower density of HF surface species at high tem-
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peratures (see Equation 5.1). To extend the use of SF6 plasma as co-reactant to
ALD of other metal fluorides, understanding of the chemistry behind the process
is required. Moreover, it is valuable to investigate whether an SF6 plasma can also
be used for ALE of metal oxides. For these reasons, this article provides insight
into the reaction mechanisms taking place during TMA - SF6 plasma cycles.

This article is structured as follows. First the experimental conditions are de-
scribed in Section 5.2. In Section 5.3.1, surface infrared spectroscopy results are
discussed, revealing the surface reactions during Al(CH3)3 - SF6 plasma cycles
and a transition to etching of Al2O3 at higher temperatures. This is followed by
an identification of the plasma species and gas-phase reaction products in Sec-
tion 5.3.2. Based on the insights obtained from these experiments, a detailed
description of the reactions mechanisms of AlF3 ALD is given in Section 5.4.

5.2 Experimental Details

5.2.1 ALD reactor and conditions

The quadrupole mass spectrometry (QMS) and optical emission spectroscopy
(OES) experiments were performed using an Oxford Instruments FlexAL reactor.55

For the surface infrared (IR) studies a home-built ALD tool was used, which has
a very similar pumping system and plasma source as the FlexAL reactor.56 Both
reactors reach a base pressure of ∼10-6 Torr and are equipped with an inductively
coupled plasma (ICP) source, operated at a radio-frequency of 13.56 MHz. The
conditions for the AlF3 ALD process in the FlexAL reactor have been reported
elsewhere.46 Briefly, a TMA dose of 80 ms, followed by a purge step of 6 s, an
SF6 plasma exposure of 10 s (300 W power), and a final purge step of 4 s were
used. The TMA precursor (Sigma Aldrich, 99.9999%) was contained in a stainless
steel canister, kept at a temperature of 30 °C. The chamber pressure was set to
15 mTorr and 50 mTorr during the TMA dose and SF6 plasma exposure, respec-
tively. The substrate table and reactor walls were kept at temperatures of 200 °C
and 120 °C, respectively. Since the surface area of the reactor wall is significantly
larger than of the substrate table, a large part of the QMS signal originates from
reactions occurring on the wall at a temperature of 120 °C.

For the in situ infrared (IR) spectroscopy studies in the home-built reactor, an
SF6 plasma pressure of 15 mTorr and a plasma power of 100 W were used. Mea-
surements were performed on Aerosil OX50 SiO2 powders, pressed on a tungsten
grid. As will be discussed in Sections 5.3.1 and 5.4, a transition from AlF3 ALD
to Al2O3 ALE was observed in the infrared spectroscopy experiments, whereas
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this was not observed for the temperatures studied in the FlexAL reactor.46 This
difference can likely be attributed to the higher temperature of the SiO2 powder
as compared to the Si wafer coupons. For depositions on the SiO2 powder, the
tungsten grid was heated directly by resistive heating using DC current, and the
temperature was monitored using a thermocouple. This method of heating is
significantly different from the heating employed for deposition on blanket wafers
in the FlexAL reactor, where wafer coupons are placed on a carrier wafer, which
is loaded onto a heated substrate table. Due to reduced thermal contact at low
working pressure between the wafer coupons, the carrier wafer, and the table
heater, the actual sample temperature is significantly lower than the substrate
table.57 For instance, the sample temperature is estimated to be 200 - 220 °C
for a table temperature of 300 °C. This is in contrast to the depositions on SiO2

powder where the actual temperature of the powder surface is expected to be in
agreement with the set temperature. Moreover, it was found that the SF6 plasma
exposure resulted in slight heating (∼20 - 30 °C) of the tungsten grid, while this
effect is expected to be less pronounced on wafer coupons.

5.2.2 Studies on the reaction mechanism

The in situ surface spectroscopy studies were done with a Bruker Tensor Fourier
transform IR spectrometer, as described in previous work.58 Prior to AlF3 ALD,
the SiO2 powder was coated with Al2O3 using 50 thermal (TMA + H2O) ALD
cycles at ∼275 °C. Sets of five AlF3 ALD cycles were performed at temperatures
between 100 °C and 250 °C, while collecting an IR spectrum after each sub-cycle.
After each set of AlF3 ALD cycles, 10 Al2O3 ALD cycles were repeated at 275
°C to obtain the same starting surface. The TMA dose and SF6 plasma exposure
time for these experiments were 1.1 s and 30 s, respectively, which was confirmed
to be sufficient to reach saturation of the ALD reactions on the Al2O3-coated
SiO2 powder. To correct for changes in surface area of the powder due to film
growth, the absorbance spectra were normalized based on the signal for Al(CH3)3
adsorption on Al2O3. For this correction, the normalized integrated IR absorbance
corresponding to CH3 stretching vibrations in the range of 3060 - 2800 cm-1 was
used. This absorbance peak serves as a measure for the quantity of adsorbed
Al(CH3)3, and was determined by calculating the difference spectrum using mea-
surements before and after dosing Al(CH3)3 on the Al2O3-coated powder.

Quadrupole mass spectrometry (QMS) measurements were performed using a
Pfeiffer Vacuum Prisma QME-200 (mass-to-charge ratio m/z = 1 - 200), con-
nected to a flange on the side of the reactor chamber. The selection of measured
m/z ratios was based on initial screening and mostly corresponds to SFx and
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CHxFy . The procedure for time-resolved QMS measurements was similar to a
method described previously.59 In short, six m/z ratios were measured simultane-
ously, of which one was always m/z = 40. This m/z value corresponds to Ar+

and is used as reference. For each type of recipe, five cycles were performed and
averaged. OES was done using a four-channel AvaSpec ULS2048 spectrometer
from Avantes (200 nm - 1100 nm), as a line-of-sight measurement perpendicular
to the substrate table (i.e. the fiber is installed vertically at the top of the plasma
source). For the OES measurements, an SF6 gas flow of 50 sccm was used instead
of the standard 100 sccm, to increase the residence time of plasma species.

5.3 Results

5.3.1 Surface reactions

In situ surface infrared spectroscopy was performed to investigate the surface re-
actions taking place during the sub-cycles. Figure 5.1 shows absorbance spectra
in the range of 4250 cm-1 to 2500 cm-1 for the TMA sub-cycle and the SF6

plasma sub-cycle, performed at temperatures between 100 °C and 250 °C. For
all temperatures, an absorbance gain is observed in the spectrum for the TMA
sub-cycle in the region of 3060 - 2800 cm-1, which corresponds to the forma-
tion of CH3 stretching vibrations.60–62 The presence of CH3 can be explained by
AlF(CH3)2, AlF2(CH3)2 or AlCH3 species formed upon reaction of TMA with the
surface.43 With increasing temperature, the absorbance gain decreases, indicating
less Al(CH3)3 adsorption at high temperatures, which is in line with the decrease
of the GPC as a function of temperature.46 This temperature dependence of the
CH3 stretching vibrations is similar to what was observed by DuMont and George
for thermal ALD/ALE using HF.43 Furthermore, an absorbance loss can be seen
in the range of 3700 - 3060 cm-1 in the spectra for 100 °C and 150 °C, which is
attributed to the consumption of HF species on the AlF3 surface.43,63 These HF
species are formed during the SF6 plasma exposure, as evidenced by the positive
absorbance peaks in the spectra for the plasma sub-cycle at 100 °C and 150 °C.
Note that HF was also detected as a gas-phase reaction product during the SF6

plasma exposure using QMS, as will be addressed in Section 5.3.2. At tempera-
tures of 200 °C and 250 °C, negligible peaks corresponding to HF are observed,
which reveals that no significant amount of HF is consumed or adsorbed during
the TMA or SF6 plasma sub-cycle, respectively. Although the removal of HF
surface species is only observed at 100 °C and 150 °C, the spectra for the TMA
sub-cycle indicate the formation of CH3 groups at all investigated temperatures.
This implies that at higher temperatures, the Al(CH3)3 reacts directly with the
AlF3 film, likely by accepting F from the surface and forming CH3 surface groups.44
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Figure 5.1 Difference spectra of the IR absorbance for the TMA sub-cycle and for
the SF6 plasma sub-cycle, for deposition temperatures between 100 °C and 250 °C.
Spectra were collected after TMA dosing or SF6 plasma exposure, and were referenced
to the spectrum for the preceding sub-cycle. The pairs of spectra were given an offset
on the vertical axis for clarity.

Multiple cycles were performed, and the collected spectra for each cycle were ref-
erenced to the first cycle to gain insight into the progression of the film with the
number of cycles. From these measurements, the data collected after two and
after five cycles are displayed in Figure 5.2 for temperatures between 100 °C and
250 °C. The spectra for 100 °C and 150 °C show a small positive absorbance peak
starting around 775 cm-1 which can be attributed to the Al-F stretching vibrations
in AlF3.64 Unfortunately, the end of the detector range lies at ∼700 cm-1, mean-
ing that only a part of the peak corresponding to Al-F stretching vibrations could
accurately be measured. However, the positive absorbance between ∼775 - 750
cm-1 increases when additional cycles are performed, in line with the growth of the
AlF3 film. Interestingly, an absorbance loss can be observed in the region below
950 cm-1 for temperatures of 200 °C and 250 °C. The region around ∼1030 - 550
cm-1 corresponds to the Al-O stretching vibrations in amorphous Al2O3, and the
absorbance loss therefore suggests the removal of Al2O3. For a temperature of
250 °C, the absorbance loss is larger than for 200 °C, indicating that more Al2O3

is etched, in agreement with what can be expected based on of the literature.41,43

The data in Figure 5.2 thus show that a transition from AlF3 ALD to Al2O3 ALE
occurs at higher temperatures.
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Figure 5.2 Absorbance spectra collected after performing two and five TMA -
SF6 plasma cycles, both referenced to the spectrum collected after performing one
TMA - SF6 plasma cycle on Al2O3-coated SiO2 at the corresponding temperature.
The pairs of spectra were given an offset on the vertical axis for clarity.

To corroborate the observed transition from AlF3 ALD to Al2O3 ALE, it was
confirmed that an SF6 plasma can be used for fluorination of Al2O3 similarly as HF
is used for thermal ALE. ∼10 nm thick Al2O3 films were exposed to SF6 plasma
and subsequently analyzed by spectroscopic ellipsometry (SE, see Figure S5.1,
in the Supporting Information, S.I.). It was found that exposing Al2O3 to SF6

plasma leads to a small increase in thickness and a decrease in refractive index,
due to self-limiting fluorination of the top surface. Furthermore, XPS results in
Figures S5.2 and S5.3 (S.I.) demonstrate that most of the F is located in the
top layer of the Al2O3, and that AlxFy bonds are present in addition to Al2O3.
Similar self-limiting behavior can be expected for fluorination of MgO, HfO2 and
ZnO films, since their fluorides are non-volatile and have been deposited by ALD
using HF.42 These findings thus suggest that SF6 plasma can be used for ALE of
metal oxides, as will be discussed in Section 5.4.
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5.3.2 Gas phase reaction products

QMS was employed to study the formation of gas phase reaction products during
AlF3 ALD. Figure 5.3 shows time-resolved QMS data for selected mass-to-charge
(m/z) ratios 15, 16, 19 and 89, which correspond to CH4 and key plasma species
(F and SFx). In addition, Table 5.1 lists the most relevant m/z ratios and the
assignment of these m/z ratios to corresponding parent species. The increase in
signals for m/z = 15 (CH3

+) and 16 (CH4
+) upon TMA dosing (at t = 0 s) in

Figure 5.3 can be explained by the release of CH4 as a reaction product, as well
as by dissociation of the precursor in the QMS detector. The small increase in
ion current for m/z = 89 (SF3

+) is likely due to an increase in chamber pressure
after TMA dosing. Subsequently, at the start of the SF6 gas flow around t = 6 s,
the chamber pressure increases from 15 mTorr to 50 mTorr, leading to an increase
in ion current for all m/z ratios. After ignition of the SF6 plasma (at t ≈ 12.5
s), the ion currents for F+ (m/z = 19) and SF3

+ (m/z = 89) decrease slightly,
attributed to consumption and dissociation of F radicals and SF6, respectively.
Meanwhile, the signals for m/z = 15 (CH3

+) and 16 (CH4
+) go up, indicating

the formation of CH4 as reaction product. After the initial increase, ion currents
for m/z = 15 and 16 decrease quickly, which suggests that CH4 is being evacuated
from the reactor or dissociated in the plasma.
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Figure 5.3 Time-resolved QMS signals for selected m/z ratios 15, 16, 19, and
89. Five AlF3 ALD cycles were averaged to improve the signal-to-noise ratio.
The pressure in the reactor increases from 15 mTorr to 50 mTorr when the SF6

gas flow is started (at t ≈ 6 s), leading to an increase in ion currents.
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Table 5.1 Relevant m/z ratios, their assigned ions and their (main) assigned
parent molecules. Most m/z ratios are corresponding to SF6 or CHyF4-y

species (y ≤ 4). The assignments for CHyF4-y species are based on cracking
patterns taken from the NIST database.65

Figure 5.4 shows time-resolved QMS data for additional m/z ratios collected
during the co-reactant sub-cycle. At the start of the SF6 plasma exposure, the
signals for m/z ratios 16, 31, 33, 50 and 69 increase, all of which are corresponding
to CHyF4-y (hydrofluorocarbon) species. See Figure S5.4 for the cracking patterns
of CHyF4-y species. In addition, the signal for m/z = 26 indicates the production
of C2H2 (or possibly C2H4, or C2H6), which can be explained by reactions of for
instance CH4 (m/z = 16) in the plasma (in the literature it is reported that C2H2

forms in CH4 plasmas).66 Several other m/z ratios (18, 28, 32, 34, 35, 48 and
52) were also investigated, but their ion currents were found not to be affected
by TMA dosing. Upon closer inspection of Figure 5.4, it can be seen that the
temporal behavior is not the same for all of the investigated species. Signals related
to CH4 and C2H2 in Figure 5.4a show the highest ion currents at the beginning
of the plasma exposure (t ≈ 14 s) and a rapid decrease, while others (especially
in Figure 5.4b) show the highest intensity later on. More specifically, the higher
the concentration of F atoms in the species, the later the maximum intensity
occurs. This suggests that the F-concentration of surface species increases due
to interaction with F radicals from the plasma before they are released from the
surface, or that CH4 and CHyF4-y plasma species react with F in the plasma. The
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signal for m/z = 20 is also displayed in Figure 5.4a and corresponds to Ar (Ar++

in this case), as well as HF. Between t ≈ 8 s and 12 s, the ion current for m/z = 20
decreases, which can be attributed to Ar being evacuated from the chamber (Ar is
used as background gas during the TMA dose). At the start of the SF6 plasma (t
≈ 12 s), the ion current quickly rises, indicating the formation of HF, after which
the ion current stabilizes (at t ≈ 17 s). The formation of HF can be explained
by recombination of H and F radicals (likely at the surface), and can lead to an
additional thermal component in the reaction mechanism (see Equation 5.2). This
reaction between HF and CH3 surface groups is likely responsible for the release
of CH4 groups, as will be addressed in Section 5.4.
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Figure 5.4 Time-resolved QMS signals collected during the plasma sub-
cycle corresponding to (a) CH4, HF, and C2H2 (m/z = 16, 20, 26), and (b)
hydrofluorocarbons (m/z = 31, 33, 50, 51, 69). Note that time for which
the species reach the maximum intensity correlates to the F-content and
that signals corresponding to species with a higher F-content in (b) (m/z
= 31, 50 and 69) reach the maximum later than H-rich species in (a). The
data for m/z = 16 is also shown in Figure 5.3.

To confirm that the detected species are corresponding to reaction products
instead of SF6 plasma species, the ion currents for selected masses were measured
during an SF6 plasma exposure of an ALD cycle and during an SF6 plasma expo-
sure (without preceding TMA). Signals of key reaction products (m/z = 15, 16,
20, 25, 26, 30, 33, 50 and 69) in Figure 5.5 are significantly higher for the ALD
cycle as compared to the signals for only SF6 plasma. The higher ion currents
prove that all these species are formed due to interaction of the SF6 plasma with
the precursor ligands remaining after the precursor dose, or due to interaction of
the SF6 plasma with formed reaction products. For instance, CH4 species can be
formed in a surface reaction, and subsequently undergo dissociation reactions in
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the plasma. Certain signals (e.g. m/z = 32, 51 and 70) simultaneously corre-
spond to hydrofluorocarbons and SFx , and do not show a higher current for the
ALD cycle than for the SF6 plasma without TMA dosing. Probably the production
of CHyF4-y species does not affect the currents for those m/z ratios due to the
high background signal from SF6. It is noted that the ion currents for m/z =
15-16 (CH3

+, CH4
+), m/z = 25-29 (C2Hx

+, x =1 - 5) and m/z = 31, 50, 69
(CFx

+) also increased slightly during the SF6 plasma exposure without preceding
TMA dosing, which indicates that some C-containing species were present on the
reactor wall due to previously performed ALD cycles.
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Figure 5.5 QMS mass spectra showing selected masses during the SF6

plasma exposure of an ALD cycle and during an SF6 plasma exposure (with-
out TMA dosing). The spectra were collected at t ≈ 13.5 s, which is
approximately 1.5 s after igniting the plasma.

The excited species present in the plasma were analyzed using OES to corrobo-
rate the findings from the QMS measurements. Figure 5.6a shows optical emission
spectra for an SF6 plasma during an ALD cycle (after TMA dosing) and an SF6

plasma (without preceding TMA dosing). Various key excited species can be iden-
tified in both spectra, including F, S, H, and H2.67,68 Emission related to F and S
can be attributed to dissociation of SF6 in the plasma, whereas H and H2 are likely
related to residual background species (e.g. H2O). For the plasma during an ALD
cycle, additional emission peaks corresponding to C2H2 and CF2 are detected at
wavelengths of 247.8 nm, 257.7 nm and 259.2 nm (see inset Figure 5.6a).69–72

The OES spectrum for the ALD cycle thus corroborates the presence of CHyF4-y

species as reaction products.
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Figure 5.6 (a) Optical emission spectra of an SF6 plasma during an AlF3 ALD cycle
(‘ALD, after TMA’), and an SF6 plasma (‘no ALD’), which serves as reference. Signals
corresponding to highlighted species (i.e. C2H2, CF2, S, F, Hα, and Ar) are plotted as
a function of time in (b) and (c). Inset: zoom of the range between 245 nm and 275
nm, indicating emission peaks corresponding to C2H2 and CF2. (b, c) Time resolved OES
signals for selected wavelengths during (b) the SF6 plasma exposure in an ALD cycle,
after TMA dosing, and (c) an SF6 plasma (‘no ALD’). For clarity the signals related to S
(467.5 nm) and F (685.2 nm) have been scaled. Note that the SF6 gas flow was decreased
from the standard value of 100 sccm to 50 sccm in order to increase the residence time
of the species in the plasma.
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Intensities corresponding to relevant species were followed as function of time
during an SF6 plasma exposure of an ALD cycle (Figure 5.6b) and during the SF6

plasma exposure without TMA, (Figure 5.6c). Figure 5.6b shows that the signal
corresponding to F radicals (623.9 nm) increases gradually after the plasma is
started. As compared to the reference signals (Figure 5.6c), there is initially less
emission related to excited F species, indicating that F is consumed in the surface
reactions. At the end of the plasma exposure, the emission signal at 623.9 nm
approaches the same intensity as in an SF6 plasma (Figure 5.6c), which can be
explained by the saturation of the surface reactions between CH3 ligands and F
radicals. Emission peaks at other wavelengths related to F (e.g. 712.8 nm, 720.2
nm, and 733.1 nm) were found to show a similar behavior as function time, cor-
roborating saturation. When comparing Figure 5.6b and Figure 5.6c, it becomes
clear that signals assigned to reaction products (257.7 nm, 259.2 nm and 656.2
nm), demonstrate a quick rise and subsequent decrease during the ALD cycle,
while they are not observed for the reference measurement of the SF6 plasma
(without TMA dosing). The additional emission in Figure 5.6b can be explained
by the formation of reaction products (i.e. CHyF4-y and HF species) due to the
reaction of plasma species, most likely F radicals, with the surface groups. The
gradual decrease in emission from these reaction products indicates the elimina-
tion of precursor ligands by F radicals and their removal from the reactor chamber.
Note that a small amount of excited Ar is observed for the ALD cycle, which is
apparently still present in the reactor after the precursor purge step, but decreases
soon after plasma ignition. Overall, the OES results are in line with the QMS
data, indicating the consumption of F radicals, and the formation of CHyF4-y

species as reaction products.

5.4 Discussion

The insights obtained from the IR, QMS and OES data of Section 5.3 help to un-
derstand the reaction mechanism of AlF3 growth using Al(CH3)3 and SF6 plasma.
Before discussing the reaction mechanisms, the main results can be summarized
as follows:

i. Al(CH3)3 dosing in the precursor sub-cycle results in CH3 groups on the
surface, which are removed in the co-reactant sub-cycle.

ii. Surface IR spectroscopy revealed that at low temperatures (≤ 150 °C) ad-
sorbed HF is consumed during the TMA dose and formed during the SF6

plasma exposure, while it does not play a role in the surface reactions at
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higher temperatures. The presence of HF in the gas phase was observed
during the SF6 plasma exposure by QMS (at a temperature of 120 °C).

iii. CH4 and CHyF4-y gas-phase species are formed during the SF6 plasma ex-
posure, indicating reactions of CH3 groups with plasma species and HF.

iv. During the SF6 plasma step, F radicals are consumed in surface reactions
with CH3 groups (and possibly other surface species), and lead to the fluo-
rination of the surface.

The role of HF in the reactions mechanism requires some more discussion before
the complete mechanism can be postulated. QMS measurements revealed that HF
is produced as a reaction product during the SF6 plasma, which can adsorb to the
AlF3 surface. The surface infrared spectroscopy data presented in Figure 5.1 show
the adsorption of HF surface species during the SF6 plasma exposure sub-cycle,
and the consumption of HF in the TMA sub-cycle (for 100 °C and 150 °C). Since
the GPC for the plasma process is similar to the GPC for thermal process, it is
possible to compare the relative absorbance values for the two processes. For the
thermal ALD process, DuMont and George also reported the consumption of HF,
as indicated by a negative absorbance peak in the range of ∼ 3700 - 3000 cm-1

(corresponding to HF) which was similar in intensity as the absorbance peak in
the region ∼ 3000 - 2800 cm-1 corresponding to AlCH3 species.43 However, when
comparing the data shown in Figure 5.1 with the data reported by DuMont and
George, it becomes clear that the relative absorbance corresponding to adsorbed
HF is much smaller for the SF6 plasma process than for the thermal process using
HF as co-reactant. Although some HF is produced during the SF6 plasma of the
co-reactant sub-cycle, the HF exposure and resulting surface coverage is likely
much lower than when dosing HF directly as co-reactant. The smaller relative ab-
sorbance corresponding to HF therefore indicates that Al(CH3)3 likely also reacts
directly with the AlF3 in a ligand-exchange reaction during the plasma process
(forming AlF(CH3)2, see discussion Equation 5.4).



96 Chapter 5. Reaction Mechanisms during ALD of AlF3 using Al(CH3)3 and SF6 plasma

CH

Al(CH3)3

CH4

CFxHy

F

next cycle

A B
HF
+

AlF3F
F

HF
HF

F

CH
Al

CH3 3

3 F
Al

CH3

CH3

SF6 plasma

SFx
F CFxHy

C2H2 F

F

H2

HF
H

F

Figure 5.7 Schematic diagram of the proposed reaction mechanism for AlF3 ALD
when using Al(CH3)3 and SF6 plasma. The orange and blue colors indicate elements
introduced during the precursor or co-reactant sub-cycle, respectively. In the precursor
sub-cycle (‘A’), Al(CH3)3 reacts with HF and AlF3, resulting in AlF(CH3)2 surface
species. During the plasma sub-cycle (‘B’), F radicals from the plasma remove the
CH3 ligands, and fluorinate the film to AlF3. HF which is formed during the SF6

plasma exposure can adsorb to the surface, serving as an additional reactive site at
low deposition temperatures. The formed reaction products can undergo dissociation
and recombination reactions in the SF6 plasma and at the reactor wall. Note that the
reaction between AlF3 and Al(CH3)3 results in three AlFx(CH3)3-x groups, although
only two are displayed. For simplicity only AlF(CH3)2 species are drawn after TMA
dosing, whereas AlF2(CH3) can also be present.

Based on the results, it can be concluded that during AlF3 ALD using Al(CH3)3
and SF6 plasma, Al(CH3)3 reacts with AlF3 as well as with HF adsorbed on the
surface, and that part of the CH3 ligands is released as CH4. This is illustrated
in Figure 5.7 and described by Equations 5.5 and 5.6. Al(CH3)3 reacts with
the AlF3 film in a ligand-exchange reaction, forming AlF2(CH3) or AlF(CH3)2
(Equation 5.5). In addition, at low temperatures (≤ 150 °C) adsorbed HF serves
as a reactive site for Al(CH3)3 to bind (Equation 5.6). HF is formed during
the preceding co-reactant sub-cycle, and partly remains adsorbed on the surface.
Saturation of the reactions between Al(CH3)3 and the surface likely occurs due
to steric hindrance effects between CH3 groups. It is noted that based on QCM
measurements for thermal ALD using HF it was found that mainly AlF(CH3)2 is
formed upon dosing Al(CH3)3.41 Equation 5.5 and Equation 5.6 therefore describe
formation of AlF(CH3)2, although AlF2(CH3) surface species might probably also
be present.41

AlF3 (s) + 2 Al(CH3)3 (g) → 3 AlF(CH3)2 (ads), (5.5)

HF (ads) + Al(CH3)3 (g) → AlFx(CH3)2 (ads) + CH4 (g) (T ≤ 150 °C). (5.6)
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The CH3 ligands remaining after the precursor sub-cycle are eliminated by F
radicals during the following SF6 plasma exposure, resulting in the formation of
CHyF4-y species (see Equation 5.7 and Figure 5.7). These CHyF4-y species can be
formed either in surface reactions, or in the plasma. Furthermore, HF is produced
as a reaction product in Equation 5.7, leading to an additional thermal compo-
nent, which results in production of CH4, and which is described by Equation 5.8.
It is was found that at low temperatures (≤ 150 °C) a small part of the formed
HF remains adsorbed on the surface after the SF6 plasma, providing reactive sites
for the next TMA dose (Equation 5.6).

AlF(CH3)2 (ads) + 4(4-y) F (g) →
AlF3 (s) + 2 CHyF4-y (g) + 2(3-y) HF(ads, g) (y ≤ 3),

(5.7)

AlF(CH3)2 (ads) + 2 HF (ads, g) → AlF3 (s) + 2 CH4 (g) (T ≤ 150 °C). (5.8)

Combining the reactions described by Equations 5.5 to 5.8 results in the following
overall reaction equation for the complete AlF3 ALD cycle:

Al(CH3)3 (g) + 4(4-y) F(g) → AlF3 (s) + 2 CHyF4-y (g) + 2(3-y) HF (ads, g). (5.9)

In the mechanism described by Equations 5.5 to 5.8 and Figure 5.7, Al(CH3)3
reacts with both AlF3 and HF species, while F radicals play the dominant role
in the ligand removal and the fluorination reaction. These mechanisms differ
from the thermal ALD process on two aspects. During the thermal ALD process,
Al(CH3)3 is believed to only react with HF, resulting in the formation of CH4.41

For the plasma-based process, the main pathway is likely the ligand-exchange re-
action between Al(CH3)3 and AlF3, due to the lower coverage of adsorbed HF.
The second difference between the two processes is which products are formed
in the co-reactant sub-cycle. Whereas only CH4 is released in the thermal pro-
cess, the SF6 plasma process is characterized by formation of CHyF4-y species due
to the interaction of F radicals from the SF6 plasma with CH3 surface groups.
Furthermore, the reaction products released from the surface can undergo a wide
range of reactions in the plasma.

Note that some analogies can be identified between the reaction mechanism
described by Equation 5.9 and plasma ALD of Al2O3 using Al(CH3)3, where the
formation of H2O, CH4 and C2H2 species is reported.73 During plasma ALD of
Al2O3, H2O is formed due to interaction of O radicals with CH3 surface groups,
which triggers a thermal component in the reaction mechanism, resulting in for-
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mation of CH4. The formed CH4 can subsequently be dissociated in the plasma,
and lead to formation of C2H2 species. Furthermore, the OH group serves as the
reactive surface site, which can be seen in analogy with adsorbed HF during AlF3

ALD. However, during AlF3 ALD, Al(CH3)3 is also believed to react with the AlF3

in a ligand-exchange reaction (forming AlF(CH3)2), while such a pathway is not
reported for Al2O3 ALD.

Based on the reaction mechanisms that were found, it can be speculated that
SF6 plasma as co-reactant can be combined with metal organic precursors contain-
ing carbohydrate-based ligands (i.e. metal alkyls) for growth of metal fluorides.
Similar to AlF3 ALD this would lead to the release of CxHy species in the precursor
sub-cycle. The reaction with F radicals during the plasma exposure would result
in elimination of the remaining ligands and formation of CHyF4-y species. Note
that Lee et al. demonstrated ALD of MnF2, MgF2, ZnF2 and AlF3 using metal
organic compounds with carbohydrate containing ligands as precursors and HF as
co-reactant.42 In addition, they employed precursors containing alkylamide and
alkoxide groups, suggesting that also these types of precursors might be combined
with SF6 plasma.

Interestingly, the chemistry based on fluorination and TMA dosing can also
be used for ALE of Al2O3 at higher substrate temperatures.44 The transition
between AlF3 ALD and Al2O3 ALE is governed by the substrate temperature, and
is believed to depend on the desorption temperature of AlFx(CH3)3-x species.43 At
low sample temperatures AlFx(CH3)3-x species remain adsorbed to the surface,
leading to growth, while at higher temperatures they desorb from the surface,
hence etching is observed. As described by Equations 5.3 and 5.4, two steps are
essential for the ALE mechanism. The top surface of Al2O3 should be fluorinated,
followed by the formation of volatile AlFx(CH3)3-x species upon TMA dosing.
The data on fluorination of Al2O3 using SF6 plasma in Figures S5.1 to S5.3 (S.I.)
showed that an SF6 plasma converts the top surface to AlOxFy in a self-limiting
manner, similar to when HF is used as F-source for ALE. Furthermore, the results
in Figure 5.2 showed negative absorbance peaks in the region below ∼950 cm-1

at temperatures ≥ 200 °C, indicating the removal of Al2O3. As discussed in the
experimental details section, the actual sample temperature during experiments on
wafer coupons deviates from the sample temperature during infrared spectroscopy
experiments. This difference in sample temperature can explain why etching was
observed in the infrared spectroscopy experiments, while it was not observed for
deposition in the FlexAL reactor for table temperatures up to 300 °C. Notably,
DuMont and George also observed a lower transition temperature for experiments
on SiO2 powder than on blanket samples. The lower transition temperature was
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attributed to additional heating of the Al2O3-coated SiO2 powder due to the
fluorination reaction, which is very exothermic.43 Initial experiments on the ALE
process using SF6 plasma and TMA revealed that TMA doses as long as 1 s are
needed to reach saturation during the precursor step. Although additional research
is required to fully understand the ALE process, the insights suggests that SF6

plasma can be employed for ALE.

5.5 Conclusion

Following up previous work where the use of an SF6 plasma was demonstrated, the
reaction mechanisms during AlF3 ALD using TMA and SF6 plasma were studied.
Based on the infrared spectroscopy results and the information on gas-phase reac-
tion products from QMS and OES, a pathway for AlF3 ALD was proposed where
Al(CH3)3 reacts with AlF3 and HF surface species during the precursor sub-cycle.
During the subsequent SF6 plasma exposure, F species fluorinate the surface, and
eliminate the CH3 surface groups, resulting in CHyF4-y species as well as HF. The
infrared spectroscopy data showed growth of AlF3 at low temperatures (≤ 150
°C), and etching of Al2O3 at high temperatures (≥ 200 °C), which is explained
by the desorption of AlFx(CH3)3-x species at high temperatures. It was discussed
that the postulated reaction mechanisms can be generalized to plasma ALD of
metal fluorides using metal alkyl compounds as precursor. It can be speculated
that CxHy species are released upon adsorption of such precursors on the metal
fluoride surface, and that F radicals from the SF6 plasma exposure result in elimi-
nation of the remaining ligands and formation of CHyF4-y species. Furthermore, it
is also expected that an SF6 plasma can be employed for self-limiting fluorination
of a variety of metal oxides. The understanding provided in this work can thus
help to develop ALD processes for other metal fluorides, as well as ALE processes
for metal oxides using SF6 plasma as the F-source.
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5.6 Supporting Information

Fluorination of Al2O3 by SF6 plasma

As mentioned in the main text, thermal ALE of Al2O3 and other metal oxides can
occur through subsequent fluorination and ligand-exchange reactions, for example
using HF for the fluorination of Al2O3.44 It is thus valuable to investigate whether
an SF6 plasma can alternatively be used for the self-limiting fluorination of metal
oxides such as Al2O3.74 Furthermore, for possible applications it is relevant to un-
derstand whether an interfacial layer is formed between the metal oxide film and
the metal fluoride during the initial ALD growth of a fluoride on an oxide. No-
tably, a ∼1 nm thick Al2O3 was previously used as a protective layer for AlF3 ALD,
since SF6 plasmas typically result in etching of Si-based materials.46 Although it
is known that Al2O3 is not etched by an SF6 plasma, it can be expected that SF6

plasma exposure results in F incorporation.75,76 For these reasons, the influence
of the SF6 plasma of film thickness and F-content was studied by exposing Al2O3

films to SF6 plasma for various times between 5 s and 60 s, followed by analysis
using spectroscopic ellipsometry (SE).

100 Al2O3 ALD cycles using TMA and O2 plasma were performed at 300 °C,
resulting in a film of approximately 10 nm. Coupons of this Al2O3 film were sub-
sequently exposed to SF6 plasma (100 W) at a table temperature of 300 °C. The
Al2O3 films were analyzed by SE and X-ray photoelectron spectroscopy (XPS) to
determine the changes in film properties upon SF6 plasma exposure. The thick-
ness and optical constants were determined from SE measurements using an ex
situ, variable-angle J.A. Woollam Co., Inc. M2000D ellipsometer, with a wave-
length range of 193 - 1000 nm. All Al2O3 samples were measured prior and post
SF6 plasma exposure, and the data was fitted according to the Cauchy equation
for both the as-deposited and the fluorinated Al2O3 films.77 This means that the
fluorinated top surface and the Al2O3 were modeled as one homogenous layer,
although there likely is a gradient in the F-content. The chemical composition,
and the F-content in particular, were assessed with a Thermo Scientific KA1066
XPS spectrometer, using monochromatic Al Kα X-rays (1486.6eV). Sputtering
during the XPS analysis was performed using Ar+ ions with an energy of 500 eV.

Figure S5.1a shows an abrupt change in thickness and refractive index upon
SF6 plasma exposure. After this initial change, self-limiting behavior is observed
(on the time-scales studied in this work). The film increased about 0.35 nm in
thickness, and the refractive index decreased from approximately 1.67 to 1.64.
Note that the refractive indices reported for ALD-grown Al2O3 and AlF3 are ap-
proximately 1.66 and 1.35, respectively.46,78 Furthermore, the XPS results in Fig-
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ure S5.1b indicate that the F-content of the top surface was around 25 at.%.
The F-content does not increase significantly with longer plasma exposure, which
demonstrates the self-limiting fluorination of the Al2O3 film. As can be seen in
Figure S5.1b, the F-content decreased to 5 at.% after a short Ar+ sputter step
of 30 s, indicating that most F is located at top surface. Furthermore, the XPS
depth profiles in Figure S5.2 show a quick decrease of the F-content as a function
of sputter time, further corroborating that the F is not diffused into the complete
Al2O3 layer, irrespective of the duration of the plasma exposure time. In addition,
the Al2p XPS peak is displayed in Figure S5.3, which suggests that AlOxFy bonds
are present in addition to Al2O3. Similarly, Cano et al. also reported the presence
of a contribution from AlOxFy in the XPS data, when using HF for fluorination
of Al2O3.74

Figure S5.1 (a) Thickness increase and refractive index at 633 nm and (b) F-content of
fluorinated Al2O3 films as a function of SF6 plasma exposure time. The preparation of
the Al2O3 layers and the subsequent plasma treatments were done at a table temperature
of 300 °C. 100 Al2O3 ALD cycles were performed, resulting in an as-prepared Al2O3 film
of approximately 10 nm thick. The SF6 pressure and plasma power during fluorination
were 50 mTorr and 300 W, respectively. Based on the results, in can be concluded that
exposing Al2O3 to SF6 plasma leads to a small increase in thickness and a decrease in
refractive index, due to self-limiting fluorination of the top surface. This finding also
suggests that the SF6 plasma can be used for atomic layer etching (ALE).
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Figure S5.2 XPS depth profiles for ∼10 nm thick Al2O3 films exposed to (a) 5 s and
(b) 60 s SF6 plasma. It was sound that most of the F is located in the top layer of the
Al2O3, since the Al2O3 films were approximately 10 nm thick, and an Ar+ sputter time
of more than 90 s was required before the underlying Si started to become visible (See
Figure S5.3). This finding is similar to the observations by Cano et al. who studied the
fluorination of Al2O3 using HF.74
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Figure S5.3 Al2p XPS peak for an Al2O3 films exposed to 60 s SF6 plasma, indicating
the contribution corresponding to Al2O3 and AlOxFy . The additional AlOxFy peak at a
binding energy of approximately 75.6 eV was only observed after SF6 plasma exposure,
which is in line with what was found for fluorination using HF.74 The position of 75.6 eV
lies between the binding energy reported for Al2O3 (∼74.6 eV) and AlF3 (∼77.5) and is
consistent with several reports on AlOxFy films.79–81 The formed surface layer is therefore
likely an aluminum oxyfluoride (AlOxFy ), rather than a AlF3 layer. Although the exact
stoichiometry of the AlOxFy remains unknown, a possible reaction for the fluorination by
F radicals is Al2O3 + 2F → 2 AlOF + O2.
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64 Gross, U., Rüdiger, S., Kemnitz, E., Brzezinka, K. W., Mukhopadhyay, S.,
Bailey, C., et al., J. Phys. Chem. A 2007, 111(26), 5813–5819.

65 NIST Chemistry WebBook.
66 Majumdar, A., Behnke, F., Hippler, R., Matyash, K., and Schneider, R., J.

Phys. Chem. A 2005, 109(41), 9371–9377.



References 107

67 Sansonetti, J. E. and Martin, W. C., J. Phys. Chem. Ref. Data 2005, 34(4),
1559–2259.
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6Atomic Layer Deposition of Cobalt Using
H2-, N2-, and NH3-Based Plasmas:
On the Role of the Co-reactant
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This work investigates the role of the co-reactant for atomic layer deposition of
cobalt (Co) films using cobaltocene (CoCp2) as the precursor. Three different
processes were compared: an AB-process using NH3 plasma, an AB-process using
H2/N2 plasma, and an ABC-process using subsequent N2 and H2 plasmas. A con-
nection was made between the plasma composition and film properties, thereby
gaining an understanding of the role of the various plasma species. For NH3

plasma, H2 and N2 were identified as the main species apart from the expected
NH3, while for the H2/N2 plasma also NH3 was detected. Moreover, HCp was
observed as a reaction product in the precursor and co-reactant sub-cycles. Both
AB-processes showed self-limiting half-reactions and yielded similar material prop-
erties, i.e. high purity and low resistivity. For the AB-process with H2/N2, the
resistivity and impurity content depended on the H2/N2 mixing ratio, which was
linked to the production of NH3 molecules and related radicals. The ABC-process
resulted in high-resistivity and low-purity films, attributed to the lack of NHx, x≤3

species during the co-reactant exposures. The obtained insights are summarized
in a reaction scheme where CoCp2 chemisorbs in the precursor sub-cycle, and NHx

species eliminate the remaining Cp in the consecutive sub-cycle.
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6.1 Introduction

Atomic layer deposition (ALD) is a thin film deposition technique which relies on
the cycle-wise alternation of precursor and co-reactant doses. The self-limiting
nature of the surface reactions during ALD generally allows for good uniformity
on large-area substrates and excellent conformality on 3D-structures.1 Although
the precursor that is used for an ALD process generally receives considerable at-
tention, the choice of the co-reactant is equally important, since it can greatly
affect the properties of the deposited material as well as the technological and in-
dustrial feasibility of the process. For ALD of metals, a wide range of co-reactants
has been explored, with gases or plasmas of O2, H2 and NH3 being the most
common choices.1–4 In addition, less common chemicals like hydrazine (N2H4),
silane (SiH4), disilane (Si2H6), formic acid (CH2O2) and tertiary butyl hydrazine
(C4H12N2) have been used.2,5–8 Moreover, certain ALD processes make use of
what can be referred to as an advanced ALD cycle, in which either two or more
co-reactants are dosed simultaneously, or after each other in an ABC-type man-
ner. For instance, mixed H2/N2 plasmas have been used for ALD of a variety
of materials.9–12 Furthermore, Hämäläinen et al. deposited Ir, Pd, Rh and Pt at
low temperatures (120 °C - 200 °C) using consecutive O3 and H2 exposures, and
similar ABC-type cycles were later reported for the ALD of Ru (at 150 °C) using
subsequent O2 and H2 doses and for Pt (at room temperature), using subsequent
O2 and H2 plasmas.13–16

H2-, N2-, and NH3-based plasmas (e.g. plasmas using NH3, H2, N2, or H2/N2

mixtures as source gases) have previously been used as co-reactants for ALD of a
wide range of metals and metal nitrides. See Table 6.1 for an overview of selected
metals and metal nitrides which have been deposited using a NH3 plasma or a
mixed H2/N2 plasma as co-reactant. For instance, Kim et al. found that for ALD
of Ir using Ir(EtCp)COD ((ethylcyclopentadienyl)(1,5-cyclooctadiene)Iridium), NH3

plasma yielded a lower surface roughness in comparison to when using O2 gas as
the co-reactant.17 Furthermore, Ten Eyck et al. employed a H2/N2 plasma for
ALD of Pd on a polymer substrate, and claimed that a H2/N2 plasma leads to
formation of reactive NH2 groups on the polymer, needed for chemisorption of
the Pd(hfac)2 (palladium (II) hexafluoroacetylacetonate) precursor.10 Moreover,
the use of NH3 plasmas instead of H2 plasmas for ALD of Ru, Ag and Ni resulted
in higher GPC and lower resistivity values.18–20 The choice for the co-reactant is
generally less straightforward for ALD of Co, Ni and Cu, as compared to noble
metals, since their reduction potential is lower which makes impurity incorporation
more probable.4 For this reason H2-, N2-, or NH3-based plasmas can be preferred
over the O-containing co-reactants commonly used for noble metal ALD. How-
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ever, for certain elements the use of N2, NH3 or H2/N2 plasmas and mixtures
thereof can also result in a metal nitride film (e.g. AlN, TiN and TaN).9,21–24 In
general, deposition of a metal nitride becomes more likely for metals with a low
reduction potential, as is illustrated in Table 6.1 Al, Ta and Ti have reduction
potentials between -0.6 V and -1.7 V, while for Co, Ni and noble metals it is -0.26
V or higher.25 Consequently, the use of for instance a mixed H2/N2 plasma leads
to deposition of AlN on one hand, and metallic Co on the other hand.26

Table 6.1 List of selected metals and metal nitrides which have been deposited using NH3

plasma and/or H2/N2 plasma as co-reactant. The third column indicates whether the use
of NH3 and/or H2/N2 plasma resulted in a metal or metal nitride film. In addition the
reduction potential E0 of the corresponding element is listed.25 As the reduction potential
decreases, C, O, and N incorporation (and therefore metal nitride deposition) become
more likely. In general, the use of a NH3 or H2/N2 plasma yields metal deposition for
reduction potentials of ∼ -0.3 and above, while for elements below Co a metal nitride
film is obtained. Note that W and Mo do not follow the trend based on the reduction
potential. W and Mo are however reported to be very prone to nitridation and their
nitrides are stable.27

Co is a ferromagnetic transition metal used in for instance magnetoresistive
random-access memory (MRAM) and CoSi2 contacts.40–44 Currently Co mostly
receives much attention for applications in interconnect technology, in order to re-
duce the RC-delay in state-of-the-art devices.45 Firstly, Co has been suggested as
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a viable candidate as liner for Cu interconnects, since Co can be thinner than the
conventional Ta liner, which leaves more space for Cu.46,47 Moreover, Co is also
being investigated for replacement of Cu or W in small-dimension interconnects in
the front-end-of-line.48,49 It is therefore valuable to select Co ALD as a model sys-
tem for studying the influence of the co-reactant. A wide range of precursor and
co-reactants have been investigated for ALD of Co, as is shown in Table 6.2. As
compared to other precursors, the CoCp2 (bis(cyclopentadienyl)cobalt(II), cobal-
tocene) precursor has previously given good results, i.e. a low resistivity and high
purity, while also being a readily-available and low-cost precursor. Interestingly,
ALD of Co using CoCp2 as the precursor can be achieved using different co-
reactants. Specifically, the studies of Lee et al. and Yoon et al. reported growth
of high-quality Co films using NH3 plasma and H2/N2 plasma, respectively.26,30

A direct comparison between the two different processes as well as a connection
between the plasma composition and the obtained material properties have not
been made so far.

Table 6.2 ALD processes reported in the literature for the deposition of Co,
listing deposition temperature T, growth per cycle (GPC) and resistivity ρ.

aHot-wire ALD. bCyclopentadienyl isopropyl acetamidinato-cobalt. cBis(N,N’-diisopropyl-
acetamidinato)cobalt(II). dDicobalt hexacarbonyl tertbutylacetylene. eBis(1,4-ditert-
butyl-1,3-diazabutadienyl)cobalt(II). f Measured on Ru substrate.
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In this work, a detailed study of the use of H2-, N2-, and NH3-based plasmas
as co-reactants for ALD of Co using CoCp2 as precursor is presented. As is illus-
trated in Figure 6.1, three ALD processes with different co-reactants were inves-
tigated: an AB-type process with NH3 plasma (referred to as ‘AB-NH3 process’,
Figure 6.1a), an AB-process with a mixed H2/N2 plasma (‘AB-H2/N2 process’,
Figure 6.1b) and an ABC-process with subsequent N2 and H2 plasmas (‘ABC-
N2-H2 process’, Figure 6.1c). As will be shown, the separation of the H2 and N2

plasmas in an ABC-type cycle gives insight in the role of NHx, x≤3 species that
are present in both the NH3 plasma and the H2/N2 plasma (but not in the N2 or
H2 plasmas).

AB-NH3 process

AB-H2/N2 process ABC-N2-H2 process
timetime

time

CoCp2 

N2 

H2 

Purge Purge Purge

CoCp2 

N2 

H2 

Purge Purge

CoCp2 

NH3 

Purge Purge

(a)

(b) (c)

Figure 6.1 Schematic overview of the three Co ALD processes investigated in this study:
(a) AB-NH3, (b) AB-H2/N2 and (c) ABC-N2-H2 process. The ABC-process uses separate
N2 and H2 plasmas exposures. Note that each purge step is followed by a pump step (see
experimental details Section 6.2.1) which is not shown in the figure for simplicity.

This work is structured as follows. First, the experimental conditions related
to the film deposition, the plasma studies and the film analysis are discussed
in Section 6.2. In Section 6.3.1, the species present in the NH3 and H2/N2

plasmas are identified and the role of the H2/N2 ratio on the plasma composition is
investigated. This is followed in Section 6.3.2 by a study on the reaction products
released during the plasma exposures of the three different ALD processes. In
Section 6.3.3 the obtained material properties are compared. In addition, the
effect of the H2/N2 ratio and NHx, x≤3 concentration in the plasma on the material
properties are addressed. Next, the role of NHx, x≤3 species and a possible reaction
mechanism are discussed in Sections 6.4.1 and 6.4.2, respectively. Finally the main
conclusions of this work are summarized.
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6.2 Experimental Details

6.2.1 ALD reactor and conditions

Co films were deposited in a home-built ALD reactor, as described in previous
work.60 In short, the reactor is equipped with a remote inductively-coupled plasma
(ICP) source and a turbo pump reaching a base pressure of ∼10-6 Torr. During
all experiments, the temperature of the substrate table was set to 300 °C, while
the walls were heated to 100 °C. Prior to all experiments the reactor wall was
covered by Co by running at least 200 cycles of the AB-NH3 process. The CoCp2

precursor (98%, Sigma-Aldrich) was contained in a stainless steel bubbler. The
bubbler and the dosing line were heated to 80 °C and 120 °C, respectively, as was
previously found to be appropriate for deposition of CoOx in the same reactor.61

The ALD recipe consisted of precursor dosing for 6 s in the first sub-cycle, using Ar
as a carrier gas, which resulted in a chamber pressure of approximately 15 mTorr.
Subsequently, the reactor was purged with Ar for 3 s and pumped down for 6
s. All plasma exposures were performed at a power of 100 W for 11 s and were
followed by a purge and a pump step of 1 s and 11 s, respectively. The precursor
dosing and plasma exposure times were based on saturation studies as shown in
the Supporting Information (S.I.), Figure S6.1, while the purge and pump times
were determined to be long enough to reach a sufficiently low chamber pressure
(< 0.1 mTorr) before starting the next sub-cycle. The NH3, N2 and H2 plasmas
were started after flowing the source gas into the reactor for 3 s. For the AB-
H2/N2 process, the N2 flow was started 2 s before the H2 flow, and subsequently
after 5 s, the H2/N2 plasma was ignited. This was done to stabilize the gas flows
and minimize overpressures.

The pressure used for the NH3 plasma was 1.5 mTorr. For the standard H2/N2

plasma the N2 and H2 pressures were separately set to 1.5 mTorr and 15 mTorr,
respectively. Due to the addition of the N2 to the H2 gas, the pumping speed
increases (as compared to only H2), leading to a lower total pressure of approx-
imately 13 mTorr for the H2/N2 mixture. Moreover, the actual H2/(H2+N2)
mixing ratio is approximately ∼0.77 (for the H2 and N2 pressures of 1.5 mTorr
and 15 mTorr, respectively), due to the shorter residence time of H2 as compared
to N2 (see also Section 6.3.1). The results for different H2/(H2+N2) ratios in
Section 6.3.3 and Section 6.4.1 were obtained by varying the partial pressures of
H2 and N2, while keeping the total pressure of the mixture constant at 13 mTorr.
For the ABC-N2-H2 process, a pressure of 7.5 mTorr was used for both the N2

and the H2 plasmas, and both plasma exposures were 11 s long.
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To determine the effect of the H2/(H2+N2) ratio on the NH3 production in
Section 6.3.1 a constant pressure of 75 mTorr was used for the gas mixture. This
pressure was higher than the ‘standard’ 13 mTorr to allow for more accurate vari-
ation of the gas flows and to enable mixing ratios higher than 80 vol.%. For a
pressure of 13 mTorr, it is not possible to keep the pressure constant for mixing
ratios higher than ∼80 vol.%, due to the low gas flows used and due to changes
in pumping speed upon mixing gas flows.

6.2.2 Plasma studies

Quadrupole mass spectrometry (QMS) measurements were performed using a
Pfeiffer Vacuum Prisma QME-200 (mass-to-charge ratio m/z = 1 - 200), at-
tached to the side of the ALD chamber. Measurements were done with the
substrate table and reactor walls kept at the standard temperatures of 300 °C and
100 °C, respectively. Note that this means that a considerable part of the QMS
signal can be originating from reactions at the reactor walls, since the surface area
of the wall is significantly larger than the surface area of the substrate table. It
was confirmed that growth also occurs at a deposition temperature of 100 °C,
albeit it at a lower GPC (∼0.13 Å as compared to ∼0.29 Å) and with a higher
impurity content. Since the aim is to compare the three ALD processes with each
other, the temperature difference between the wall and the table is considered to
be of minor influence.

For determination of the main species in the NH3 and H2/N2 plasmas, mass
scans (i.e. ion current as a function of m/z) for masses 1-30 were used. These
mass scans were collected after stabilization of the gas flows and plasma. The
H2/(H2+N2) mixing ratios were determined using the QMS ion currents at m/z
ratios 2 and 14 (corresponding to H2

+ and N+, respectively) from such mass
scans. For a complete description of this method see the Supporting Information.

The procedure for time-resolved QMS measurements was similar to the method
as previously described by Knoops et al.62 In short, for m/z ≤ 40, four m/z
ratios were measured simultaneously, of which one was always m/z = 40. This
value corresponds to Ar+ and is used as reference. For m/z > 40, besides m/z
= 40, only one other m/z ratio was followed per measurement, in order to keep
the signal-to-noise ratio optimal while maintaining a reasonable time resolution.
Three different cycles were studied using the QMS measurements: a ‘normal’
(AB- or ABC-type) ALD cycle, a cycle without CoCp2 dosing (but with Ar carrier
gas dosing) and a cycle without igniting the plasma(s) (see Figure S6.2). This
was done to discern reaction products from species present due to the precursor
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dosing, source gas exposure, or plasma ignition. For each type of recipe, ten cycles
were performed, and only the signals over the last nine were averaged, assuming
the first cycle can deviate due to the recipes performed previously. To further
minimize the influence of previous cycles, every set of cycles was preceded by a
cleaning step consisting of an O2 plasma for 90 s followed by a NH3 plasma for 120
s. Moreover, the purging and gas stabilization times were extended as compared
to the standard ALD cycle, in order to separate the effects of pressure overshoots
from the reaction products. See Figure S6.3 (S.I.) for a more detailed description
and an example of the raw data that is collected using this procedure. Optical
emission spectroscopy (OES) was performed using a USB4000 spectrometer from
OceanOptics, with a wavelength range of 180 nm - 1100 nm, mounted horizon-
tally to the side of the plasma source.

6.2.3 Film analysis

For characterization of the deposited material, Co films were grown on Si (100)
coupons with 450 nm thermal SiO2. Prior to deposition, the samples were cleaned
in situ with an O2 plasma for 2 minutes. It was found that unloading the samples
after the deposition at a table temperature of 300 °C led to significant oxidation
of the Co film. Therefore, the substrate table was cooled down to 100 °C af-
ter each deposition to minimize the oxidation. Although the effect of the table
temperature was not investigated in detail in this study, the GPC and film purity
were found to decrease when going to lower sample temperatures, which will be
addressed in a follow-up publication. The depositions for generating the satura-
tion curves (Figure S6.1, S.I.) were performed on an ALD-grown Co seed layer
to avoid nucleation effects. This Co seed layer was deposited by performing 400
cycles of the standard recipe using NH3 plasma on a thermal SiO2 wafer, result-
ing in a film thickness of approximately 12 nm. Coupons of this seed layer were
loaded into the reactor with the table temperature set to 100 °C. After heating the
substrate table in vacuum to the standard deposition temperature of 300 °C, the
coupons were treated with a NH3 plasma for 3 min to reduce the surface oxidation.

The ALD growth was monitored in situ by spectroscopic ellipsometry (SE)
using a J.A. Woollam, Inc. M2000U ellipsometer.63 The dielectric function of
the deposited films was parameterized using a B-spline model.64 The Co film
microstructure was studied using transmission electron microscopy (TEM) using
a JEOL ARM 200F, operated at 200 kV. For the TEM analysis a lamella was
prepared using a focused ion beam (FIB) in a FEI Nova600i NanoLab. X-ray pho-
toelectron spectroscopy (XPS) was performed with a Thermo Scientific KA1066
spectrometer, using monochromatic Al Kα X-rays with an energy of 1486.6 eV.
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For XPS depth-profiling, sputtering was carried out using Ar+ ions with an energy
of 500 eV. In addition, four-point probe (FPP) resistivity measurements were done
using a Keithley 2400 Sourcemeter and Signatron probe.

6.3 Results

6.3.1 Species in NH3 and H2/N2 plasmas

The similarities and differences between the NH3 plasma and H2/N2 plasma were
identified by collecting mass spectra in the range m/z = 1-30. As can be seen
in Figure 6.2, both plasmas mainly contain H2 (m/z = 2), N2 (m/z = 14 and
28) and NH3 (m/z = 15-17). However, the ratio between these species differs
for the two plasmas, with the relative amount of NH3 being larger for the NH3

plasma. Mass-to-charge ratios 15 and 16 could correspond to NHx (x < 3) species
formed in the plasma, as well as NHx species formed by dissociation of NH3 in the
QMS analyzer. However, NHx (x < 3) radicals present in the plasma are likely
recombined before being detected in the QMS, meaning the signals for m/z =
15-17 can mainly be attributed to NH3. Although NHx (x < 3) species cannot
directly be detected using the QMS, it can be assumed that they are present in
the plasma as a consequence of dissociation of NH3.65 See also Table S6.1 (S.I.)
for the assignment of species to corresponding mass-to-charge ratios.
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Figure 6.2 Quadrupole mass spectra for a NH3 plasma and a H2/N2 plasma.
The main plasma species (H2, N2 and NH3) are indicated in the figure. The
NH3 pressure was 1.5 mTorr, while the H2/N2 pressure was 13 mTorr.
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By comparing the QMS spectrum for the source gas with the spectrum for the
corresponding plasma, it becomes visible which species are formed upon plasma
ignition (see Figure S6.5). When a NH3 plasma is ignited, the signals for m/z
ratios 15, 16 and 17 decrease, while the signals at m/z = 2, 7, 14 and 28 in-
crease. These observations indicate that part of the NH3 is dissociated, leading to
formation of both N2 and H2. Similarly, in a H2/N2 plasma N2 and H2 are disso-
ciated upon plasma ignition, followed by the formation of NH3 (see Figure S6.5b).
NH3 production using a H2/N2 plasma occurs mostly at the reactor walls, since
a three-body reaction in the gas phase is unlikely for the pressures used in this
work.66,67 The two plasmas were further compared using OES measurements (see
Figure S6.6, S.I.).68 The emission spectra for the NH3 and H2/N2 plasmas were
found to be very similar. Moreover, the emission peak at ∼336 nm corresponds
to the A3Π → X3Σ transition of NH and was identified in the spectra for both
plasmas (Figure S6.6b, S.I.), corroborating the presence of NHx, x<3 species.69,70

To study the composition of the H2/N2 plasma as a function of the mixing
ratio between the H2 and N2 gasses, QMS spectra where collected for different
H2/(H2+N2) ratios. The amount of NH3 species produced in the plasma was
found to depend on the mixing ratio. Figure 6.3 shows the QMS ion currents
at m/z ratios 16 and 17 as a function of the H2/(H2+N2) ratio for a constant
chamber pressure of 75 mTorr. This pressure is higher than the standard 13 mTorr
used for the ALD process, as explained in Section 6.2.1. The m/z ratios 16 and
17 correspond to NH2

+ and NH3
+ and their ion currents are a measure for the

amount of NH3 produced in the plasma. Figure 6.3 indicates a maximum in NH3

production around 60 % - 80 % H2 in the H2/N2 mixture, in agreement with
previous work.62,71 Interestingly, the optimum is found close to the ratio between
N and H atoms in the NH3 molecule (0.75).71,72 Since the plasma composition
depends strongly on the mixing ratio, selecting the H2/(H2+N2) ratio is highly
important when using a H2/N2 plasmas for ALD, as will also be discussed later.
Based on the optimum found in Figure 6.3, a H2/(H2+N2) mixing ratio of ∼0.77
was employed for further QMS studies and depositions using the AB-H2/N2 pro-
cess, unless specified otherwise.
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Figure 6.3 QMS ion current at m/z ratio 16 and 17 for H2/N2 plasmas as a function
of H2 fraction in the H2/N2 mixture. The H2/(H2+N2) mixing ratios on the horizontal
axis were determined using the ion currents at m/z ratios 2 and 14, corresponding
to H2

+ and N+, before igniting the plasma. The total chamber pressure was kept
constant at 75 mTorr.

6.3.2 Reaction products during plasma half-cycle

Further insight in the use of NH3 and H2/N2 plasmas was obtained by studying the
reaction products formed during the ALD cycles using time-resolved QMS mea-
surements. First, QMS signals were collected for m/z ratios 40 (Ar+), 59 (Co+)
and 66 (HCp+) during the precursor sub-cycle (Figure S6.7, S.I.). Based on these
results, it can be concluded that HCp (C5H6

+, m/z = 66) is released as a prod-
uct during the precursor half-reaction. Second, QMS signals were recorded during
the co-reactant sub-cycles of the AB-NH3 process (Figure 6.4a), the AB-H2/N2

process (Figure 6.4b) and ABC-N2-H2 process (Figure 6.4a). Measurements were
done for a normal ALD cycle and for a reference cycle without CoCp2 dosing,
using plasma exposures of 11 s (see Figure S6.3, S.I.). Differences between the
signals for the two cycles indicate the formation of species as a consequence of
the ALD reactions.
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Figure 6.4 Time-resolved QMS signals for m/z ratios 17 (NH3
+), 28 (N2

+), 27
(C2H3

+, HCN+), 39 (C3H3
+, HCN+) and 66 (C5H6

+), collected during the plasma
half-cycle for (a) the AB-NH3 process, (b) the AB-H2/N2 process and (c) the ABC-
N2-H2 process. A normal ALD cycle and a reference cycle without CoCp2 precursor
dosing were measured, with plasma ignition for 11 s during both cycles (indicated
with an arrow in the panels for m/z = 28). The H2/(H2+N2) mixing ratio of the
H2/N2 plasma was ∼0.77.

Figure 6.4a shows results collected during the plasma sub-cycle of the AB-NH3

process. The signals for m/z ratios 17 and 28 are very similar for the ALD cycle
and the corresponding reference cycle and are related to the main plasma species,
namely NH3 and N2. The increase in ion current for m/z = 28 and decrease for
m/z = 17 after plasma ignition correspond to the formation of N2 (m/z = 28),
which is a consequence of the dissociation of NH3 (m/z = 17). The current for
m/z = 17 demonstrates a transient behavior, as NH3 is a ‘sticky’ molecule and
the NH3 flow does not stabilize within the time of the exposure.73 Meanwhile,
the initial rise in ion currents (at ∼0 s) for m/z ratios 27, 39 and 66 upon plasma
ignition for the (normal) ALD cycle can be attributed to the release of reaction
products (see Table S6.1, S.I.). This rise is not observed for the reference cycle
without CoCp2 dosing. The increase for m/z = 66, assigned to HCp+ (C5H6

+),
upon plasma ignition indicates the elimination of the Cp ring from the surface.
A similar increase in ion current was observed for m/z = 65 (C5H5

+, data not
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shown). The detection of HCp+ reveals that some of the Cp ligands are still
present on the surface after the CoCp2 sub-cycle. Mass-to-charge ratio 27 corre-
sponds to C2H3

+ or HCN+ and m/z = 39 to C3H3
+ or C2HN+. The presence

of, for example, HCN and C2HN might be caused by reaction of CxHy and NHx

species in the plasma. The detection of C2H3
+ and C3H3+ can be explained

by dissociative ionization of HCp in the QMS (see the cracking pattern in Fig-
ure S6.4) and/or by formation of C2H4 and C3H4 in the plasma due to dissociation
of HCp. Such production channels can unfortunately not be distinguished using
the current experimental setup.

The QMS results for the AB-H2/N2 process are shown in Figure 6.4b. The ion
currents for m/z ratios 17 and 28 behave very similar for the ALD cycle and the
reference cycle, and indicate the formation of NH3 (m/z = 17) and consumption
of N2 (m/z = 28) in the H2/N2 plasma. These findings are in line with the QMS
measurements discussed in Section 6.3.1 (and as shown in Figure S6.5). Note that
the signal for m/z = 17 continues to increase during the plasma exposure, due to
the ‘sticky’ nature of NH3 and/or ongoing stabilization of the NH3 production.73

However, the current for m/z = 17 starts to drop after the plasma exposure,
accompanied by a small increase in the signal for N2, indicating that no more N2

is being consumed. The ion currents for m/z ratios 27, 39 and 66 for the ALD
cycle increase when the plasma is started (at t ≈ 0s), similar to the data shown
in Figure 6.4a. This increase can be explained by the release of reaction products,
as was discussed for the AB-NH3 process.

To examine the role of the NHx species in the plasma in the reaction mecha-
nism, the H2/N2 plasma was replaced by separated N2 and H2 plasma steps, in
an ABC-type cycle (see Figure 6.1). The results for the ABC-N2-H2 process in
Figure 6.4c show that no NH3 was present during the N2 exposure, as can be ex-
pected. Moreover, upon ignition of the N2 plasma (at t ≈ 0 s), a minimal amount
of HCp+ (m/z = 66) is detected (revealed by the small difference with the refer-
ence cycle), which is much smaller than for the AB-NH3 and AB-H2/N2 processes.
Upon ignition of the subsequent H2 plasma, a rise in ion currents for both m/z
= 17 and 28 (at t ≈ 32 s, observed for the ALD cycle and also for the reference
cycle) indicates that NH3 and N2 are released. However, the amounts are almost
negligible, and are limited by the amount of nitrogen containing species adsorbed
to the substrate and reactor wall after the N2 plasma exposure. The H2 plasma
mostly leads to the detection of C2H3

+/HCN+ (m/z = 27) and C3H3
+/C2HN+

(m/z = 39) species, and no significant amount of HCp+. The limited amount
of HCp+ detected during both plasma exposures indicates that the Cp ring is not
eliminated as a whole, but rather dissociated due to interaction with the plasmas.
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Comparison of the results for the three different ALD processes gives insight
in the similarities and differences in reaction mechanisms. Except for the differ-
ences in plasma species (m/z = 17 and 28), the results in Figure 6.4 (a) and
(b) show very similar reaction products for the AB-NH3 and the AB-H2/N2 pro-
cesses. These analogies between the two AB-processes suggest a similar reaction
pathway, where Cp ligands are eliminated from the surface during both the pre-
cursor and plasma sub-cycle. QMS measurements for the ABC-N2-H2 process
show significant differences in terms of plasma species and reaction products (see
Figure 6.4c), as compared to the AB-processes, suggesting a different reaction
pathway.

6.3.3 Film properties

Before characterization of the material properties, the ALD behavior of the two
AB-processes was studied by determining the GPC as a function of the CoCp2

dosing and the plasma exposure times. As can be seen in Figure S6.1, both the
precursor and co-reactant sub-cycles demonstrated self-limiting behavior for the
NH3 plasma as well as for the H2/N2 plasma processes. Moreover, the saturation
curves for the two processes look very similar, in line with the finding that the
two AB-processes show similarities in terms of plasma composition and reaction
pathways as discussed in Sections 6.3.1 and 6.3.2. The GPC saturates to a value
of 0.29 ± 0.02 Å, which is slightly lower than reported by Kim and co-workers
(0.48 Å).26,30

The material properties for the three different ALD processes were investigated
for films deposited using 1000 cycles. A film deposited using the AB-NH3 process
was investigated using transmission electron microscopy (TEM) after preparation
of a lamella using a focused ion beam (FIB). The cross-sectional images in Fig-
ure 6.5 reveal that the film is polycrystalline and the crystal grains can clearly be
observed. The film forms a closed layer of approximately 29 nm thick and has a
low roughness. Spectroscopic ellipsometry (SE) modeling yielded a film thickness
of ∼32 nm. The difference between the thicknesses derived from SE and from
TEM is thought to be due to the film roughness, which is not included in the SE
modeling.
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Figure 6.5 (a and b) Cross-sectional transmission electron microscope (TEM) images
of a Co film deposited by performing 1000 ALD cycles of the AB-NH3 process.

Material properties obtained using the different processes are shown in Table 6.3.
As can be seen, for both the AB-NH3 and the AB-H2/N2 process the film thickness
(determined using spectroscopic ellipsometry, SE) is ∼25 nm after 1000 cycles,
corresponding to an average GPC of ∼0.25 Å. It is noted that the sample prepared
for TEM analysis was a different sample than the sample listed in Table 6.3 and the
film thickness was slightly higher. The ABC-N2-H2 process resulted in an average
GPC as high as 0.44 Å. The films deposited using the AB-NH3 and the AB-H2/N2

processes both demonstrate a low resistivity (41 - 42 µΩ cm, as compared to a
Co bulk resistivity of 6.24 µΩ cm) and have a similarly low impurity content.74

The resistivity values obtained for the AB-processes are slightly higher than the
best reported value for Co ALD, and lie within the range of values obtained for
processes using NH3 or H2/N2 plasma as the co-reactant (10 - 140 µΩ cm, see
Table 6.2). This is in contrast to the film deposited using the ABC-N2-H2 process,
which has a high resistivity (>1000 µΩ cm), likely caused by considerable amounts
of impurities found in the film (O, N and C add up to 25 at.%).

Table 6.3 Material properties of Co films for the three different ALD processes as
determined from spectroscopic ellipsometry (SE), four-point probe and XPS. 1000
ALD cycles were performed. The impurity contents were determined after sputtering
with Ar+ for 6 min.
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XPS measurements showed that the surface of the Co films is slightly oxidized
(Figure S6.8). After Ar+ sputtering, the O contents of the films deposited using
both AB-processes (NH3 and H2/N2) are however found to be close to 0 at.%,
and metallic Co2p peaks were detected around 780.2 eV.75 Apart from minimal
amounts of O, C and N, no other impurities were detected in the Co films grown
the AB-NH3 and the AB-H2/N2 processes. For the film deposited using the ABC-
N2-H2 process, significant amounts of O, C and N were detected in the bulk of
the film, (see the XPS results Figure S6.8 and Figure S6.9). It was found that
exchanging the H2 and N2 plasma exposures, corresponding to an ABC-type cycle
with first the H2 plasma followed by the N2 plasma, led to a comparable impurity
content of approximately 25 at.% (see Table S6.2, S.I.).

The significant higher GPC and resistivity for the ABC-N2-H2 process can be
explained by the impurity incorporation, leading to a lower film density and/or a
higher surface roughness. The difference between the two AB-processes on one
hand and the ABC-N2-H2 process on the other hand can most likely be attributed
to the absence of NHx species in the plasmas for the ABC-N2-H2 process (see
Section 6.3.2), as will also be discussed below.

As described in Section 6.3.1, the amount of NH3 produced in the H2/N2

plasma depends on the ratio between the two source gasses. To study the effect
of the NH3 concentration in the plasma, a set of Co films was deposited for various
H2/(H2+N2) ratios, using a constant pressure of 13 mTorr for the gas mixture.
The properties of the Co films were studied using spectroscopic ellipsometry (SE),
four-point probe (FPP) and XPS and the results are shown in Table 6.4. The
thicknesses of the films varied somewhat as a function of H2 fraction, with higher
film thicknesses (∼20 nm) obtained for intermediate ratios of 0.35 and 0.42. The
films deposited using low mixing ratios of 0.13 and 0.23 had resistivity values
that were too high to be measured (>109 µΩ cm). For higher mixing ratios, the
resistivity of the films decreased with increasing H2 fraction, which correlates to
a significant decrease in O impurity content. In addition to the O content, dif-
ferences in film structure (e.g. crystallinity, density or porosity) might affect the
film resistivity, and further research would be required to obtain a more detailed
understanding. The O incorporation is likely due to dissociation of background
species (such as H2O) in the plasma during film growth or, post-deposition oxida-
tion of the films.76,77 Interestingly, the C and N contents of the films are relatively
constant and do not show a clear trend as a function of H2/(H2+N2) ratio. The
relation between the H2/(H2+N2) ratio and the material properties will be further
discussed in Section 6.4.1.
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Table 6.4 Material properties of Co films for the three different ALD pro-
cesses as determined from spectroscopic ellipsometry (SE), four-point probe
and XPS. 1000 ALD cycles were performed. The impurity contents were
determined using XPS after sputtering with Ar+ for 6 min.

6.4 Discussion

6.4.1 Role of NHx species

The results addressed in Section 6.3 can give insight into the role of different
plasma species during Co film growth. Specifically, the data in Table 6.4 show
that the impurity content decreases with the H2 fraction in the H2/N2 plasma.
Meanwhile, the ion current at m/z = 17, indicating NH3 in the plasma, increased
when varying the H2/(H2+N2) ratio up to ∼0.77 (see Figure S6.3). This finding
is in line with the dependence of the NH3 content on the mixing ratio as was dis-
cussed in Section 6.3.1. In Figure 6.6 the Co concentration of the films is plotted
as a function of the ion current for m/z = 17. Interestingly, this graph shows a
linear trend, suggesting that a higher amount of NHx, x≤3 species in the plasma
leads to a higher film purity. Note that with a higher NH3 concentration in the
plasma, also the amount of NHx, x<3 radical species increases, as a consequence
of NH3 dissociation. The increase in Co purity is mostly due to the decline in O
content, suggesting that NHx, x<3 or NH3 species facilitate the removal of O from
the material, or lead to a film which is less prone to post-deposition oxidation. Ad-
ditional research is required to distinguish between these two possible explanations.

Overall, the findings show that careful consideration is needed when a H2/N2

plasma is employed as co-reactant for ALD. Moreover, the dependence on the
NHx concentration explains why H2 plasmas or N2 plasmas are not suitable as
co-reactants, namely due to the lack of NHx species. In addition, the fact that
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Figure 6.6 Co content from XPS as a function of QMS ion current at m/z =
17. The QMS ion current is a measure for the NH3 production in the H2/N2

plasma and was varied by changing the H2/N2 mixing ratio of the source gas.
The pressure of the H2/N2 gas mixture was kept constant at 13 mTorr. The Co
content was determined using XPS on films obtained by performing 800 ALD
using the various H2/N2 mixing ratios. XPS was carried out after sputtering with
Ar+ ions for 3 minutes. The resistivity values of the Co films are indicated in the
figure and the dashed line in represents a linear fit through the data. It is noted
that the decrease of the film resistivity as a function of NHx concentration might
be related to changes in film structure, aside from the increased film purity.

NH3 gas cannot be used as co-reactant in a thermal ALD process substantiates
the hypothesis that NHx (x < 3) plasma species are necessary. The results thus
suggest that NHx, x≤3 species play a crucial role in the Co growth. This is further
elaborated on in Section 6.4.2, where a reaction mechanism is proposed. Inter-
estingly, the dependence of the film resistivity on the H2/N2 ratio is in agreement
with the work of Yoon et al. and Hong et al. for the deposition of Co and Ru,
respectively.12,26 Both studies observed high resistivity values for high N2 frac-
tions and suggested that NHx species in the plasma play an important role in
the growth.12,26 In addition, in the work of Ten Eyck et al. the H2/N2 ratio was
optimized in order to maximize the NHx generation in the plasma.10 Finally, ALD
processes for Ru, Ni and Ag have been reported to improve when NH3 plasmas are
used instead of H2 plasmas (in terms of a higher GPC and lower resistivity), which
also suggests an important role of NHx species present in the NH3 plasmas.18–20

6.4.2 Reaction mechanism

The QMS studies addressed in Section 6.3.2 can help to unravel the reaction
mechanisms for the ALD growth of Co. Before reviewing the main QMS results,
it is relevant to obtain an understanding of the surface groups present on Co after
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plasma exposure (i.e. prior to precursor dosing). Although the interaction of a
NH3, H2, or N2 plasma with a Co surface has not been studied in detail, the
surface science literature on Co gives some insight. For instance, Kizilkaya et al.
investigated the stability of NHx groups on Co after NH3 exposure and found
that NH3 adsorption on Co is followed by decomposition, resulting in NHx groups
remaining on the surface.78 In addition, Wang et al. studied the nitridation of
transition-metal surfaces and calculated that Co is not prone to nitridation, al-
though a N-covered surface is stable after formation.27 Based on these reports it
can be expected that NHx groups are present on the Co film after NH3 or H2/N2

plasma exposure. H adsorbed on the Co surface seems less likely, since H is re-
ported to desorb (as H2) from Co between temperatures of approximately 300 K
- 400 K, which is lower than the sample temperature during ALD (300 °C = 573
K table temperature).79–81 Notably, the role of N-containing surface species has
previously been addressed for ALD of Pt and Ag using N2 or NH3 plasmas.19,28,82

Specifically, N-containing species were proposed to adsorb during the N2 or NH3

plasma exposures, and to react with the precursor during the subsequent precursor
dose.

In short, the QMS studies in Section 6.3.2 revealed the following. During the
precursor and co-reactant sub-cycles HCp (C5H6) is released, for both the AB-NH3

and the AB-H2/N2 process. In addition, fragments of the Cp ring (e.g. CxHy
+

and CxHyN+) were detected during the plasma exposure. Furthermore, variation
of the H2/N2 ratio showed that NH3 species (NHx, x≤3) play an important role in
the growth mechanism. These observations suggest that during the precursor sub-
cycle the CoCp2 molecules chemisorb to the surface, and that part of the Cp rings
react with H atoms present at the surface, followed by the release of HCp. This is
illustrated in step ‘A’ in Figure 6.7. Considering that chemisorbed H is not stable
on a Co surface, it is speculated that NHy surface groups present after the plasma
exposure provide the source of H (NHy with the subscript y is used to indicate the
distinction from NHx species in the plasma). Additional research such as surface
Fourier-transform infrared spectroscopy (FTIR) is required to identify the surface
groups to which the precursor binds. Possibly the precursor chemisorbs directly
to unoccupied Co surface sites, or to NHy species after the release of HCp.

In the co-reactant sub-cycle, the Cp ligands remaining after precursor dosing
are eliminated by NH3 radical species from the plasma (NHx, x<3). This reaction
leads to the formation of HCp and C, H and N containing fragments, as illustrated
in step ‘B’ in Figure 6.7. The release of HCp was also observed during the NH3

plasma exposure in the work of Oh et al.83 Moreover, Shimizu et al. and Yuan
et al. used NH3 as co-reactant gas for Co and Ni hot-wire ALD using CoCp2

and NiCp2 as precursors, respectively, and claimed that NH2 gas phase species
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Figure 6.7 Schematic representation of the proposed reaction mechanisms during
ALD of Co using NH3 or H2/N2 plasma as the co-reactant. During the precursor
sub-cycle (‘A’), the CoCp2 binds to the surface, accompanied by the release of
HCp. The site to which the CoCp2 chemisorbs is indicated as ‘X’, since it remains
to be identified. In the co-reactant sub-cycle (‘B’), the NHx, x<3 species from
the plasma cause the release of HCp and fragments thereof, and lead to the
formation of NHy surface groups. NHy with the subscript y is used to indicate
the distinction from NHx species in the plasma

formed on the hot-wire are needed for dissociation of the metal-Cp bond.50,84

In the reaction mechanism shown in Figure 6.7, the NHx, x<3 species generated
in the plasma thus fulfill this role. Furthermore, the NHx, x<3 species as well as
NH3 lead to formation of NHy surface groups, which react with the precursor
molecules in the next cycle. Although NH3 can dissociate after adsorption on
a clean Co surface, it is believed that NHx, x<3 plasma species are essential for
complete ligand removal. Note that a small amount of N ( ∼2-3 at.%) is present
in the Co films deposited using the AB-NH3 and the AB-H2/N2 processes, and
that this content is slightly higher (∼4.5 at.%) in the (sub)surface region (see
Figure S6.9). This corroborates the expectation based on the surface science
literature that N containing species (e.g. NHy ) are present and that they are
more stable on the surface than in the bulk. However, a remaining question is
how the surface NHy species leave the film, such that they are not incorporated
in the film. Since the films contain only a small amount of N, it is speculated
that most of the N diffuses out of the surface region, and desorbs in the form of
either NH3 or N2. Interestingly, an analogy appears to exist between the proposed
reaction mechanism and the ALD growth of noble metal using O2 as the co-
reactant. During noble metal ALD, chemisorbed O plays a crucial role in the
reaction mechanism, while the stability of noble metal oxides is limited.85 This is
similar to ALD of Co, where NHx species appear needed for chemisorption of the
precursor and removal of the Cp ligands, but are not built into the film.



6.5. Conclusion 129

6.5 Conclusion

The use of H2-, N2-, and NH3-based plasmas as co-reactant for ALD of Co using
CoCp2 was investigated. A direct comparison was made between ALD processes
with a NH3 plasma and a combined H2/N2 plasma as co-reactant. It was shown
that the NH3 and H2/N2 plasmas contain comparable plasma species, including
NHx, x≤3, although the relative concentrations are different. Moreover, the reac-
tion products detected during the plasma sub-cycle are very similar, suggesting
analogous reaction pathways. Variation of the mixing ratio of H2 and N2 in the
H2/N2 plasma showed that the lowest resistivity is achieved for ratios with the
highest NHx, x≤3 concentration. In addition, films deposited using plasmas with
a lower NHx, x≤3 concentration contained significant amounts of O impurities.
Deposition using an ABC-type cycle with consecutive N2 and H2 plasma steps
resulted in a Co film with significant amounts of impurities and a high resistivity.
These insights indicate that the NHx species present in both the NH3 plasma
and the H2/N2 plasma are necessary for eliminating the precursor ligands and for
obtaining high-purity films, which explains why H2 plasmas or N2 plasmas are
not suitable as co-reactants. Furthermore, based on the QMS results and sur-
face science literature, a reaction mechanism was proposed where NHx, x<3 play
an essential role, leading to the release of HCp in both sub-cycles. Overall the
work shows that the plasma composition can strongly affect the obtained material
properties and that the co-reactant of a metal ALD process should be carefully
selected. Specifically, when using a H2/N2 plasma for Co ALD, selecting the
H2/(H2+N2) ratio is crucial. Other literature reports further illustrate the im-
portance of choosing a suitable co-reactant and demonstrate that NH3 or H2/N2

plasmas can be preferred over other co-reactants.17–20,28 This suggests that the
findings of this work can be generalized and can also apply to other metal ALD
process.
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ALD behavior
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Figure S6.1 Growth per cycle (GPC) as a function of (a) CoCp2 dosing time and (b)
plasma exposure time for the AB-NH3- and the AB-H2/N2 processes, plotted in the same
graphs. The default CoCp2 dosing time and plasma exposure time were 6 s and 10 s,
respectively. The lines serve as guides to the eye. The saturation curves for the two
processes look very similar and the GPC in saturation is approximately the same (0.29
± 0.02 Å). The precursor dosing time shows saturation after roughly 5 s, and a plasma
exposure time of 9 s is needed to reach saturation.

Procedure for time-resolved quadrupole mass spectrometry measurements

To be able to differentiate between signals caused by reaction products from signals
caused by species present due to either the precursor dosing, source gasses, or
plasma ignition, different types of cycles were used. These three different cycles
were: a ‘normal’ ALD cycle, a cycle without precursor dosing and a cycle without
igniting the plasma(s). See Figure S6.2 for schematics of the three different cycles.
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(a) Cycle without precursor
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(b) Cycle without plasma
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(c)

Figure S6.2 Schematic illustrations showing the three different cycles that were used for
the QMS studies for the case of the AB-NH3 process.
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The three different sets of cycles were performed sequentially. Figure S6.3 shows
an example of the raw data that is collected by this procedure. As can be seen,
every set of ten ALD cycles was preceded by plasma cleaning steps or a ‘plasma
reset’. This plasma reset consisted of a 90 s O2 plasma (to remove contamination
from the reactor wall), a reducing NH3 plasma for 120 s, and a final pump step of
60 s. For each set of ten cycles, the signal over the last nine was averaged, since
the first cycle was typically affected by the plasma reset.
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Figure S6.3 Raw QMS data collected for four different m/z ratios (27, 28, 29 and 40).
Three different sets of cycles were performed, separated from each other by plasma resets.

QMS cracking patterns
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Figure S6.4 QMS cracking patterns for (a) CoCp2 and (b) HCp, both taken from the
NIST database. The cracking pattern for CoCp2 is dominated by signals at m/z = 59 (Co),
124 (CoCp) and 189 (CoCp2). Signals at 39, 40, 65 and 66 are the main contributions
in case of HCp.
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Assignment of species to m/z ratios

Table S6.1 m/z ratios, their assigned ions and their (main) assigned parent molecules.
The assignments are based on cracking patterns taken from the NIST database.



6.6. Supporting Information 133

Comparison of NH3 and H2/N2 plasma using QMS and OES
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Figure S6.5 QMS mass spectra for (a) NH3 and (b) H2/N2, gas and plasma. The spectra
were collected for the source gas only (‘plasma off’) and after plasma ignition (‘plasma
on’). Comparison of the two spectra in (a) indicates that part of the NH3 is dissociated
upon plasma ignition, leading to formation of N2 (m/z = 14 and 28) and H2 (m/z = 1
and 2). On the contrary, (b) shows that part of the H2 and N2 in the H2/N2 plasma is
consumed, leading to the formation of NH3, as revealed by the increase in ion current for
m/z ratios 15-17.
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Figure S6.6 Optical emission spectra for H2, N2, H2/N2 and NH3 plasmas over the
wavelength range of (a) 280 nm - 800 nm and (b) 332 nm - 340 nm. The emission
spectra for the NH3 and H2/N2 plasmas are very similar. (a) The spectra have been
scaled and offset for clarity. (b) An emission line for excited NH can be seen at 336 nm
in the spectra for both plasmas, indicating that NHx, x<3 radical species are present.
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QMS precursor half-cycle
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Figure S6.7 (a) Time-resolved QMS signals for m/z ratios 40 (Ar+), 59 (Co+) and 66
(C5H6

+), collected during the precursor sub-cycle of the AB-NH3 process, plotted on a
logarithmic vertical scale. (b) The QMS signal for m/z = 66, plotted using a linear vertical
scale. QMS measurements were done for the normal ALD cycle, and for a reference cycle
without igniting the plasma, both using a CoCp2 dose of 6 s. Comparing the two signals
gives insight into which species are formed as a consequence of the ALD reactions. Note
that the Ar carrier gas is diverted before sending it through the CoCp2 bubbler in order to
stabilize the gas flow. This leads to an increase in chamber pressure, which explains the
initial increase in ion currents just after t = 0. After the Ar starts flowing through the
bubbler at around 7 s (indicated with an arrow in the figure), the ion currents for m/z
ratios 59 and 66 increase, related to Co+ and HCp+ (C5H6

+), respectively. Subsequently
changing the Ar gas flow from the bubbler to the purge line at t = 13 s leads to a pressure
spike, accompanied by a peak in the ion currents. During the ‘normal’ ALD cycle the
increase at t = 7 s for m/z = 66 is significantly higher than for the reference cycle without
plasma exposure (note that the vertical scale is logarithmic in (a)). This difference in ion
current suggests that HCp is released when the precursor molecule chemisorbs to the
surface. Note that similar QMS measurements for the AB-H2/N2 process also revealed
the release of HCp during precursor dosing, suggesting a similar reaction mechanism.
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X-ray photoelectron spectroscopy
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Figure S6.8 XPS spectra for the Co2p, O1s, C1s and N1s peaks for Co films deposited
using the (a) AB-NH3 process, (b) the AB-H2/N2 process and (c) the ABC-N2-H2 process.
1000 cycles were performed for all samples. 6 minutes Ar+ sputtering was applied to
remove the surface contamination. The films deposited using the AB-NH3- and AB-
H2/N2 processes contain small amounts of impurities, while the film deposited using the
ABC-N2-H2 process is significantly contaminated with O, C and N. The surface of the
films is slightly oxidized. However, the metallic Co2p peaks is visible around 780.2 eV
after Ar+ sputtering, for the films deposited using the AB-processes.
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Figure S6.9 XPS depth profiles for Co films deposited using (a, b) the AB-NH3 process,
(c, d) the AB-H2/N2 process and (e, f) the ABC-N2-H2 process. 1000 cycles were
performed for all samples. (b,d,f) show the impurity contents (O, N and C) in more
detail. For the AB-NH3 process and the AB-H2/N2 process the N-content is slightly
higher in the subsurface region (∼4.5 at.% as compared to ∼2.5 at.%), suggesting that
N species (e.g. NHy ) are more stable on the surface than in the bulk. Moreover, the
trend of the N-content corroborates the out diffusion of N.
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Material properties for ABC-processes

Table S6.2 Material properties of Co films for the ABC-processes as determined from SE,
four-point probe and XPS. Two different three-step processes were used, an ABC-cycle
with the N2 plasma first, followed by the H2 plasma and an ABC-cycle with the H2 plasma
first followed by the N2 plasma. The impurity contents were determined using XPS after
sputtering with Ar+ for 6 min.

Ion current as a function of H2/N2 mixing ratio
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Figure S6.10 QMS ion current at (a) m/z ratio 16 and (b) m/z ratio 17 as a function
of H2 fraction in the H2/N2 gas mixture, for a pressure of 13 mTorr and 75 mTorr. The
ion currents at m/z ratios 16 and 17 are measures for the NH3 content in the H2/N2

plasma. The lines are guides to the eye. Due to the low gas flows used for a pressure of
13 mTorr, it is not possible to keep the pressure constant for mixing ratios higher than
∼80 vol.%. As mentioned in the main text, adding N2 gas to the H2 gas increases the
pumping speed, thereby changing the total pressure. This makes obtaining certain mixing
ratios for a constant total pressure not straightforward. However, the similarities between
the trends for the two different pressures confirm that the optimum in the NH3 production
corresponds to 70 vol.% - 80 vol.% H2, both at 13 mTorr and 75 mTorr. The data for 75
mTorr is also shown in the main text in Figure 6.3.
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7Area-Selective Deposition of Ruthenium
by Combining Atomic Layer Deposition
and Selective Etching

time
EBCHDRu

O2 

H2 

Purge Purge Purge Purge

B C

H2

A

1 ALD-etch supercycle

100 ALD cycles 1 etch cycle

SiO2

Pt
RuO2 plasma

Purge

100 x

Area-selective atomic layer deposition (ALD) is expected to become a key tech-
nology for nanoelectronics with sub-5 nm dimensions. In this work, it is demon-
strated that ALD can be combined with selective etching to improve the selec-
tivity of area-selective ALD. For area-selective ALD of Ru on a Pt or Ru surface
(metal-on-metal), it is shown that periodic O2 plasma etching steps can be used
to remove unwanted Ru nucleation on the SiO2 non-growth area. Using this
supercycle approach with etch cycles integrated into the Ru ALD process, the
area-selective ALD of ∼8 nm of Ru was demonstrated onto Pt/SiO2 patterns,
with no detectable material being deposited on the SiO2.
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7.1 Introduction

Current nanopatterning techniques used for integrated circuit fabrication typically
rely on a combination of deposition, lithography, and etch steps. Due to align-
ment issues, nanopatterning is becoming very challenging as device dimensions
approach sub-5 nm scales.1,2 In recent years, area-selective ALD has emerged as
an alternative, bottom-up approach to nanomanufacturing.3,4 By limiting the de-
position to specific areas, area-selective ALD enables self-aligned fabrication, and
can reduce the number of processing steps during device manufacturing, such as
patterning and chemical mechanical polishing. Since ALD operates in a surface-
reaction-controlled regime with sequential precursor and co-reactant exposures,
separated by purge steps, area-selective ALD is also characterized by growth with
precise thickness control and high con-formality.5,6

Currently, one of the main challenges for industrial application of area-selective
ALD is obtaining a sufficiently high selectivity.7 The selectivity is generally limited
to a few tens of ALD cycles due to eventual nucleation on the area where no
deposition is desired (‘non-growth area’). Cleaning based on etching has previ-
ously been implemented in industrial selective epitaxy processes,8 which serves as
inspiration here for exploring novel combinations of area-selective ALD and selec-
tive etching. For example, during the selective epitaxial growth of Si by chemical
vapor deposition (CVD), an etchant gas, typically HCl, is added to the CVD gas
mixture to remove unwanted nucleation on SiO2 or Si3N4 non-growth areas.9,10

Due to the cyclewise nature of ALD, it is especially valuable to develop deposition
processes that involve an intermittent correction or cleaning step to increase the
growth selectivity.

Area-selective ALD of metal-on-metal is of interest for applications in metal
interconnects in semiconductor devices. In particular, ALD of Ru is significant,
since Ru (bulk resistivity of 7.1 µΩ cm) is considered either as a Cu diffusion bar-
rier, or as a replacement for Cu lines11–15 Furthermore, Ru is used as an electrode
in dynamic random access memory, gate metal in transistors, and seed layer for
electroplating.16–21 Area-selective ALD of Ru on metal seed layers can simplify
device processing for these applications. Several processes for area-selective ALD
of Ru already exist, and depend on inherent selectivity, area-activation or area-
deactivation.22–26 Here, we demonstrate a method for area-selective ALD of Ru
on Pt or Ru (metal-on-metal) with SiO2 as the non-growth area, which exploits
the inherent selectivity between the two different substrate materials.

Our approach to achieve area-selective ALD with high selectivity is based on
deposition and cleaning, and consists of periodic selective etch steps integrated
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into an ALD process as illustrated in Figure 7.1. The resulting supercycle of ALD
and etch steps offers a promising opportunity to improve the growth selectivity of
ALD processes. An essential requirement for this approach is that there should
be an initial difference in nucleation behavior on the different substrate areas or
materials.27 After a certain number of cycles, nuclei start to form on the non-
growth area, and the addition of etch steps can lead to removal of these nuclei.
Typically, some material is also removed on the growth area, where deposition is
actually desired. However, as long as substantially more material is deposited than
etched on the growth area per supercycle, this approach can provide a sufficiently
high net growth rate, while improving the overall growth selectivity. By repeating
such a supercycle of ALD and etching as many times as required, the desired
thickness can be obtained on the growth area.

m super-
cycles

iiiiii

Etch
n cycles 

ALD

1 supercycle

Figure 7.1 Schematic illustration of the concept of combining ALD with periodic etching
to achieve area-selective deposition with a high selectivity. (i) When using an ALD process
with an (insufficient) inherent selectivity, ALD leads to film growth on the growth area
(gray, e.g. Pt, Ru), and island formation on the non-growth area (blue, e.g. SiO2). (ii)
Inclusion of etch steps in a supercycle recipe results in removal of the unwanted deposition
on the non-growth area. (iii) By repeating the supercycle, a film with the desired thickness
can be obtained selectively on the growth area.

It is important that the following two requirements are met when combining
ALD with etching to improve the selectivity of the deposition process: (i) growth-
area selectivity, which refers to an initial difference in nucleation behavior (in terms
of nucleation delay or growth per cycle) between the growth and non-growth areas;
and (ii) etch selectivity, where only the deposited material is etched, with almost
no etching of the substrate material or other materials that are present. Several
additional aspects are desirable, and can lead to a more ideal area-selective ALD
process. First, to retain the merits of ALD, the etching process is preferred to
be self-limiting and isotropic. In the case of plasma etching, this means that the
ion contribution should be insignificant. The conformal nature of ALD on 3D-
structures is especially preserved by combining ALD with isotropic atomic layer
etching (ALE).28 Second, the etch step should have a negligible effect on the
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neighboring materials and underlying substrate, for instance in terms of rough-
ening or incorporation of impurities. Furthermore, possible impurities should be
easily removed, or at least not inhibit growth on the growth area in the subse-
quent ALD cycles. Note that having inhibiting species on the non-growth area
can actually be beneficial for the selectivity.27 Third, the ALD and etch processes
should be compatible, meaning that they can be performed at similar conditions,
such as temperature and pressure. Fourth, ideally the etch rate of the nuclei or
islands on the non-growth area is higher than the etch rate of the material on the
growth area, such that a high net growth rate on the growth area is obtained.
In addition to considering these aspects, both the repetition frequency and the
duration of the etch step should be optimized, in order to obtain the highest net
growth rate.

Recently, Vallat et al. demonstrated a combination of ALD and selective etch-
ing to improve the overall selectivity of area-selective ALD.27 In an O2-plasma-
enhanced ALD process for Ta2O5 that shows an inherent growth selectivity for
a TiN surface over Si or SiO2, NF3 etching gas was added to the O2 plasma
step during every ninth cycle. The addition of the NF3 allowed for the removal of
Ta2O5 on Si and/or SiO2 non-growth areas such that the area-selective deposition
of Ta2O5 on TiN could be achieved.27

7.2 Experimental details

All deposition and etching experiments were performed using a home-built ALD
reactor with an inductively-coupled plasma source operated at a radio-frequency
(RF) of 13.56 MHz.29 The reactor walls and manifold lines were heated to 100
and 105 °C, respectively. After using the reactor for deposition of a different
material, the chamber was first conditioned with 500 cycles of Al2O3 ALD fol-
lowed by 500 cycles of thermal RuOx ALD (using a 60 s O2 gas dose at 1 mbar
as co-reactant step). This procedure yielded reproducible Ru film growth. All
substrates were cleaned after being loaded into the reactor and prior to the de-
position using a 60 s O2 plasma (100 W), followed by a 30 s reducing H2 gas
treatment. Small coupons of single-side polished Si wafers with thermally-grown
SiO2 of ∼430-450 nm and ALD-grown Pt or Ru on SiO2/Si were used as SiO2,
Pt, and Ru substrates. In addition, a sample consisting of Pt lines on top of
∼450 nm thick thermally-grown SiO2 was used to characterize the area-selective
growth through scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) elemental mapping. The lines of 1, 2, and 3 µm width were
patterned by electron-beam lithography (EBL) using poly(methyl methacrylate)
resist, which was followed by evaporation of Pt (∼50 nm thick), and lift-off. See
the Supporting Information (S.I.), Figure S7.1, for a more detailed description of
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the procedure. In situ spectroscopic ellipsometry (SE) was performed using a J.A.
Woollam, Inc. M2000U ellipsometer to monitor the deposition and etching of
Ru.30,31 SE measurements were taken after every 10 ALD cycles and after every
etch cycle. Additional details on the SE modeling and other analysis techniques
can be found in the Supporting Information.

Ethylbenzenecyclohexadiene Ru(0) (EBCHDRu) (Hansol Chemical, Korea) was
used as the Ru precursor, and was heated to 90 °C.32 Ar was used as a carrier gas,
resulting in a chamber pressure of ∼18 mTorr during the precursor dose. Ru films
were deposited at 150 °C using a thermal ABC-type ALD process consisting of an
EBCHDRu precursor dose (step A), an O2 gas dose (step B), and H2 gas dose
(step C), with durations of 15, 15, and 5 s, respectively. The additional H2 pulse
in this ABC-type ALD process serves to reduce surface RuOx , formed during the
O2 gas pulse, and enables growth of metallic Ru at temperatures < 200 °C.33 The
low deposition temperature is essential for obtaining inherent growth selectivity of
Ru on Pt or Ru versus SiO2. The growth per cycle (GPC) on Pt or Ru is higher
than on SiO2 at low temperatures, whereas there is a negligible difference in GPC
at temperatures ≥ 200 °C (see discussion Figure 7.2 below). After the precursor
step the line and chamber were purged with Ar for 4 s and pumped down for 5
s, while a pump step of 10 s was included after both the O2 pulse and the H2

pulse. Note that the experiments were done in a high vacuum system, in which
pump steps are sufficient to remove reaction products. Additional details and
experimental results for this ALD process are given in the Supporting Information,
Figures S7.2 and S7.3.

It is known that exposing Ru to O3 or to an O2 plasma, leads to formation
of volatile RuO4.34,35 Therefore, an O2 plasma was used to etch the unwanted
Ru nucleation occurring on SiO2. This radical-assisted etching process does not
etch SiO2 under the conditions used in these experiments. The process enables
etching with high etch selectivity, which is one of the main requirements for the
ALD-etch supercycle approach. Exposing Ru to an O2 plasma however leads to
surface oxidation, and therefore an etch cycle also including a H2 gas expo-sure
was used. The O2 plasma etching was performed using a RF power of 100 W for
20 or 30 s, while the subsequent H2 gas dose was 15 s. The H2 dose was found
to be sufficiently long to reduce the film to metallic Ru (see Figure S7.4, S.I.).
The O2 and H2 pressures were set to 0.02 and 0.2 mbar, respectively, for both the
ALD and the etch cycles. The etching of Ru was quasi self-limiting, with the etch
rate slowing down after 10 s of O2 plasma exposure. For instance, the thickness
decrease was approximately 0.9 nm for 30 s O2 plasma, as compared to 1.1 nm for
60 s O2 plasma. The quasi self-limiting etch behavior is believed to be caused by
the formation of a surface oxide, which is more slowly etched than a metallic Ru
film.34,36 The Ru etch process will be investigated more extensively in Chapter 8.



148 Chapter 7. Area-Selective Deposition of Ru by Combining ALD and Selective Etching

7.3 Results and discussion

Firstly, the ALD of Ru was characterized on Pt and SiO2 without using etch
cycles. All depositions were done at 150 °C, since the difference in GPC on Pt
compared to SiO2 was maximum at this temperature. As shown in the inset of
Figure 7.2a, after 400 ALD cycles there is approximately 9 nm of Ru growth on
the Pt, compared to 4 nm on the SiO2. This difference in growth behavior is
explained by the catalytic activity of Pt. We have previously reported that the
dissociative chemisorption of O2 and catalytic combustion of the precursor ligands
enable the area-selective ALD of Pt and Fe2O3 on Pt seed layers.37,38 For the case
of Ru ALD, Pt as well as Ru, also facilitate the dissociation of O2, and the formed
O can subsequently lead to the combustion of the precursor ligands.39 Since a
similar pathway does not occur on the inert SiO2 surface, this provides the growth
selectivity of Ru on Pt-group metals at low deposition temperatures.

 (b)  (c) 

 (a)

 ALD + etching

200 nm200 nm

ALD

Figure 7.2 (a) Inset: Thickness as a function of ALD cycles for deposition on
SiO2 and Pt without etch cycles. Main figure: Ru film thickness as a function of
ALD cycles for growth on SiO2 and Pt with an intermittent etch cycle after every
100 ALD cycles. (b, c) Top-view SEM images after 400 Ru ALD cycles on SiO2,
(b) without etch cycles, or (c) with an etch cycle after every 100 ALD cycles.
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To improve the selectivity of the ALD process, an etch cycle was integrated into
the ALD process as illustrated in Figure 7.1. A supercycle recipe was performed
in which one etch cycle was included after every 100 ALD cycles, using O2 plasma
and H2 gas exposure times of 30 s and 15 s, respectively. As can be seen in Fig-
ure 7.2a, a recipe consisting of 4 supercycles resulted in a negligible amount of Ru
on SiO2, while the Ru thickness on the Pt substrate was approximately 4.3 nm, as
determined from SE. Approximately 1 nm of Ru is removed after each etch cycle,
both on the SiO2 and the Pt. However, since the GPC of Ru on Pt is higher
than on SiO2, the super-cycle recipe results in net film deposition. A slightly
enhanced growth is observed on both Pt and SiO2 for the first ten ALD cycles
after each etch cycle, which is attributed to a more reactive surface due to the
O2 plasma exposure and subsequent H2 gas dose (e.g. higher density of reactive
sites). In addition, the growth rate on SiO2 was found to be slightly higher during
the first 100 ALD cycles as compared to each subsequent set of 100 ALD cycles,
suggesting that the initial substrate has more sites on which Ru ALD can nucleate
than the surface obtained after etching. Note that performing the Ru ALD-etch
supercycle on a (blanket) Ru-coated substrate yielded similar results as on Pt,
which indicates that the approach can also be employed to achieve area-selective
ALD of Ru on a Ru pattern, and possibly also other catalytic materials.

The Ru deposition on SiO2 was further investigated using SEM. Due to the dif-
ferences in density, surface topography, and conductivity, Ru islands appear bright
in the SEM images, whereas dark regions represent SiO2.40 When comparing the
SEM images in Figure 7.2b and c, it is seen that the etch cycle using 30 s O2

plasma after every 100 ALD cycles was sufficient to remove nearly all the Ru is-
lands formed on SiO2, which corroborates the results of Figure 7.2a. Analysis of
the nuclei visible with SEM yields a surface coverage Θ on the non-growth area of
0.0013, which corresponds to a selectivity factor S of 0.997 for a Ru thickness of
4.3 nm on the Pt growth area.41 Furthermore, XPS measurements in the region
corresponding to C1s/Ru3d (294 eV - 276 eV, see Figure S7.5, S.I.) only revealed
a small C1s singlet peak, whereas no Ru3d doublet peak was detected. The XPS
detection limit for Ru on top of SiO2 was estimated to be below 0.01 monolayer,
or 1.7 × 1013 at./cm2.42 Interestingly, the data demonstrates that the sensitivity
for Ru nuclei detection is higher for SEM than for XPS.
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After demonstrating the principle of the supercycle approach on blanket substrates,
deposition was done onto a SiO2 sub-strate with patterned Pt lines. A supercycle
recipe of 800 ALD cycles was performed with an etch cycle after every 100 ALD
cycles using an O2 plasma time of 20 s. An etch time of 20 s was used, since
experiments using plasma exposure times between 5 s and 60 s revealed that this
was sufficiently long to obtain selectivity. The SEM image in Figure 7.3a, shows
a clean SiO2 surface in between the Pt lines, further demonstrating the selectivity
of the approach. In addition, Ru was only detected by EDX on top of the Pt
lines (see Figure 7.3b). Furthermore, the cross-sectional TEM image and EDX
mapping in Figure 7.4a and Figure 7.4b (of the sample as used for Figure 7.3),
reveal that the Ru film on the evaporated Pt (∼50 nm) is approximately 8 nm
thick, and conformally coats the Pt. The EDX mapping in Figure 7.4c, collected
at the edge of one of the Pt lines, demonstrates that the Ru only covers the Pt,
and not the SiO2 substrate, corroborating that a high selectivity is achieved.

(a)

(b)

Figure 7.3 (a) SEM image and (b) corresponding EDX line scan of a patterned
substrate with alternating lines of Pt (bright) and SiO2 (dark) after 800 ALD
cycles. The etch cycle was performed after every 100 Ru ALD cycles, using an
O2 plasma duration of 20 s. Note that the small white spots present on the Pt
lines in (a) originate from resist residue remaining after development and before
Pt evaporation. The Ru and Pt signals in (b) were rescaled for clarity.
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Figure 7.4 (a) Cross-sectional high-angle annular dark field scanning TEM image
of a Pt line with approximately 8 nm of Ru. (b) EDX elemental mapping of the
corresponding region. (c) EDX elemental mapping at the edge of a Pt line,
showing the high selectivity of the Ru ALD-etch supercycle recipe. The SiO2

layer at the top was deposited by electron-beam induced deposition (EBID) to
protect the Pt/Ru structure during TEM-lamella preparation.

The obtained material properties were investigated to further assess the poten-
tial of the ALD-etch supercycle approach. XPS measurements revealed a Ru film
of high-purity, and only a small O1s peak was detected (corresponding to <5 at.%
O), which is comparable in intensity as for the ALD only recipe (see Figure S7.6,
S.I.). Furthermore, four-point-probe measurements yielded a resistivity of approx-
imately 22 µΩ cm (after correcting for the Pt resistance) for 8 nm of Ru deposited
using ALD-etch supercycles.

Comparing the growth on Pt with and without etch cycles in Figure 7.2a, it
is clear that the GPC increases with the number of cycles when no etching is
performed, while this effect seems to be suppressed by the periodic etch cycles
(See also Figure S7.7, S.I.). Note that the GPC is essentially given by the slope
of the plot for the thickness versus ALD cycles. The gradual increase in GPC for
the normal ALD recipe is attributed to an increase in surface roughness as the
film thickness increases, which manifests as an effective increase in the surface
area available for growth.43 We speculate that this increase in GPC is suppressed
by the periodic etch cycles, as the radical-assisted O2 etching leads to smoothing
of the Ru film. This smoothing effect can be explained by the fact that Ru
regions protruding from the surface are more easily etched by the O2 plasma than
smooth regions of the Ru film. Smoothing of thin films, including Ru, by ALE
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has been reported previously, and the O2 plasma etching process for Ru used in
this work can be qualified as quasi-ALE.44 To confirm this hypothesis, Ru films
of approximately 8 nm were analyzed by atomic force microscopy (AFM), yielding
root-mean-square roughness values of 1.3 nm and 0.9 nm for films deposited
without and with etch cycles, respectively.* The inclusion of the etch cycles thus
has the benefit of smoothing the Ru film, in addition to enhancing the selectivity.

7.4 Conclusion

In summary, it was demonstrated that area-selective ALD with high selectivity
can be obtained by combining ALD with selective etching. Specifically, a Ru
ALD process was combined with etch cycles of O2 plasma and H2 gas to remove
any unwanted growth on SiO2. Approximately 8 nm of Ru was deposited on
Pt patterns, while both EDX and SEM confirmed that the neighboring SiO2 was
clean. In addition, it was found that inclusion of the etch cycles leads to smoothing
of the Ru film, as evidenced by a lower surface roughness than for ALD only. This
study provides valuable insight into how area-selective ALD can be combined with
selective etching to deposit materials on a surface with high selectivity, while
maintaining the ALD-merits of high conformality, and precise thickness control.
Finally, the general requirements and guidelines for ALD-etch supercycles discussed
in this work can help to extend the approach to other material systems.
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7.5 Supporting Information

Pt pattern fabrication

Figure S7.1 Process flow for the fabrication of Pt patterns on top of SiO2. Poly(methyl
methacrylate) (PMMA) was spincoated on ∼450nm SiO2 , and then locally exposed using
electron beam lithography (EBL). The exposed PMMA resist was removed using methyl
isobutyl ketone (MIBK), after which∼50nm Pt was evaporated. The Pt on top of the
PMMA was removed in a lift-off procedure, followed by the selective Ru ALD on top of
the Pt patterns. Note that the sidewalls of the Pt lines are also covered by Ru after ALD.

Ru ALD process

Ru was deposited using an ABC-type ALD cycle, consisting of an EBCHDRu
(ethylbenzenecyclohexadieneRu) precursor, an O2 gas (step B), and H2 gas (step
C) doses. The H2 dose is included for reduction of the surface after the O2, and
allows for deposition of metallic Ru even at low temperatures. As can be seen in
Figure S7.2, dosing times of 15 s (EBCHDRu), 15 s (O2) and 5 s (H2) were found
to be sufficient to saturate the reactions during the three different sub-cycles. For
a deposition temperature of 225 °C, a saturated growth rate (GPC) of ∼0.35Å
was found. The temperature dependence of the ALD process is investigated in
Chapter 8. Figure S7.3 shows the influence of the O2 and H2 dosing times on the
film resistivity. As can be seen in the inset of Figure S7.3b, a short H2 dose of 1
s resulted in a relatively high resistivity of approximately 800 µΩ cm. However,
for longer H2 doses, the resistivity decreased significantly, indicating the H2 dose
allows for deposition of metallic Ru. A more detailed characterization of this ALD
process will be published elsewhere.
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Figure S7.2 Saturation curves for the Ru ABC-type ALD cycle, showing the GPC as a
function of (a) EBCHDRu precursor, (b) O2, and (c) H2 dosing time. The depositions
were performed at a temperature of 225 °C on a Ru seed layer.
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Figure S7.3 Film resistivity as function of (a) O2 and (b) H2 dosing time. 500 ALD
cycles were performed at 225 °C on SiO2.
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Additional experimental details

In situ spectroscopic ellipsometry (SE) was performed using a J.A. Woollam, Inc.
M2000U ellipsometer to monitor the deposition and etching of Ru. The Ru thick-
ness evolution was fit using a B-spline model in the wavelength range of 1.2
to 4.5 eV by first modeling the final in situ measurement, after which the data
were dynamically fitted backwards while including the optical parameters in the
fit. Scanning electron microscopy (SEM) images were taken using a Zeiss Sigma
with a beam voltage of 5 kV. Top-view EDX studies were performed using a FEI
Nova NanoLab 600i SEM. Aberration corrected transmission electron microscopy
(TEM, JEOL JEM ARM200F) was used for examination of selective Ru film
growth. Cross-sectional EDX studies were performed in scanning TEM mode,
using the JEM ARM200F, equipped with a 100 mm2 EDX detector.

X-ray photoelectron spectroscopy
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Figure S7.4 (a) XPS spectra for the O1s peak for an as-deposited Ru film, after 15 s of
O2 plasma, and after 15 s of O2 plasma followed by 15 s of H2 gas. (b) XPS spectra for
the O1s peak for an as-deposited Ru film, after 180 s of O2 plasma, and after 180 s of O2

plasma followed by 15 s of H2 gas. These data suggest that a 15 s H2 pulse is sufficient
to reduce the RuOx formed during the preceding O2 plasma exposure step. The Ru film
was deposited using ALD only. See Figure S7.6 for XPS data corresponding to a Ru film
deposited using the ALD-etch supercycle.
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Figure S7.5 XPS spectra for the region corresponding to Ru3d/C1s (294 eV - 276 eV),
collected on (a) Pt and (b) SiO2 after 400 ALD cycles. The etch cycle was performed
after every 100 ALD cycles. A clear Ru3d doublet was detected on the Pt substrate. This
is in contrast to the SiO2, for which only a small C1s singlet peak is visible, indicating the
absence of a significant amount of Ru. Note the different scales for the vertical axes.
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Figure S7.6 XPS spectra for (a) the Ru3d peak and (b) the O1s peak, collected on∼8
nm thick Ru films deposited on Pt without and with etch cycles, by performing 400 and
800 ALD cycles respectively. 30 s Ar+ sputtering was carried out to remove the surface
oxide. The composition of both films was found to be very similar, with an O-content of
<5 at.%.
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Growth on Pt with and without etch cycles

0 1 0 0 2 0 0 3 0 0 4 0 00

2

4

6

8

1 0

Ru
 th

ick
ne

ss 
(nm

)

A L D  c y c l e s

  o n  P t ,  A L D  
  o n  P t ,  A L D  +  e t c h i n g  

Figure S7.7 Ru film thickness as a function of cycles for deposition on Pt with and without
etch cycles. The etch cycle was performed after every 100 ALD cycles. Spectroscopic
ellipsometry measurements were done every 10 ALD cycles and after every etch cycle.
If no etch cycles are performed, the an enhancement of the growth rate (i.e. the slope
of the thickness versus cycles) can be observed around 100 ALD cycles. The etch cycle
seems to suppress this enhancement, which is believed to be related to smoothing of the
film surface, as was discussed Section 7.3. Note that this is the same data as shown in
Figure 7.2, plotted differently for comparison.
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25 Junige, M., Löffler, M., Geidel, M., Albert, M., Bartha, J. W., Zschech, E.,
et al., Nanotechnology 2017, 28(39), 395301.

26 Minjauw, M. M., Rijckaert, H., Driessche, I. V., Detavernier, C., and Den-
dooven, J., Chem. Mater. 2019, 31(5), 1491–1499.

27 Vallat, R., Gassilloud, R., Eychenne, B., and Vallée, C., J. Vac. Sci. Technol. A
2017, 35(1), 01B104.

28 Lee, Y., Huffman, C., and George, S. M., Chem. Mater. 2016, 28(21), 7657–
7665.

29 Heil, S. B. S., Langereis, E., Roozeboom, F., van de Sanden, M. C. M., and
Kessels, W. M. M., J. Electrochem. Soc. 2006, 153(11), G956.

30 Langereis, E., Heil, S. B. S., Knoops, H. C. M., Keuning, W., van de Sanden,
M. C. M., and Kessels, W. M. M., J. Phys. D. Appl. Phys. 2009, 42(7), 073001.

31 Leick, N., Weber, J. W., Mackus, A. J. M., Weber, M. J., van de Sanden, M.
C. M., and Kessels, W. M. M., J. Phys. D. Appl. Phys. 2016, 49(26), 269601.

32 Hong, T. E., Choi, S.-H., Yeo, S., Park, J.-Y., Kim, S.-H., Cheon, T., et al.,
ECS J. Solid State Sci. Technol. 2012, 2(3), P47–P53.

33 Lu, J. and Elam, J. W., Chem. Mater. 2015, 27(14), 4950–4956.
34 Nakahara, M., Tsunekawa, S., Watanabe, K., Arai, T., Yunogami, T., and

Kuroki, K., J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 2001,
19(2001), 2133.

35 Hsu, C. C., Coburn, J. W., and Graves, D. B., J. Vac. Sci. Technol. A Vacuum,
Surfaces, Film. 2006, 24(1), 1–8.

36 Saito, S. and Kuramasu, K., Jpn. J. Appl. Phys. 1992, 31(1), 135–138.
37 Mackus, A., Thissen, N. F. W., Mulders, J. L., Trompenaars, P. H. F., Verheijen,

M. A., Bol, A. A., et al., J. Phys. Chem. C 2013, 117(20), 10788–10798.
38 Singh, J. A., Thissen, N. F., Kim, W. H., Johnson, H., Kessels, W. M., Bol,

A. A., et al., Chem. Mater. 2018, 30(3), 663–670.
39 Leick, N., Agarwal, S., Mackus, A. J. M., Potts, S. E., and Kessels, W. M. M.,

J. Phys. Chem. C 2013, 117(41), 21320–21330.
40 Cazaux, J., J. Electron Microsc. (Tokyo). 2012, 61(5), 261–284.
41 Parsons, G. N., J. Vac. Sci. Technol. A 2019, 37(2), 020911.
42 Shard, A. G., Surf. Interface Anal. 2014, 46(3), 175–185.
43 Nilsen, O., Karlsen, O. B., Kjekshus, A., and Fjellv̊ag, H., Thin Solid Films

2007, 515(11), 4550–4558.
44 Kanarik, K. J., Tan, S., and Gottscho, R. A., J. Phys. Chem. Lett. 2018, 9(16),

4814–4821.





8Atomic Layer Deposition and Etching of
Ruthenium for Area-Selective Deposition:
Temperature and Supercycle Optimization

For sub-5 nm technology nodes, the fabrication of semiconductor devices is antic-
ipated to involve the use of area-selective atomic layer deposition (ALD). While
area-selective ALD has been reported for a variety of materials, most approaches
yield a limited selectivity, due to growth initiation on defects or impurities on the
non-growth area. Recently, we demonstrated that Ru ALD can be combined with
selective etching to achieve area-selective ALD of metal-on-metal with high se-
lectivity. Cycles consisting of an O2 plasma and an H2 gas dose were integrated
in an ALD-etch supercycle recipe to remove unwanted nucleation on the SiO2

non-growth area, while obtaining deposition on the Pt or Ru growth area. This
work reports on the optimization of the ALD-etch supercycle in terms of selec-
tivity and net deposition. By performing depositions between 100 °C and 200
°C on SiO2, Al2O3, Pt, and Ru, it was determined that a substrate temperature
of 150 °C offered some selectivity, which served as the starting point for achiev-
ing area-selective deposition using ALD-etch supercycles. The material deposited
on the SiO2 non-growth area was quantified using various analytical techniques,
demonstrating that the selectivity improves for longer O2 plasma etch times. Fur-
thermore, the Ru thickness decrease per etch cycle and the net Ru deposition on
Pt after 4 supercycles were determined as a function of O2 plasma time. Based
on these results, general principles for the optimization of ALD-etch supercycles
are discussed. Overall this work illustrates how ALD and etch processes can be
selected to simultaneously obtain a high selectivity and a high net deposition.

M.F.J. Vos, S.N. Chopra, J.G. Ekerdt, S. Agarwal, W.M.M. Kessels and A.J.M. Mackus, in
preparation for submission to ACS Appl. Mater. Interfaces.
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8.1 Introduction

As integrated circuit manufacturing is moving towards sub-5 nm technology nodes,
there is an ongoing effort to develop alternative fabrication techniques that can
meet the increasingly demanding patterning requirements.1 Traditionally, semi-
conductor devices are fabricated by repetition of deposition, lithography and etch
steps.2 This top-down approach, while highly sophisticated, becomes challeng-
ing to use for next generation devices due to misalignment of device features.3,4

Bottom-up fabrication methods that are characterized by deposition of mate-
rial only where needed, can possibly solve alignment issues by making some
lithography-based patterning steps obsolete.5 For this reason, area-selective de-
position is regarded as an alternative, bottom-up approach to device fabrication.
The industry has been employing area-selective chemical vapor deposition (CVD)
processes, including selective epitaxy of Si and SiGe and selective capping of Cu
interconnects by Co.6,7 In recent years, with the wide-scale implementation of
atomic layer deposition (ALD) in semiconductor manufacturing, especially area-
selective ALD has emerged as a promising method for area-selective deposition.8,9

ALD is a vapor-phase thin film deposition technique based on cycles consisting of
sequential precursor and co-reactant exposures that are separated by purge steps.
The technique relies on self-limiting surface reactions, allowing for deposition with
precise thickness control, good uniformity and high conformality, which gives area-
selective ALD several advantages in comparison to area-selective CVD.10–14

Although several methods have been developed to achieve area-selective ALD,
the selective growth can typically only be retained for a limited number of ALD
cycles. Nucleation caused by defects or impurities on the non-growth area leads to
growth after an initial inhibition period, resulting in loss of selectivity.9 Industrial
application of area-selective ALD requires high selectivity for thicknesses on the
growth area of up to /sim10 nm, which is often not possible.59 To achieve a
sufficiently high selectivity, it will be necessary to employ methods that involve an
intermittent correction or cleaning step to remove nucleation from the non-growth
area during the deposition process.9

Interestingly, the use of cleaning steps has already been reported around fifty
years ago for area-selective epitaxy of Si.15,16 By adding an etchant gas such as
HCl to the Si source gas, unwanted Si nucleation on SiO2 or Si3N4 is removed,
resulting in area-selective CVD of Si on Si areas.15–17 Methods that improve the
selectivity of ALD by correcting for deposition on the non-growth area have only
recently been considered in the ALD community. Hashemi et al. proposed a lift-
off strategy for the area-selective ALD of Al2O3 films on SiO2 in the presence of
Cu.18 ALD on Cu areas was deactivated using a self-assembled monolayer (SAM),
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but some dielectric deposition still occurred on the SAM layer. Post-deposition
etching of the SAM layer using acetic acid resulted in removal of any Al2O3 that
was deposited on the Cu/SAM, thereby leading to an improvement of the selec-
tivity. In case more deposition occurs on the non-growth area, it is necessary to
integrate etch steps during the deposition process, as was demonstrated by Vallat
et al.19,20 After a number of ALD cycles for Ta2O5 or TiO2, an O2/NF3 plasma
etch step was used to remove nuclei from Si and SiO2 non-growth areas, and
to simultaneously inhibit growth in subsequent ALD cycles by forming unreactive
Si-F surface groups. By performing multiple of these ALD-etch supercycles, the
area-selective deposition of Ta2O5 and TiO2 on TiN was achieved. More recently,
Song et al. demonstrated area-selective ALD of TiO2 on SiO2 in the presence
of H-terminated Si as the non-growth area by integrating atomic layer etching
(ALE) cycles in ALD-ALE supercycles.21 The ALE cycles consisting of WF6 and
BCl3 doses resulted in removal of TiO2 deposited on the H-terminated Si non-
growth area, which enabled selective deposition of up to ∼ 12 nm TiO2 on SiO2.21

The method of combining deposition and etching is highly promising, since it
allows for significant improvement of the selectivity that can be achieved. Al-
though the etch step typically also results in removal of deposited material from
the growth area (where deposition is actually desired) the ALD-etch supercycle
can be repeated as often as required in order to obtain the target thickness on the
growth area. Nevertheless, considerably more material should be deposited than
etched during one supercycle, such that the method provides a sufficiently high net
growth rate. It is noted that ‘growth-area selectivity’ and ‘etch selectivity’ are the
two main parameters which are important for the approach.22 ‘Growth-area selec-
tivity’ refers to preferential deposition of a material on the growth area, while the
non-growth area is left blank. ‘Etch selectivity’ refers to preferential removal of a
material with respect to a mask, underlying material or other materials present in
a device. For example, O3 etches Ru and photoresist with high selectivity towards
the Ru (i.e. Ru is etched faster).

Recently, we extended the approach based on ALD-etch supercycles to area-
selective ALD of metal-on-metal, in this case Ru on Pt or Ru.22 Ru has a low
bulk resistivity of 7.1 µΩ cm and its oxide, RuO2, also exhibits a low resistivity
as compared to other metal oxides.34,35 Area-selective ALD of Ru is relevant for
industrial applications, since Ru is investigated for use in metal interconnects, ei-
ther as a diffusion barrier for Cu (which demonstrates a low solubility in Ru), or as
the conducting wire material itself.23–27 Ru also has applications as an electrode
in dynamic random access memory (DRAM), gate metal in transistors, and seed
layer for electroplating.28–33
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Although area-selective ALD is in an early stage of development, there are sev-
eral reports on area-selective ALD of Ru. For example, Minjauw et al. recently
reported on the thermal ALD process using RuO4 and H2, which demonstrates
inherent selectivity and allows for deposition on H-terminated Si in the presence of
SiO2 as non-growth area.36 Park et al. patterned octadecyltrichlorosilane (OTS)
self-assembled monolayers (SAMs) to block Ru ALD, in order to obtain Ru lines
on SiO2 and HfO2 surfaces.37 In addition, Ru was selectively deposited on SiCN
by Zyulkov et al., while inhibiting growth on amorphous C (a-C) by using an H2

plasma treatment prior to ALD.38 The H2 plasma exposure results in formation
of CH3 surface groups on a-C, which are not reactive towards the (ethylbenzyl)(1-
ethyl-1,4-cyclohexadienyl)Ru precursor (EBECHRu). Färm et al. achieved the
area-selective ALD of Ru by patterning a seed layer of RuCl3 using microcontact
printing.39 This RuCl3 seed layer was oxidized to RuOx , which was successfully
used to activate subsequent Ru ALD growth at 250 °C. Finally, ALD of Ru on
Pt was demonstrated by Junige et al., where the Pt was locally deposited on the
SiO2 substrate using electron-beam induced deposition (EBID).40

In our previous work, a thermal Ru ALD cycle was combined with a selective
etch cycle to remove Ru deposited on the SiO2 non-growth area. The ALD-etch
supercycle allowed for area-selective deposition of Ru on Pt and Ru, while obtain-
ing a clean SiO2 surface.22 Whereas Pt was primarily used to achieve elemental
contrast when employing chemical analysis techniques (e.g. X-ray photoelectron
spectroscopy and energy-dispersive X-ray spectroscopy), the area-selective ALD of
Ru on Ru is more relevant for industrial applications. The thermal Ru ALD process
shows considerable growth on catalytic Pt and Ru at low deposition temperatures,
and less growth on dielectric SiO2 (and Al2O3). This difference in growth behavior
served as the starting point for the development of the area-selective deposition
process, and was explained by the fact that the Pt and Ru substrates facilitate the
catalytic dissociation of O2.22,41,42 The O formed on Pt or Ru can subsequently
participate in the combustion of the Ru precursor ligands, whereas SiO2 does not
demonstrate catalytic activity for this reaction.41,42 To improve the selectivity of
the Ru ALD process, Ru nuclei formed on defects on the SiO2 non-growth area
were removed using an etch cycle which is based on an O2 plasma exposure, lead-
ing to formation of volatile RuO4. An H2 gas dose was added after the O2 plasma
to reduce the formed surface RuOx to metallic Ru. This etch process results in
removal of only Ru and not Pt or SiO2, and is therefore selective.43,44
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In this work, a more detailed study of the ALD and etch processes for Ru is
provided in the context of area-selective deposition. Specifically, the temperature
dependence of the thermal Ru ALD process, the O2 plasma etching process and
their effect on the net deposition of Ru on Pt are investigated. To assess the
selectivity as a function of O2 plasma etch time, the deposition on the SiO2 non-
growth area is characterized using various techniques. The O2 plasma etch time
and the etch frequency were varied, such that a clean SiO2 non-growth area is
maintained, while maximizing the deposition on the growth area (i.e. high net
growth rate). Based on the insights obtained from these experiments, general
principles are extensively discussed to provide guidelines for the design and opti-
mization ALD-etch cycles for area-selective deposition.

This chapter is structured as follows. First, the experimental conditions con-
cerning the ALD and etching of Ru, as well as the characterization of the deposited
films are described in Section 8.2. This is followed in Section 8.3 by the experimen-
tal results. In Section 8.3.1 the results on the effect of the deposition temperature
on the ALD growth are presented. Section 8.3.2 then addresses the optimization
of the ALD-etch supercycle; both the net deposition on Pt and the selectivity
are evaluated as a function of O2 plasma time. Section 8.4 provides a general
discussion on how a high selectivity and a high net deposition can simultaneously
be obtained when using ALD-etch supercycles. Finally, the main conclusions are
presented in Section 8.5.

8.2 Experimental details

8.2.1 Thermal atomic layer deposition and plasma etching of Ru

Ru films were deposited using the thermal ABC-type ALD process described in
Section 7.5. The ABC-type cycle is illustrated in Figure 8.1a, and consists of a
15-s ethylbenzenecyclohexadiene Ru(0) (EBCHDRu) precursor dose (‘A’), a 15-s
O2 gas dose (‘B’), and a 5-s H2 gas dose (‘C’). The Ru growth using the ABC-type
ALD process was examined on SiO2, Al2O3, Ru and Pt at temperatures between
100 °C and 200 °C. Due to the addition of a reducing H2 dose to the cycle, the
ABC-type process results in deposition of metallic Ru at temperatures below 200
°C.45,46
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Figure 8.1 Different types of recipes used in this study: (a) the ‘standard’ thermal Ru
ALD recipe, consisting of EBCHDRu precursor, O2 gas, and H2 gas doses, (b) an ALD
recipe followed by a post-deposition etch cycle consisting of an O2 plasma and an H2 gas
dose, and (c) a supercycle recipe with the same etch cycle included after every 100 thermal
Ru ALD cycles. A spectroscopic ellipsometry (SE) measurement was always performed
after every 10 ALD cycles and after every etch cycle.

The unwanted Ru present on the non-growth area was etched using an O2

plasma. The etching of Ru occurs through the formation of volatile RuO4, as
is illustrated in Figure 8.2. The Ru film on the growth area is also exposed to
this O2 plasma, and some material is therefore also removed from the growth
area. Furthermore, the Ru surface region is simultaneously oxidized. For this
reason, every O2 plasma etch step is followed by a reducing H2 gas exposure.
These exposures together form the etch cycle which is implemented either as a
post-deposition etch step (i.e. after the complete deposition, see Figure 8.1b), or
after a number of Ru ALD cycles during the recipe in a supercycle fashion (see
Figure 8.1c).
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Figure 8.2 Schematic illustration of the etch cycle used to remove unwanted nucleation
on the SiO2 surface. Exposing the surfaces to an O2 plasma leads to the formation of
volatile RuO4. After the O2 plasma exposure, the Ru on the Ru or Pt growth area is
slightly oxidized, and the subsequent H2 gas exposure results in reduction of the surface.
The O2 plasma does not etch the SiO2 or Pt substrates, hence the etching step is selective.

8.2.2 ALD reactor and conditions

Ru film deposition and etching was performed using a home-built ALD reactor.47

The EBCHDRu precursor (Hansol Chemical, Korea) was contained in a stainless
steel canister heated to 90 °C and Ar was used as a carrier gas. To avoid conden-
sation of the precursor, the dosing line and the walls of the reactor were heated
to 105 °C and 100 °C, respectively. Prior to Ru metal deposition, the reactor
chamber was conditioned with 500 thermal ALD cycles of Al2O3 followed by 500
thermal ALD cycles of RuOx . For the RuOx process, a 15-s EBCHDRu dose and
a 60-s O2 gas dose (at 0.75 Torr) were used.

Ru growth was investigated on Ru, Pt, SiO2, Al2O3, Co and TiN substrates.
Wafer pieces with the corresponding materials were loaded in the reactor simulta-
neously. Single-side polished Si wafers with a thermal oxide of ∼430-450 nm were
used as the SiO2 substrates. The Pt film (∼15 nm) was deposited by performing
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360 ALD cycles at 300 °C on thermal SiO2, using an ABC-type cycle consisting of
(methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3) precursor, O2 plasma
and H2 plasma exposures.48 The Al2O3 film (∼20 nm) was deposited with TMA
(Al(CH3)3) and O2 plasma using 150 thermal ALD cycles at a temperature of
200 °C. The Co sample (∼25 nm) was prepared by performing 1000 ALD cycles
at 450 °C using CoCp2 and an NH3 plasma.49 For the TiN substrate (∼13 nm),
450 cycles were carried out at 200 °C using Ti(NMe2)4 (TDMAT) and an Ar/H2

plasma.50 Substrates used for ALD only (without etching, Figure 8.3) received
an H2 gas pretreatment for 30 s. Substrates used for ALD-etch supercycles were
cleaned using an O2 plasma (100 W) for 1 minute, followed by a 30 s reducing
H2 gas treatment, in order to minimize effects related to surface contamination.
The O2 and H2 pressures were set to 15 mTorr and 150 mTorr, respectively, dur-
ing all experiments. A more detailed characterization of this ALD process will be
published elsewhere.51 The O2 plasma etching step was performed using a power
of 100 W, and different O2 plasma exposure times of 5 s, 15 s, 30 s and 60 s were
investigated. The O2 plasma exposure was followed by an H2 gas dose of 15 s,
which was previously found to be sufficiently long to reduce the surface back to
metallic Ru after oxidation occurred during the O2 plasma exposure.22

8.2.3 Sample characterization

In situ spectroscopic ellipsometry (SE) data were collected using a J.A. Woollam,
Inc. M2000U ellipsometer to monitor the deposition and etching of Ru. The
data were fit using a B-spline model in the wavelength range of 1.2 eV to 4.5
eV.52,53 Depositions on SiO2 were modeled by first defining the thickness and
dielectric function of the SiO2 substrate using a wavelength point-to-point exact
numerical inversion of the experimental data.52 For deposition of Ru on Pt, a B-
spline model was used to fit the optical response and thickness of the Pt substrate.
The Ru thickness evolution was fit by first modeling the last in situ measurement.
Subsequently, this fit was used as input for the first-to-last measurement, and this
procedure was then repeated for all preceding measurements (i.e. dynamically
fit backwards in time), while including the optical parameters in the fit.53 The
final Ru thicknesses on SiO2, Al2O3, and Pt at each deposition temperature was
determined using ex situ SE measurements taken at angles of 60°, 70°, and 80° with
a J.A. Woollam, Inc. M2000D ellipsometer (1.2 eV - 6.5 eV). Since Ru growth
starts out as island growth on SiO2 and Al2O3, the thickness determined from
SE can be regarded as an apparent thickness. X-ray photoelectron spectroscopy
(XPS) was used to quantify the deposited Ru on the various substrates, and was
carried out with a Thermo Scientific KA1066 spectrometer, using monochromatic
Al Kα X-rays with an energy of 1486.6 eV. The quantification was done using the
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Ru3p peak instead of the Ru3d peak, since the Ru3d and C1s XPS peak regions
overlap. Although the sensitivity for the Ru3p peak is slightly lower, detection of
Ru in the presence of C is more accurate using the Ru3p peak, especially for low
Ru coverages on SiO2 and Al2O3.54 Scanning electron microscopy (SEM) images
were taken using a Zeiss Sigma with a beam voltage of 5 kV, which allowed
for identification of Ru nuclei due to the differences in density and conductivity
between Ru and SiO2.55

8.3 Results

8.3.1 Temperature optimization

To investigate whether the deposition temperature could be tuned to obtain se-
lectivity, Ru ALD on SiO2, Al2O3 and Pt substrates was investigated at different
temperatures between 100 °C and 200 °C using ex situ SE and XPS. Figure 8.3
shows the final thickness and the Ru3p XPS peak area after performing 400 ALD
cycles as a function of deposition temperature. For 200 °C, the amount of Ru
deposition was approximately the same on all substrates, with thickness values
around 9 nm, and similar Ru3p peak areas. As the deposition temperature was
decreased, a difference in the Ru deposition on Pt versus SiO2 and Al2O3 was
observed. For a temperature of 150 °C, the amount of Ru on Pt is significantly
higher than on SiO2 and Al2O3. As can be seen in Figure 8.3a, 8.4 nm of Ru
was deposited on Pt, as compared to 2.7 nm and 0.5 nm on SiO2 and Al2O3,
respectively. In addition, Figure 8.3b shows a much higher Ru peak area for the
Pt substrate, as for SiO2 and Al2O3. Further decreasing the temperature resulted
in considerably less growth on the Pt substrate (3 nm for 125 °C and 0.7 nm for
100 °C), and negligible deposition on both SiO2 and Al2O3. For the depositions
at temperatures of 100 °C and 125 °C, no clear Ru was detected on SiO2 and
Al2O3 using both SE and XPS (see the Supporting Information, S.I., Figure S8.1
for the XPS spectra).
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Figure 8.3 (a) Apparent Ru thickness from spectroscopic ellipsometry (SE) and (b) Ru3p
XPS peak area (in counts per second·eV) as a function of deposition temperature after
400 ALD cycles, on Pt, SiO2, and Al2O3 substrates. The lines serve as guides to the eye.

Based on the results of Figure 8.3, 150 °C was selected as the optimum de-
position temperature to achieve area-selective deposition of Ru onto Pt, since
the difference in thickness between Pt and SiO2/Al2O3 is maximum at this tem-
perature, and further decreasing the deposition temperature would lead to an
impractically low growth rate on the Pt substrate. In addition, the growth of
Ru on Co and TiN was investigated at 150 °C. XPS analysis showed that only
limited growth occurred on Co and TiN, comparable to the growth on SiO2 and
Al2O3 (see Figure S8.2, S.I.). Furthermore, SE analysis revealed that Ru ALD also
showed immediate growth on a Ru substrate. These findings corroborate that the
catalytic activity of Ru and Pt is leading to more growth of Ru on these substrates
than on SiO2, Al2O3, Co and TiN. After selecting 150 °C as the optimum tem-
perature, the material deposited on SiO2 was studied in more detail using SEM
(see Figure S8.3, S.I.). The SEM images reveal that Ru islands are present on the
SiO2, which motivates the combination of this ALD process with etching.

8.3.2 Supercycle optimization

Prior to studying the ALD-etch supercycle approach, a post-deposition O2 plasma
treatment was investigated as a potential alternative to improve the selectivity of
the area-selective ALD process at 150 °C. 500 Ru ALD cycles were performed at
150 °C, followed by a post-deposition etch cycle consisting of 3 minute O2 plasma
exposure and 30 s H2 gas (see Figure 8.1b). It was found that while the O2

plasma etch step removed some Ru islands from the SiO2, a significant number of
islands remained on the surface (see Figure S8.3, S.I.), which was corroborated by
SE analysis. Since it can be expected that small Ru nuclei are more easily etched
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than large Ru islands, it is beneficial to perform etch steps earlier on during the
ALD process instead of post-deposition. More importantly, the cyclic nature of
ALD is highly suitable for implementation of correction steps during the deposition
process.

An etch cycle was incorporated into a supercycle recipe as illustrated in Fig-
ure 8.1c. The supercycle recipe consisted of 400 ALD cycles and the etch cycle of
O2 plasma and H2 gas steps was included after every 100 ALD cycles. As shown
in Figure 8.4, without including etch cycles there was approximately 4 nm of Ru
growth on the SiO2 layer (Figure 8.4a), as compared to ∼9 nm on the Pt substrate
(Figure 8.4b). The thickness on SiO2 was slightly higher than in Figure 8.3a, due
to a different pretreatment prior to ALD. Adding an etch cycle with 5 s O2 plasma
exposure after every 100 ALD cycles results in etching of approximately 1 nm of
Ru from SiO2 in each supercycle. Nevertheless, an apparent thickness of about
2 nm was measured on the SiO2 surface after 4 supercycles. For a supercycle
recipe using 15 s O2 plasma exposures, there was no detectable Ru on the SiO2

substrate and net deposition of ∼ 5 nm on the Pt substrate. Prolonging the O2

plasma exposure to 30 s and 60 s produced similar results: no Ru was detected on
SiO2 using SE, while the Ru thicknesses on the Pt substrate were approximately
4 nm and 2.4 nm, respectively. These results suggest that a plasma duration of
between 5 s and 15 s is optimal, since it results in minimal to no deposition on
SiO2, while there is net Ru growth on Pt of ∼5-6 nm.
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Figure 8.4 Apparent thickness as a function of ALD cycles for growth on (a) SiO2 and
(b) Pt using deposition-etch supercycles with different O2 plasma etch times of 0, 5, 15,
30 and 60 s. In total four ALD-etch supercycles were performed, with an etch cycle after
every 100 ALD cycles. SE measurements were done every 10 ALD cycles and after every
etch cycle. The deposition temperature was 150 °C.
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When investigating the Ru thickness on SiO2 as a function of ALD cycles in
more detail (Figure 8.4a), several observations can be made. A slight variation
in the growth per cycle (GPC, i.e. the local slope of the graph) appears to exist
for the different depositions using varying O2 plasma times (e.g. the GPC for
60 s is higher than for 30 s). This variation can be explained by deviations in
the sample temperature, together with the strong dependence of the growth on
the temperature (Figure 8.3). In addition, it can be seen that the first 10 ALD
cycles after each etch cycle lead to more Ru deposition on both SiO2 and Pt than
the subsequent 90 cycles. This enhanced deposition is attributed to the surface
modification during the O2 plasma and H2 gas steps, causing a higher reactivity
of the surface with the precursor in the following 10 ALD cycles. The data also
show that the decrease in Ru film thickness on Pt per etch cycle depends on the
O2 plasma duration, as will be addressed later (see Figure 8.7). Moreover, it is
observed that the GPC increases with the number of cycles when no etch cycles
were performed (especially around 100 ALD cycles). In Chapter 7, it is discussed
that the enhancement of the GPC as a function of the number of ALD cycles is
possibly caused by an increase of the surface roughness, which can result in an
effective increase in the surface area available for precursor adsorption.22,56 This
enhancement of the GPC is likely suppressed by the etch cycles. The etching can
lead to smoothing of the Ru film, since regions protruding from the surface are
more easily etched than smooth regions of the film.22,57,58

To evaluate the obtained selectivity as a function of O2 plasma time, the Ru
surface coverage on SiO2 was determined using SEM. Figure 8.5 shows SEM
images collected after performing 4 supercycles on SiO2 with O2 plasma times
between 0 s and 60 s. In addition, Table 8.1 lists the corresponding surface
coverage Θ , density of nuclei n, selectivity S, and net Ru thickness on Pt. For
this analysis, the selectivity was defined as S = (ΘPt - Θ)/(ΘPt + Θ).59 Note
that a higher value for the selectivity does not necessarily indicate an improvement,
as the obtained net growth on Pt should also be taken into account.59
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Figure 8.5 Top-view SEM images after 4 Ru ALD-etch supercycles on SiO2 with an etch
cycle after every 100 ALD cycles. O2 plasma times between 0 s and 60 s were investigated.

Figure 8.5a shows that the SiO2 surface was almost fully covered with Ru nuclei
when no etch cycles are performed. Analysis of the nuclei yields a surface coverage
Θ of 0.7, which corresponds to a selectivity of 0.18.59 A supercycle recipe with
an O2 plasma duration of 5 s resulted in less Ru nuclei (see Figure 8.5b), but
the nuclei still account for a coverage of 0.13 and the obtained selectivity is 0.77
(Table 8.1). For O2 plasma times of 15 s and 30 s, nearly all Ru nuclei were
removed, and the selectivity increased to 0.988 and 0.997, respectively. At the
same time, the film thickness on the Pt substrate decreased to 4.8 nm and 4.3 nm.
Finally, Figure 8.5e shows that a practically clean SiO2 surface was obtained using
an O2 plasma time of 60 s, corresponding to a selectivity of 0.9996. Nevertheless,
the thickness on Pt was only 2.4 nm, and additional ALD-etch supercycles would
be required to obtain a thicker Ru film on the growth area. The selectivity and the
final thickness on Pt are also plotted as function of O2 plasma time in Figure 8.7.
Note that also XPS was employed to investigate the Ru deposited on SiO2, which
yielded similar results (see Figure S8.4, S.I.).
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Table 8.1 Surface coverage Θ and number density of nuclei n of Ru on the SiO2 non-
growth area, selectivity S and Ru thickness on the Pt growth area (dPt) after 4 supercycles
using an O2 plasma time between 0 s and 60 s. The selectivity was calculated using S =
(ΘPt - Θ)/(ΘPt + Θ), where ΘPt was 1 (representing a closed film) for all samples.59,60

No nuclei density is listed for 0 s, since the nuclei cannot be distinguished from each other.

In order to obtain the maximum net deposition, both the O2 plasma etch duration
and the etch frequency should be optimized (i.e. the ratio of ALD and etch cycles.
Figure 8.6a shows that 4 supercycles with an O2 plasma of 5 s after every 100
ALD cycles resulted in almost 2 nm deposition on the SiO2 non-growth area. In
contrast, no Ru was detected using SE on SiO2 for the same O2 plasma exposure
of 5 s after every 50 ALD cycles (see Figure 8.6b). Note that also no Ru deposition
on SiO2 was detected when using supercycles with an O2 plasma duration of 15 s
after every 100 ALD cycles (see Figure 8.6c). On Pt, the final Ru thickness was
approximately 1 nm lower when using a 5 s O2 plasma after every 50 ALD cycles
as compared to when using a 15 s O2 plasma after every 100 ALD cycles. Upon
close examination of Figure 8.6b and c, it can be seen that the growth rate on Pt
(i.e. the slope of the thickness versus ALD cycles) was slightly lower for 5 s O2

plasma after every 50 ALD cycles than for 15 s every 100 ALD cycles. For instance,
between 360 and 400 ALD cycles, the average growth rates were ∼0.17 Å/cycle
and ∼0.20 Å/cycle, respectively. The lower growth rate for etching after every
50 ALD cycles is likely due to the smoothing effect and corresponding reduced
precursor adsorption. The smoothing effect is believed to be more pronounced
when the etch cycle is included after 50 cycles because the etch step is performed
more often as compared to etching after 100 ALD cycles. The combination of the
lower average GPC and the additional etching results in a lower final thickness
on Pt for 5 s O2 plasma after every 50 ALD cycles. This finding suggests that
performing the etch cycle after more ALD cycles, but using a longer O2 plasma
time, is beneficial in terms of net deposition, as will be elaborated on in Section 8.4.
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Figure 8.6 Apparent Ru thickness as a function of ALD cycles on SiO2 and Pt. The
employed ALD-etch supercycle recipes contained etch cycles with an O2 plasma for (a) 5
s after every 100 ALD cycles, (b) 5 s after every 50 ALD cycles, and (c) 15 s after every
100 cycles.

Insight into the etch behavior was obtained by evaluating the Ru thickness
decrease on Pt as a function of O2 plasma exposure time based on the data
shown in Figure 8.4b. As can be seen in Figure 8.7b, the amount of Ru removed
from the Pt growth area depends on the duration of the O2 plasma etch step.
This indicates that the etching by the O2 plasma exposure is not a self-limiting
reaction. The etch per cycle is however not linearly increasing, and slows down
as a function of O2 plasma exposure time, i.e. the etch rate (in nm/s) is higher
at the start of the O2 plasma. As the film gets more oxidized the etching appears
to become more difficult. This quasi self-limiting etch behavior suggests that the
etching of a RuO2 film is less favorable than etching of metallic Ru, in line with the
literature.43,61 Etching of metallic Ru has been performed using both O3 gas and
an O2 plasma, and is believed to be driven by radicals.43,44,62 This is in contrast to
etching of RuO2, which requires energetic ions from an O2 plasma and is mostly
reported using reactive-ion etching (RIE).61–64
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Figure 8.7 (a) The selectivity, (b) the average Ru thickness decrease on the Pt growth area
per etch cycle, and (c) the net deposition on the Pt growth area after 4 supercycles, with
an etch cycle performed after every 50 or 100 ALD cycles. The etch process demonstrates
quasi self-limiting behavior. The reported thickness decrease in (b) is the decrease after
the complete etch cycle, i.e. after the H2 gas dose. Note that an additional experiment
was performed to determine the thickness decrease for 0.5 s of O2 plasma (corresponding
data not shown in Figure 8.4).

The dependence of the etch rate on the etch time implies that both the O2

plasma duration and the frequency should be optimized such that no material is
deposited on SiO2, while obtaining a maximum thickness on the Pt substrate (see
Section 8.4). This also becomes evident from Figure 8.7c, where the net deposition
(after 400 ALD cycles) is plotted as a function of the O2 plasma time. Due to
the fact that the etch per cycle does not saturate, the net deposition continues
to decrease for longer plasma times. However, because the etch behavior is quasi
self-limiting, the data point for an O2 plasma etch of 5 s after every 50 ALD
cycles (40 s etching in total), shows a lower net deposition (∼3.9 nm) than the
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data point for 15 s after every 100 ALD cycles (60 s etching in total, ∼4.8 nm).
This observation indicates that the etch frequency has a larger effect on the net
deposition than the etch duration.

8.4 Discussion

The results presented in Section 8.3.2 demonstrate that ALD-etch supercycles
offer an interesting opportunity to improve the selectivity of area-selective ALD
processes. However, the implementation of etch cycles results in a decrease of
the deposition on the growth area, meaning that generally a trade-off should be
made between selectivity and net deposition. As was discussed in the introduction,
ALD-etch supercycles have previously been reported for area-selective deposition
of Ta2O5 and TiO2.19–21 Vallat et al. used the nucleation delay of Ta2O5 and
TiO2 growth on Si and SiO2 as a starting point for the development of ALD-etch
supercycles, while in the work of Song et al. the initially low growth rate of TiO2

deposition on H-terminated Si was exploited.19–21 Although both studies demon-
strated a high selectivity with ALD-etch supercycles, it remains to be determined
which supercycle ratios yield the optimal results in terms of selectivity and net
deposition.

For the Ru ALD-etch supercycles studied in this work, it was found that the
selectivity S increased with the O2 plasma time, while the net Ru deposition on
the Pt growth area decreased (see Figure 8.7). The data in Table 8.1 suggest
that a supercycle using an etch cycle with 30 s O2 plasma after 100 ALD cycles is
close to the optimal ALD-etch supercycle configuration, obtaining a selectivity of
0.997 and a net deposition of 4.3 nm of Ru on Pt. However, further investigation
is also required in this case, in order to verify whether this is the optimum, or
whether performing the etch cycle after slightly more ALD cycles would increase
the obtained thickness (see text related to Figure 8.6). Since the optimum con-
figuration has not been determined so far for the different ALD-etch supercycles
reported here and in the literature, it is relevant to discuss some guidelines for the
optimization of ALD-etch supercycles. Several observations made for the Ru ALD
and etch processes in Section 8.3, and Figure 8.4 in particular, are important for
such a discussion:

� At a deposition temperature of 150°C, the Ru growth starts immediately on
both the Pt growth area and on the SiO2 non-growth area, but the growth rate
on SiO2 is lower than on Pt.

� The etch cycle results in removal of Ru from the SiO2 non-growth area as well as
from the Pt growth area. However, close inspection of Figure 8.4 demonstrates
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that the etch rate on SiO2 is higher than on Ru. For example, for an O2 plasma
time of 5 s, the Ru thickness decrease is around 1 nm on the SiO2 non-growth
area, as compared to ∼0.5 nm on Pt.

� On both SiO2 and Pt, the growth rate depends on the number of performed
ALD cycles, due to the change in Ru surface coverage on the SiO2 substrate (i.e.
Ru growth on SiO2 differs from Ru growth on a closed Ru film), or development
of the surface roughness, respectively.

In general, the development of an ALD-etch supercycle should aim at two aspects:
(i) minimizing the deposition on the non-growth area, and (ii) maximizing the net
deposition on the growth area. Typically, a competition exists between those two
aspects. In Section 8.1 it was discussed that growth-area selectivity is required
for the ALD-etch supercycle approach to work, which means that growth should
occur preferentially on the growth area. We can thus define different growth rates
(i.e. growth per cycle, GPC ) for growth on the growth area (GPCG) and on the
non-growth area (GPCNG). Note that for now constant GPC values are assumed.
When aiming for perfect selectivity (S = 1), the net deposition on the non-growth
area after performing N supercycles should be equal to zero:

Dnet,NG = αN GPCNG − βN EPC = 0, (8.1)

where α and β are the number of deposition and etch cycles in one supercycle,
respectively, and EPC is the etch per cycle. For simplicity, it is assumed here as
a starting point that the etch rate is the same for material on the growth area as
for the non-growth area. The requirement that there should be no net deposition
on the non-growth area (Equation 8.1) determines the cycle ratio κ, which is the
ratio between the number of deposition and etch cycles in one supercycle:

κ =
α

β
=

EPC

GPCNG
. (8.2)

The deposition on the growth area can be calculated using:

Dnet,G = αN GPCG − βN EPC. (8.3)

The following relation for the net deposition on the growth area can be derived
by combining Equations 8.2 and 8.3:

Dnet,G = αN [GPCG − GPCNG] . (8.4)

Equation 8.4 represents the simple etch-back strategy for which the amount of
material removed from the growth area equals the amount of material that needs to
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be removed from the non-growth area to obtain perfect selectivity. For this case, it
is evident that the growth rate on the non-growth area GPCNG should be as low as
possible to maximize the net deposition on the growth area. This is schematically
elucidated in Figure 8.8 for two different values of GPCNG. Comparison of the
plots in Figure 8.8a and b illustrates that a lower value for GPCNG yields a higher
net deposition on the growth area GG, since less etch cycles are needed.
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Figure 8.8 Calculated film thickness as a function of ALD cycles for ALD-etch supercycles
assuming a growth rate on the non-growth area GPCNG which is (a) 0.4 times and (b)
0.2 times GPCG. A lower value for GPCNG can allow for a higher net deposition on the
growth area, because less etching is necessary. Note that the cycle ratio κ is the ratio
between ALD cycles α and etch cycles β.

So far it was assumed that material from the non-growth area is removed at the
same rate as from the growth area (see Equation 8.4). However, as was briefly
mentioned above for the case of Ru, material on the non-growth area is likely to be
etched faster than on the growth area. Approximately twice the amount of Ru was
removed from SiO2 as from Pt during the etch cycle when using a 5-s O2 plasma
exposure (see Figure 8.4). Such a difference in etch behavior can for example be
due to differences in morphology. If we define EPCG and EPCNG for the etching of
material from the growth area and the non-growth area, respectively, the following
equation holds:

Dnet,G = αN

[
GPCG − GPCNG

EPCG

EPCNG

]
. (8.5)

Equation 8.5 illustrates which strategies can be taken to maximize the net de-
position on the growth area. First of all, the most straightforward strategy is to
reduce the growth rate on the non-growth area as much as possible. In addition,
it can be seen that it is beneficial to aim for a higher etch rate on the non-growth
area, i.e. a low value for the ratio between the etch rates EPCG/EPCNG. From
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Equation 8.5 it also becomes evident that selectivity can even be achieved in case
the growth rates on the growth and non growth area are the same, but there
is a significant difference in etch rates instead. A difference in etch rate can for
example be obtained if the surface morphology of material on the non-growth area
deviates from the morphology of material on the growth area. Interestingly, the
concept of a higher etch rate for nuclei as compared to films is already exploited
in practice for selective epitaxial growth of Si.65 For the Ru ALD-etch supercycles,
the data also suggest that a difference in etch rates exists, which can likely be
explained by different surface morphologies. Due to a large contrast in surface en-
ergy between Ru and SiO2, the Ru nucleation on SiO2 starts out as island growth
(Volmer-Weber growth),66,67 while the surface energies for Ru and Pt are more
similar.68,69 A higher etch rate for Ru nuclei is in line with the observed smoothing
effect, as it indicates that areas protruding from the surface (including nuclei or
islands) are etched faster than the bulk of the film.

To illustrate the concept of different etch rates, Figure 8.9a shows an example
where EPCNG = 2 × EPCG. By comparing Figure 8.9a to Figure 8.8a, it can be
seen that a higher etch rate for material on the non-growth area indeed allows for
a higher net deposition. Note that except for the etch rate, the same values are
used for Figure 8.9a and Figure 8.8a.
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Figure 8.9 Calculated film thickness as a function of ALD cycles assuming a growth rate
on the non-growth area GPCNG which is 0.4 times GPCG, (a) for EPCNG = 2 × EPCG,
and (b) for the ideal situation where EPCG = 0. Note that a different etch chemistry,
or different etch conditions might be required to obtain the situation depicted in (b),
meaning that the etch process for (b) is not necessarily the same as in (a).

Although the situation depicted in Figure 8.9a represents an improvement as
compared to Figure 8.8a, in the ideal case only nuclei on the non-growth are af-
fected by the etch cycles. This potential strategy is illustrated in Figure 8.9b, and
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offers a very interesting method to circumvent the trade-off between high selectiv-
ity and high net deposition. It is important to realize that the etch rate of nuclei
on the non-growth area EPCNG likely depends on the nuclei size, as it can be
expected that small nuclei are more easily removed than bigger nuclei or particles.
Because the nuclei size typically increases with the number of performed ALD
cycles (γ), the etch rate can also depend on the number of performed ALD cycles,
i.e. EPCNG = f(γ). Furthermore, as was already discussed, the growth rates in
Equation 8.5 can also change as a function of the number of ALD cycles γ (e.g.
when there is a nucleation delay).66,67 In the most likely case, GPCNG increases
with the number of ALD cycles, while EPCNG decreases as a function of γ. The
number of ALD cycles performed prior to the etch cycle (=α) therefore affects the
amount of etching that is required. The situation where material on the growth
area is not removed can thus hypothetically be approached when small nuclei or
individual atoms are present on the non growth area, and only a mild etch step is
sufficient to remove those. Finally it is noted that if the material on the growth
area is not (or very slightly) etched during the etch cycle, an etch process can be
employed that does not exhibit self-limiting surface reactions, since the uniformity
and conformality of the film on the growth area are not (significantly) affected by
the etch process.

An aspect which has not been addressed so far in this discussion is the time-
dependence of the etch rates (i.e. EPC = f(t)). As was shown in Figure 8.7a,
the Ru etch process shows a quasi self-limiting behavior, and the etch rate slows
down with time. In general, the etch rate can also be constant as a function of
time (meaning that the thickness decreases linearly with time), or the etch process
can demonstrate self-limiting behavior (in case of an ALE process). For a linear
etch behavior, doubling the etch time would result in double the amount of ma-
terial removed. For ALE, the etch time would not affect the amount of material
etched (as long as saturation is assured). For an ALE process, the number of
etch cycles is thus the only parameter which can be used to change the amount
of material removed. However, for quasi self-limiting etching it becomes more
complicated (see Figure 8.7b). In this case, doubling the etch time, results in less
than twice the amount of removed material. For the Ru ALD-etch supercycles, it
was found that an O2 plasma time of 15 s resulted in etching of 0.73 nm of Ru,
while 30 s leads to a decrease of 0.89 nm. Finally, effects of the etch cycles on the
GPC, such as smoothing and enhanced surface reactivity, also play a role in the
optimization.21 Because of these effects, the obtained net deposition is typically
more complicated than just the sum of the deposition and etch components of
the individual processes.
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The discussion above, and Equation 8.5 in particular, help to clarify which
information is required to fully optimize an ALD-etch supercycle. Logically, the
growth rate on the growth area should be known when developing an ALD process.
In addition, it should be investigated how the growth rate changes on the non-
growth area as a function of ALD cycles (e.g. whether there is a nucleation delay).
Generally, these are aspects which are studied when developing an area-selective
ALD process. However, from the presented analysis, we learn that the nuclei
size on the non-growth area as a function of cycles (related to GPCNG), and the
dependence of the etch rate on the nuclei size (related to EPCNG) should be
studied as input for optimization of the supercycle recipe. This is also the case for
the Ru ALD-etch supercycles, as limited information is currently available on the
size development of Ru nuclei when using the EBCHDRu precursor. By analyzing
the nuclei size as function of ALD cycles using for example transmission electron
microscopy (TEM), more insight can be obtained.70 Finally, it is important to
know how the ALD and etch cycles influence each other, e.g. whether there is an
growth or etch delay (or enhancement) when switching from one to the other.

8.5 Conclusion

In this work, a thermal ALD process and a plasma-based etch process for Ru were
characterized and combined in order to obtain area-selective deposition. At a de-
position temperature of 150 °C, the Ru ALD process showed the largest difference
in growth behavior between the Pt/Ru growth areas and the SiO2/Al2O3 non-
growth areas. However, the selectivity of the thermal Ru ALD process was limited
and some Ru island growth occurred on the SiO2 non-growth area. A significant
improvement of the selectivity was achieved by integrating an etch cycle consist-
ing of an O2 plasma exposure and an H2 gas dose in an ALD-etch supercycle,
because it resulted in the removal of Ru nuclei from the SiO2 non-growth area.
The selectivity of the process was shown to increase with the O2 plasma exposure
time, although the net deposition on the Pt growth area decreased significantly.
This observation illustrates the trade-off between selectivity and net deposition
which generally has to be made when employing ALD-etch supercycles. Based on
an extensive discussion, it was argued that this trade-off can be circumvented by
identifying conditions for which the etch rate of material on the non-growth area
is much higher than on the growth area. From this analysis it therefore followed
that future research should focus on the investigation of the etch rate on the
non-growth area as a function of performed ALD cycles.
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Figure S8.1 XPS spectra for the Ru3p peak after performing 400 ALD cycles on (a) SiO2

and (b) Pt at temperatures between 100 °C and 200 °C. Almost no deposition is observed
on SiO2 for temperatures below 150 °C, while Ru is clearly present on Pt even for 100 °C.



184 Chapter 8. ALD and Etching of Ru for Area-Selective Deposition

Figure S8.2 XPS survey spectra collected after 400 cycles Ru ALD at a deposition
temperature of 150 °C, on Ru, Pt, TiN, Co, Al2O3, Si, and SiO2 substrates. Significant
growth is observed on the Ru and the Pt surfaces, while minimal Ru is deposited on the
other substrates. These results suggest that the catalytic activity of the Pt and Ru leads
to enhanced nucleation.

Figure S8.3 Top-view SEM images after (a) 500 cycles of Ru ALD at 150 °C and (b)
500 cycles Ru ALD at 150 °C followed by a post-deposition etch cycle using a 3 minute
O2 plasma and a 30 s H2 gas dose. The substrate was SiO2.
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Figure S8.4 XPS spectra collected on SiO2 for (a) the Ru3p peak and (b) the Ru3d/C1s
peaks after performing 4 supercycles with an etch cycle after every 100 ALD cycles, using
O2 plasma times of 15 s, 30 s and 60 s. The inset of (a) also shows data for O2 plasma
times of 0 s and 5 s using a different vertical scale. While clear Ru peaks are observed
when no etching is performed, or when a 5 s plasma is used, the Ru coverage on the
SiO2 is close to the XPS sensitivity limit for an O2 plasma time of 15 s or longer. Note
that the singlet peak in (b) at approximately 285 eV is corresponding to C1s. This data
corroborates the SEM data in Figure 8.5, which showed that an O2 plasma etch time of
15 s or longer is sufficient to remove most of the Ru nucleation from SiO2.
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9Conclusions and outlook

Atomic layer deposition (ALD) is an essential technique for the fabrication of in-
tegrated circuits for electronics and is expected to also play an important role for
future integrated photonics. The shrinking of device dimensions, the increasing
complexity of devices, and the growing number of materials being employed, to-
gether call for improvements of the ALD technology. This dissertation reports on
the development of several advanced ALD processes, as well as the understanding
of the underlying principles and growth mechanisms. The development of new
processes is key for the extension of the ALD toolbox and will therefore help to
broaden the application areas of ALD. More specifically, the following conclusions
can be drawn from the work:

� Novel co-reactants and advanced ALD cycles provide an important opportunity
for the development of ALD processes that allow for growth of new materi-
als by ALD, as well as a wider range of process parameters (e.g. deposition
temperature). As was discussed in Chapter 3, advanced ALD cycles are based
on more than just one precursor and one co-reactant dose. Clever design of
an advanced ALD cycles can offer a solution in case it is not possible to fulfill
all fundamental roles required for ALD growth using a standard AB-type cycle.
In addition, advanced ALD cycles allow for area-selective deposition and the
growth of multiconstituent materials. Several processes based on the use of
a novel co-reactant or an advanced cycle were studied in this work, and the
understanding of the ALD growth mechanisms of these processes will help to
develop processes for other materials based on similar strategies.

� The choice of the co-reactant is of great significance for an ALD process, al-
though the precursor selection generally receives more attention in the literature.
This especially holds for materials which are challenging to deposit with ALD
(e.g. metals), since they are prone to impurity incorporation during deposition.
Notably, the co-reactant not only affects the obtained material properties, but
also the industrial feasibility of the process (e.g. in terms of safety or costs) and
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which processing conditions are allowed. The ALD processes for AlF3 (using
SF6 plasma) and for Co (using H2/N2 and NH3 plasmas) studied in this thesis
corroborate that co-reactant selection is crucial.

� SF6 plasma is a suitable co-reactant for ALD of metal fluorides. Due to the
high concentration of very reactive F radicals, an SF6 plasma allows for high-
purity fluoride films with low S-concentrations. Compared to previously used
co-reactants for metal fluorides, it offers the benefits that it is readily avail-
able, and easy to handle. The deposited AlF3 films that were discussed in
Chapter 4 demonstrated properties in line with the literature reports on AlF3

films deposited using other techniques. Notably, vacuum UV spectroscopic el-
lipsometry (VUV-SE) measurements showed that the deposited AlF3 films are
highly transparent (extinction coefficient k <10-4 above 300 nm) and have a
low refractive index n (∼1.35 at 633 nm).

� The studies on the reaction mechanism of AlF3 ALD (Chapter 5) revealed
that Al(CH3)3 can react with AlF3 as well as HF surface species, resulting in
AlFx(CH3)3-x surface species. The F radicals in the SF6 plasma were found
to be responsible for the fluorination of the surface and for ligand removal,
which is accompanied by formation of CHyF4-y (hydrofluorocarbons) as reaction
products. The obtained insights suggest that an SF6 plasma can be combined as
co-reactant with various metal organic precursors based on carbohydrate ligands
to achieve ALD of other metal fluorides. Furthermore, the transition from
AlF3 growth to Al2O3 etching observed at high temperatures, was explained
by the temperature-dependent desorption of AlFx(CH3)3-x surface species, and
indicates that an SF6 plasma can also be used for atomic layer etching (ALE).

� ALD of Co was investigated using H2- and N2-based plasmas as co-reactants,
and it was found that obtaining high-purity films relies on the presence of
NHx, x≤3 species in the plasma (Chapter 6). The reaction pathways for the
AB-processes using NH3 and H2/N2 plasma where found to be similar, with
NHx, x≤3 species leading to elimination of the precursor ligands. However,
when employing a H2/N2 plasma as co-reactant, the H2/(H2 + N2) mixing
ratio is crucial for obtaining Co films with a low impurity concentration and low
resistivity, since the mixing ratio affects the concentration of NHx, x≤3 species
in the plasma. Based on the experimental results and insights from the surface
science literature, a reaction mechanism was proposed where NHy species on
the surface serve as the reactive site for precursor adsorption. The understand-
ing obtained on the use of H2- and N2-based plasmas as co-reactants can be
extended to ALD of other transition metal films.
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� The combination of ALD and etching processes can allow for area-selective
deposition with a high selectivity. This was demonstrated by selectively de-
positing Ru on top of Pt, while obtaining a clean SiO2 non-growth area, using
intermittent etch cycles integrated in an ALD-etch supercycle. The etch cycle
consisted of an O2 plasma exposure followed by a H2 gas dose, and allowed
for removal of Ru nuclei from the SiO2 non-growth area. In Chapter 7 it was
discussed that several guidelines need to be taken into account when designing
an area-selective deposition process based on alternating deposition and etch-
ing cycles. Not only should the ALD and etch processes of choice demonstrate
growth-area and etch selectivity, respectively, they should also have a minimal
impact on surrounding materials and have to be mutually compatible (e.g. in
terms of deposition temperature and pressure).

� When employing ALD-etch supercycles, careful optimization of the number of
ALD and etch cycles in one supercycle is essential to obtain a high selectivity
while maximizing the net deposition on the growth area (Chapter 8). For this
optimization, it is especially important to investigate the etch rate of material on
the non-growth area as a function of ALD cycles. The work also showed that a
complimentary set of diagnostics (e.g. XPS, top-view SEM and cross-sectional
TEM) is required to assess the selectivity of such area-selective ALD processes.
Finally, the obtained understanding will help to develop more area-selective pro-
cesses based deposition and etching, which is relevant for the transition towards
‘atomic scale processing’ that is taking place in the semiconductor industry.1

Additional research can be performed in various directions to improve the studied
advanced ALD processes and to deepen the understanding. Based on the work
presented in this thesis, the following recommendations for further research can
be given:

� Deposition of metal fluorides other than AlF3 can be investigated to further
demonstrate the potential of SF6 plasma as co-reactant. In Chapter 5, it is
stated that SF6 plasma can likely be combined with other metal organic precur-
sors to grow a range of metal fluorides. Research in this direction is currently
ongoing within the PMP group for the growth of LiF and LiAlxFy films, which
are relevant for applications in solid-state batteries. The process for LiAlxFy is
based on a supercycle consisting of the cycle for AlF3, developed in this work,
and a novel cycle for LiF. Moreover, other F-based plasmas such as NF3 plasma
can alternatively be studied as co-reactants. Similar to SF6 plasmas, these
plasmas are widely available in both research and industry.
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� Inspired on the development of the AlF3 process, the ALE process for Al2O3

using TMA and SF6 plasma as reactants can be developed. Currently, most
available ALE processes are isotropic thermal processes, or anisotropic plasma-
based processes. Since the fluorination of metal oxides using SF6 plasma is
believed to be driven by the (non-directional) F radicals in the plasma, ALE
using SF6 plasma can likely allow for isotropic plasma-based ALE, which is
an unexplored category of ALE processes. Initial ALE experiments suggested
that anomalously high TMA doses of up to 1 s are needed to reach saturation,
whereas for ALD TMA doses are typically in the order of tens of ms. Potentially,
tuning of the plasma parameters (e.g. pressure, composition or power) or the
sample temperature can result in a more practical ALE process. Combination
of this ALE process with ALD in ALD-ALE supercycles could allow for area-
selective deposition of Al2O3.

� The surface reactions taking place during Co ALD can be studied using surface
sensitive techniques such as (reflectance) infrared spectroscopy. The studies
on Co ALD suggest that the CoCp2 precursor reacts with NHy surface species.
Although surface science literature has given some insight, the exact reactive
surface site has not been identified. Additional experiments could also confirm if
the NHx species in the plasma facilitate the dissociation of the metal-Cp bond,
as was speculated in Chapter 6. Furthermore, research on the use of H2/N2 and
NH3 plasmas for growth of other transition metal films, as well as metal nitride
films would broaden the understanding. Literature reports have demonstrated
improved nucleation behavior and growth rates when using a NH3 plasma or
H2/N2 plasma, suggesting that their use can be beneficial as compared to other
co-reactants.

� ALD-etch supercycles for material systems other than Ru/Pt with SiO2 as non-
growth area can be developed in order to extend the toolbox of area-selective
ALD. So far area-selective ALD of a few metal oxides (TiO2 and Ta2O5) and
one metal (Ru, this work) has been demonstrated using the ALD-etch approach.
For other potential candidate systems, ALD processes with initial growth-area
selectivity can be identified, and combined with etching processes demonstrating
self-limiting reactions. For instance, ALD processes for HfO2, Cu and W have
been reported that demonstrate growth area-selectivity on various substrates,
and ALE processes exist for those materials.2–7 From an industrial perspective,
it is mostly relevant to investigate conducting materials including Cu, Ru, Co
and W, as well as insulators such as Al2O3 and SiO2.



195

� In order to develop ALD-etch supercycles that simultaneously allow for a high
selectivity and a high net deposition, situations should be identified were a sig-
nificant difference exist between the etch rates of material on the growth area
and the non-growth area. Ideally only the nuclei on the non-growth area are
etched, while the film on the growth area is left intact. Such a situation can po-
tentially be obtained by varying the etch duration and the processing conditions
during the etch process, in combination with different surface morphologies on
the growth area and the non-growth area. It would be insightful to characterize
the etch rate of nuclei as a function of their size in comparison to the etch rate
of planar films. Since the nuclei size depends on the number of ALD cycles, this
characterization helps to determine when the etch cycle should be performed
(i.e. the etch frequency). Transmission electron microscopy (TEM) could be
used to measure the nuclei size as a function of ALD cycles, as well as the
corresponding etch rates. For the Ru ALD-etch supercycles, these kind of ex-
periments are currently in preparation, such that the process can be optimized
further. Finally, in case the ideal situation is approached where only material
on the non-growth area is etched, the employed etch process does not need to
be an ALE process, since the uniformity and conformality on the growth area
are not affected by the etch cycles.
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Summary

In electronic integrated circuits (ICs), the downscaling of device dimensions is re-
quiring the integration of new materials, while the downscaling is simultaneously
leading to challenges with respect to pattern alignment during fabrication. Fur-
thermore, driven by the transition towards a data-based society, electronics on
ICs will in the near future be closely coupled with integrated photonics, which
also promotes the introduction of novel materials and processing techniques. To-
gether, these developments demand cutting-edge methods to grow ultrathin films
in a controllable and preferably bottom-up manner.

A technology which is playing a significant role in the aforementioned devel-
opments is atomic layer deposition (ALD). This deposition technique relies on
the cyclic dosing of precursor (‘A’) and co-reactant (‘B’) chemicals. It allows
for the growth of ultrathin films with a high uniformity on large-area substrates,
and excellent conformality on 3D structures, while having a very precise thickness
control. In this dissertation, advanced cycles beyond traditional AB-type cycles
and ALD processes employing novel co-reactants are investigated for growth of
AlF3, Co and Ru. Ultimately, the obtained insights help to extend the ALD tool-
box, in terms of the number of materials that can be deposited by ALD, as well
as the possible applications of ALD. Examples of advanced ALD processes are
ABC-type cycles, and supercycle recipes comprised of two ALD cycles. Advanced
ALD processes can for instance be employed for area-selective ALD, which enables
bottom-up fabrication, and helps to eliminate pattern alignment issues. Novel co-
reactants can enable deposition of new materials by ALD, as well as extension of
process parameters (e.g. deposition temperature).

For growth of AlF3 an ALD process was developed using SF6 plasma as a novel
co-reactant. AlF3 and other metal fluorides typically have a low refractive index
and wide band gap, and due to these optical properties, they find widespread
application in both optics and photonics. The AlF3 films grown using Al(CH3)3
(TMA) and SF6 plasma were found to be of high-purity, and demonstrated mate-
rial properties in line with the expectations for AlF3. Insights on surface species
and formed reaction products were obtained to determine the reaction mecha-
nisms, in which F radicals from the plasma fluorinate the surface and elimiate
CH3 surface groups. These insights on the reaction mechanisms contribute to
extending the use of SF6 plasma to ALD of other metal fluorides.
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198 Summary

To understand ALD of Co, the influence of the co-reactant was investigated by
employing different advanced ALD cycles. Co as well as Ru are currently being
considered for the replacement of Cu in small-dimension interconnects in ICs, due
to their superior conductivities at dimensions relevant for the 5-nm technology
node and beyond. Co was deposited using CoCp2 as the precursor and using
different co-reactants, namely an NH3 plasma, a mixed H2/N2 plasma and con-
secutive H2 and N2 plasmas in an ABC-type cycle. The reaction mechanisms
enabling Co growth were investigated using quadrupole mass spectrometry, and
it was found that NHx radicals present in both the NH3 and the H2/N2 plasma
are essential for obtaining high-purity Co films.

An ABC-type ALD cycle consisting of subsequent doses of ethylbenzene-cyclo-
hexadiene Ru precursor (EBCHDRu), O2 gas and H2 gas was used to grow high-
quality Ru films at low deposition temperatures. Area-selective deposition of Ru
on top of metal patterns on SiO2 was achieved by combining the Ru ALD cycle
with an etch cycle in a supercycle recipe, demonstrating that advanced ALD cycles
provide a promising route to achieve area-selective ALD. Based on the insights
obtained from developing the process for area-selective deposition of Ru, it was
argued that ALD-etch supercycles should be optimized in terms of selectivity and
net deposition. This optimization typically requires the evaluation of the growth
rates and etch rates on both the growth and non-growth area as a function of ALD
cycles. Finally, a general model was described for ALD-etch supercycles, which
revealed that a high selectivity and a high net deposition can simultaneously be
obtained for situations where the etch rate of material on the growth area is neg-
ligible in comparison to the non-growth area.

To conclude, ALD processes employing novel co-reactants and advanced cycles
were studied with the aim to expand the capabilities of the ALD technology. In
particular, ALD processes for AlF3, Co, and Ru were developed and investigated
in detail. In addition to an extensive characterization of the deposited materials,
the underlying principles and mechanisms of growth were elucidated, which is
highly relevant for development of other advanced ALD processes, and key to the
extension of the ALD toolbox.
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