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Preface
In March 2007, the project entitled “Thin-film materials synthesis for allsolid-state 3D-integrated batteries” started. This project involving two PhD
student positions was funded by the Materials innovations institute (M2i) together with the Eindhoven University of Technology (TU/e) and Philips Research. The goal of this project was to investigate conformal thin-film deposition techniques such as atomic layer deposition (ALD) for lithium-ion solidstate micro-batteries. The project was part of a larger effort to develop lithiumion solid-state micro-batteries, the I-BAT program. Within this program also
physical and chemical vapor deposition techniques were investigated for the
deposition of thin-film battery materials.a
This thesis is based on the work carried out within the framework of the
first PhD position. The task was to develop and investigate ALD processes for
micro-battery applications. The work was carried out at the Plasma & Materials Processing (PMP) group at the Eindhoven University of Technology. The
PMP group has built up a strong position in the field of (plasma-assisted) ALD
in a relatively short time as demonstrated by two recent thesises.b Within the
other PhD student’s position, the task was the evaluation of the electrochemical
performance and the testing of ALD materials in the battery environment.c
Note that at the beginning of the project the thin-film community was
rather unfamiliar with the combination of Li-ion batteries and ALD. Currently,
aThesis L. Baggetto, Negative electrode materials for lithium-ion solid-state microbatteries,
2010; and thesis J.F.M. Oudenhoven, Deposition and characterization of thin films for 3D
Lithium ion micro-batteries, in preparation, Eindhoven University of Technology.
bThesis S.B.S. Heil, Plasma-Assisted Atomic Layer Deposition of Metal Oxides and Nitrides,

2008; and thesis E. Langereis, Plasma-assisted atomic layer deposition: an in situ diagnostic
study, 2008, Eindhoven University of Technology.
cThesis M.E. Donders, Eindhoven University of Technology, in preparation.

2
after four years, this has changed greatly. Several groups around the world
have recognized the potential of ALD for Li-ion batteries and started working
on the combination. Furthermore, since the research on ALD in this thesis is
applicable to a wider field than micro-batteries, the scope of the work is presented in a broader framework. Several material systems were investigated and
a large amount of fundamental understanding in ALD was generated. In particular, understanding of energy-enhanced ALD processes and understanding
of their ability to coat 3D structures conformally is important for many new
application fields in which these techniques are often required. This general
understanding will be presented in this thesis where micro-batteries will be the
main application considered.

Harm C.M. Knoops
Eindhoven, March 2011
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CHAPTER 1

Introduction
More-Moore
Society has benefitted greatly from the continuous advancement in the
field of micro-electronics. Due to the wide availability and relatively low price
of electronic devices, information processing and storage have been able to
improve and revolutionize our work and leisure environments. Today’s electronics consist of small semiconductor devices such as processors and memory
chips in which information is processed by controlling electrical pulses in extremely small structures of conducting, semiconducting, and insulating materials (e.g., transistors). These small structures are created by a complex set of
processing steps in which thin films of these materials are deposited on silicon
substrates and patterned with lithography techniques and etch processes. The
continuous advancement in this field relies on the reduction of the feature size
of these small structures. This advancement is actually a paradigm in this field
known as Moore’s Law. Moore’s law states that the number of transistors that
can be placed economically on an integrated circuit doubles approximately
every two years.
One of the major difficulties in maintaining the size reduction in electronic
devices is the controlled deposition of high-quality thin films. For example
at the 45 nm technology node, Intel started to use a hafnium-based high-κ
dielectric, with a thickness of ~3 nm, as gate oxide in the transistors in their
most advanced computer processors (Fig. 1.1a). This dielectric film has to be
deposited on the substrate, contrary to the previously used SiO2 , which was
grown by thermal oxidation of the Si substrate. The thin-film gate oxide has to
meet stringent requirements. The thickness control should be high in that the
thickness should be very close to the targeted ~3 nm. Moreover, the growth has
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300 mm

100 nm

Metal

High-κ
Silicon

(a)

(b)

Figure 1.1. (a) a 300 mm wafer containing Intel’s 45 nm processors. The inset shows the cross-section of a transistor with a
hafnium-based high-κ dielectric as gate oxide, with a thickness of
~3 nm (www.intel.com); (b) a 512-Mb DRAM chip from Samsung,
the inset shows the cross-section of the tops of a pair of capacitors
in the memory array. ALD is used for the TiN electrode and for the
aluminum/hafnium oxide high-κ dielectric (www.chipworks.com).

to be uniform in that the film thickness deviates little over the wafer surface
with a 300 mm diameter.
Another criterion for advanced thin-film growth is conformality. Conformality is the ability of a deposited thin film to conformally follow any topology present at the surface. A high conformality is for instance essential in the
trench capacitors in dynamic random access memory (DRAM) (Fig. 1.1b).
Thin conformal electrodes and high-κ dielectrics are needed in these highaspect-ratio capacitor structures.
More-than-Moore
Besides the trend of miniaturization in the digital field of information processing technology, i.e., the “More-Moore” trend, there has been another trend
for non-digital technology which is designated as “More-than-Moore”. “Morethan-Moore” is the trend towards diversification within electronic devices, in
which multiple functionalities are integrated into a single unit of the device
(Fig. 1.2). This includes the interaction with the outside world through sensors and actuators and subsystems for powering the unit. These functions may
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Figure 1.2. The combined need for digital and non-digital functionalities in an integrated system is translated as a dual trend in the
International Technology Roadmap for Semiconductors: miniaturization in the field of information processing technology (“MoreMoore”) and functional diversification within electronic devices
(“More-than-Moore”) [1].

furthermore include analog and mixed signal processing, the incorporation of
passive components, high-voltage components, micro-electro-mechanical systems, sensors and actuators, and micro-fluidic devices enabling chemical and
biological functionalities.
This thesis focuses on all-solid-state 3D-integrated micro-batteries which
could be used as a subsystem for powering an electronic device. All-solid-state
3D-integrated micro-batteries are a good example of the More-than-Moore approach as they integrate energy storage, which is a traditionally macroscopic
non-semiconductor technology, into a chip-size unit using techniques compatible with semiconductor technology. In all-solid-state 3D-integrated microbatteries, the various battery materials have to be deposited as thin films. Furthermore, to achieve a high capacity per footprint area on the chip surface, the
thin films have to be deposited in high-aspect-ratio structures etched in the Si
substrate.
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Uniformity
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Thin ﬁlm

Material quality
Conformality

Substrate

Figure 1.3. A schematic of a trench in a planar substrate covered by
a thin film. It illustrates the four major requirements for deposited
thin films: i.e., a high material quality, a high uniformity, precise
growth control, and an excellent conformality.

To enable the integration of the More-than-Moore approach, tools are
needed to manufacture and combine the components. Thin-film deposition
techniques are needed which can deposit a wide range of materials according to stringent criteria similar as in the More-Moore field. The requirements
for thin films for both More-Moore and More-than-Moore can be summarized
as: a high material quality, a high uniformity, precise growth control, and an
excellent conformality as schematically shown in Fig. 1.3. Atomic layer deposition (ALD) is a thin-film deposition technique which can meet all these
criteria, due to its self-limiting nature. Because of the advantages of ALD, it is
currently used for the most challenging thin-film deposition situations. These
situations include the More-Moore examples mentioned, i.e., the growth of the
gate oxide in Intel’s processors shown in Fig. 1.1a [2], and the growth of the
dielectric in trench capacitors for DRAM shown in Fig. 1.1b [3]. ALD has
the potential to become also a valuable tool in enabling the More-than-Moore
approach.
Atomic Layer Deposition
As mentioned, ALD exhibits excellent uniformity, a high conformality,
and precise growth control, and these characteristics can be attributed to the
self-limiting nature of the ALD process. To understand the origin of this nature it is illustrative to explain the ALD process on the basis of the well-known
model system of Al2 O3 growth using AlMe3 (Me = CH3 ) precursor and H2 O
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ALD cycle
first half-cycle
Precursor
Purge

(a)

(b)

second half-cycle
Reactant
Purge

(c)

(d)

Figure 1.4. Atomic layer deposition (ALD) illustrated for the two
half-cycles of the deposition process. The first half-cycle consists
of (a) self-limiting adsorption of precursor molecules on the surface
groups available and (b) a purge step to remove the volatile reaction
by-products and the excess of precursor dosed. During the second
half-reaction (c), the surface is exposed to reactant molecules that
react in a self-limiting way with the surface groups of the adsorbed
precursor. The second half-cycle is completed by (d) another purge
step to remove the volatile reaction by-products and the excess of
reactant dosed.

as reactant. The process consists of several steps forming the so-called ALD
cycle. The ALD cycle exists typically of two self-limiting half-reactions (halfcycles). Assume an initial surface terminated with OH groups (oxide surfaces
typically have OH groups). The first step consists of the precursor exposure;
the introduced AlMe3 precursor vapor reacts with the OH surface groups forming Al-O bonds and releasing volatile CH4 . The adsorbed precursor results in
a surface terminated with Me groups which are not reactive with the precursor
limiting the amount of precursor that can adsorb. In the second half-cycle H2 O
is introduced. The H2 O reacts with the Me groups, releasing CH4 and leaving
a surface of OH groups behind. Both exposures are followed by a purge step
to prevent any direct reaction between the AlMe3 vapor and the H2 O, which
would otherwise resulting in non-self-limiting growth ("CVD-like" growth).
After the two ALD half-cyles, the surface is again reactive to the precursor
and a next cycle can be carried out. During one cycle ~0.1 nm of Al2 O3 material is deposited.
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Figure 1.4 shows a generalized schematic of the ALD cycle. To summarize
and generalize from the Al2 O3 example: ALD typically consists of two selflimiting half-cycles with the first half-cycle an exposure to the vapor of a metalorganic or metal-halide precursor and the second half-cycle an exposure to an
oxidizing or reducing agent to remove the ligands from the metallic center and
obtain the desired material. Each exposure step is followed by a purge step,
forming the self-limiting half-cycle. Together the half-cycles make up the ALD
cycle and these ALD cycles are repeated until the targeted thickness is reached.
ALD film growth is highly uniform and yields excellent conformality because
at every available surface site basically only one precursor/reactant molecule
can adsorb regardless of the incoming particle flux. Note that this insensitivity
to the particle flux is only achieved when all available surface sites have reacted
by receiving at least a certain amount of particles. That is, the surface reactions
should have reached saturation.
A wide range of materials can be deposited by ALD and most of the elements of the periodic table have been covered [4, 5]. To develop an ALD
process for a certain material, a precursor and reactant have to be available
such that they exhibit the necessary self-limiting behavior. The precursor has
to react with the surface present after the reactant step and the reactant has to
react with the surface present after the precursor step. The precursor has to be
volatile enough to evaporate and stable enough to not decompose thermally at
the temperature used. Interestingly, although also the reactant has to be volatile
enough, unstable reactants can be used without affecting the self-limiting behavior, as will be shown in the next section. ALD-growth is observed in a
specific temperature window, in which all the requirements for self-limiting
growth are present (i.e., no precursor or reactant condensation, no precursor
decomposition, and sufficient reactivity). Control of the temperature and the
exposure to the precursor gasses and vapors is achieved in a so-called ALD
reactor, which is typically a chamber at vacuum pressures to efficiently dose
the precursor and reactant to the substrate surface.
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Energy-Enhanced ALD

ALD processes such as the Al2 O3 process using AlMe3 and H2 O rely
solely on thermal energy to drive chemical reactions. Therefore, they are also
called “thermal” ALD processes. ALD processes in which the reactivity of the
reactants is enhanced by adding other forms of energy can be called “energyenhanced” ALD processes. Examples of such “energy-enhanced” reactants
are: ozone, plasma, and photons. In ozone-based ALD, O2 is converted to
O3 in an ozone generator. In the case of plasma-assisted ALD, a plasma is
generated by applying electrical power to the source gas during the reactant
step. The electrical power creates and sustains a plasma with its charged particles (ions and electrons) and results in the formation of reactive species such
as radicals (e.g., O, H, and NH x ) dependent on the reactant gas. The plasma
can be generated directly above the substrate ("direct plasma ALD"), upstream
of the substrate with plasma species still present above the substrate ("remote
plasma ALD"), or at such a distance that hardly any charged particles or photons reach the substrate ("radical-enhanced ALD"). In energy-enhanced ALD
using photons, high-energy photons could be used to break bonds of adsorbed
precursor molecules.
Figure 1.5 schematically depicts the ALD cycle for the deposition of metaloxides for three different reactants. In the case of thermal ALD, H2 O is used,
and in the case of energy-enhanced ALD, O3 gas or O2 plasma is used. In general, there is an increase in reactivity going from thermal, to ozone-based, to
plasma-assisted ALD. Due to their higher reactivity, ozone-based and plasmaassisted ALD processes can offer several advantages [5–10]. In this work
mainly plasma-assisted ALD is investigated. Plasma-assisted ALD provides
more versatility, since ozone-based ALD processes can only be used to deposit
metal-oxides and noble metals. The merits which can be present for plasmaassisted ALD are: improved material properties, deposition at reduced substrate temperatures, increased choice of precursors and materials, good control
of stoichiometry and film composition, increased growth rate, and more processing versatility in general [10].
The extra versatility delivered by energy-enhanced ALD processes can be
especially beneficial in new application fields such as More-than-Moore and
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Metal-oxide ALD cycle
ﬁrst half-cycle
(precursor step + purge step)

second half-cycle
(reactant step + purge step)

Precursor adsorption

Thermal ALD
H2O exposure

Energy-enhanced ALD
Ozone-based ALD
O3 exposure

Plasma-assisted ALD

Increase in reactivity

metal-organic or
metal-halide exposure

O2 plasma exposure

Figure 1.5. The ALD cycle for metal-oxide deposition described
for three different ALD configurations. All processes start with the
precursor adsorption in the first half-cycle. The processes differ in
the second half cycle, with an exposure to H2 O for thermal ALD,
an exposure to O3 for ozone-based ALD, and an exposure to O2
plasma for plasma-assisted ALD. Ozone-based and plasma-assisted
ALD are classified as energy-enhanced ALD processes. In general
there is an increase in reactivity going from thermal, to ozone-based,
to plasma-assisted ALD.

other emerging nanotechnologies [11]. These fields often require extra versatility of the ALD process compared to semiconductor applications such as high
material quality at lower deposition temperatures. Energy-enhanced ALD processes have to be understood to be able to improve and design new processes
in a structured non-trial-and-error way. To this end the reaction mechanisms
of the precursor and reactants with the surface should be investigated. Furthermore, plasma radicals and O3 molecules can recombine at surfaces, which
especially decreases the reactant density in high-aspect-ratio structures. With
an understanding of these recombinative loss processes, the limitations and
capabilities of depositing thin films in such structures can be revealed.
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Figure 1.6. Diagram showing the research fields applicable to this
thesis work. The accompanying illustrations are examples related
to each field. The research fields to which the chapters are related
can be summarized as follows. Understanding of the reaction mechanisms is related to Chapters 4 and 6; understanding of recombination processes is related to Chapters 7 and 8; process development
of (energy-enhanced) ALD is related to all the chapters; the application of batteries is related to Chapter 2; the application of microbatteries is related to Chapters 2, 3, and 5; and the More-than-Moore
application can be related to Chapters 3 and 5.

Outline of the Thesis
The aim of the work described in this thesis is to develop and understand ALD processes for More-than-Moore applications and specifically for
all-solid-state 3D-integrated micro-batteries. Micro-batteries are an excellent
test case for ALD, since they require complex materials and can benefit from
high-aspect-ratio structures. The focus is furthermore on conductive materials
as these are essential to a wide range of More-than-Moore applications and
as they are generally more difficult to deposit by ALD. To obtain high-quality
conductive films in the temperature range allowed, energy-enhanced ALD processes such as plasma-assisted ALD are often needed. Figure 1.6 shows a diagram of the research fields applicable to this work and groups them in the
categories "understanding", "process development", and "application". The
Chapters of this thesis can be related to the research fields in the diagram as
described in the figure caption. Research questions are formulated describing
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the aim of this work. A short description is given for each research question to
clarify how the various chapters address the research questions:
How can the research and manufacturing of Li-ion batteries benefit
from the ALD technique? The use of ALD in Li-ion battery synthesis is
relatively unexplored and therefore first the potential of ALD for Li-ion batteries is reviewed in Chapter 2. Not only the More-than-Moore application of
all-solid-state 3D-integrated micro-batteries is considered here, but also larger
scale Li-ion battery concepts. There is a trend towards nanostructuring in Liion batteries in which ALD could play a vital role. Chapter 2 describes how
Li-ion batteries work, classifies nanostructured battery types into three concepts, and describes the potential use of ALD per battery concept. Finally, the
current status of the research efforts to use ALD to improve Li-ion batteries is
presented.
What are the possibilities of ALD for conductive thin films and what
are the underlying reaction mechanisms? Conformal deposition of conductive materials is needed for a variety of More-than-Moore applications (e.g.,
electrodes, and current collectors). Furthermore, sometimes the conductive
materials also have to function as a diffusion barrier, for instance, to prevent
Cu and Li diffusion into the Si substrate. The candidates for diffusion barriers are typically transition metals and their nitrides. Chapter 3 investigates
the ALD deposition of TiN and TaN as Cu and Li diffusion barrier layer. It
was demonstrated that these materials can serve as Li barrier and anode current collector for micro-batteries and also as Cu diffusion barrier. Furthermore,
conformal deposition of TiN films by plasma-assisted ALD was demonstrated.
The requirements of conductive materials depend on the application and
for some electrodes a highly-chemically-stable conductive material is needed.
For example, for the cathode current collector in micro-batteries noble metals
such as Pt are needed. Therefore, in Chapter 5 the deposition of Pt by thermal
and plasma-assisted ALD is investigated. The adhesion of Pt to the substrate
was improved for the micro-battery application and sufficient conformality was
achieved. By using an additional H2 -gas reduction-step, the deposition of Pt
at low temperatures with good material properties was achieved, which can be
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of interest for deposition of Pt on plastics. Furthermore, using longer plasma
exposure times, PtO2 could be deposited which is less studied and typically
difficult to obtain.
The reaction mechanisms of plasma-assisted and thermal ALD processes
were investigated. Using mass spectrometry, the reaction mechanism of plasmaassisted ALD of TaN x was investigated (Chapter 4). For this process the reaction products released from the surface during the plasma step were found
to interact with the plasma. Furthermore, the material properties of TaN x are
influenced to a large extent by this interaction. Interaction of ALD reaction
products with the plasma is expected to be of general significance for plasmaassisted ALD processes.
The reaction products during thermal ALD of Pt were measured using gasphase infrared spectroscopy. Chapter 6 discusses the reaction mechanism of
thermal ALD of Pt. Good agreement with results from the literature obtained
under well-defined surface conditions was found. For thermal ALD of Pt, film
growth is ruled by the surface coverage of oxygen during the precursor step.
The oxygen at the surface originates from dissociative chemisorption of O2 on
the Pt during the O2 gas step. The similar growth rate for the plasma-assisted
and thermal ALD process of Pt suggests a similar importance of the surface
coverage of oxygen in both cases.
What are the possibilities and limitations of energy-enhanced ALD
processes for micro-batteries and other emerging applications? The recombination of reactants at surfaces in energy-enhanced ALD can potentially
lead to poor uniformity and conformality. Chapter 7 investigates the ability
of plasma-assisted ALD to deposit thin films conformally in high-aspect-ratio
structures. To this end first the relevant processes in plasma-assisted ALD to
achieve a high conformality are described, i.e., diffusion, reaction, and recombination. These processes were simulated using a simple Monte Carlo model.
Recombination of radicals at surfaces influences the growth process and three
growth regimes were distinguished. In general, conformal deposition in 3D
structures is easier for metal-oxides than for metals.
Ozone molecules can also recombine at surfaces. Chapter 8 discusses the
work carried out in a 3-month project at Argonne National Labs, USA in the
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group of Dr. J.W. Elam. In this work the effect of ozone loss on the conformality and uniformity of ozone-based processes was investigated. Ozone loss
is especially an issue when depositing certain materials such as MnO x and
Co3 O4 , which are often used for batteries. However, the ozone recombination
probability is typically lower than the recombination probability of radicals in
plasma-assisted ALD.

Publications
The Chapters of this thesis have been or will be published as separate
articles or letters in peer-reviewed journals. An overview of these publications
is given below.
• Chapter 2: H.C.M. Knoops, M.E. Donders, M.C.M. van de Sanden,
P.H.L. Notten, and W.M.M. Kessels, Atomic Layer Deposition for
Nanostructured Batteries, In preparation.
• Chapter 3: H.C.M. Knoops, L. Baggetto, E. Langereis, M.C.M. van
de Sanden, J.H. Klootwijk, F. Roozeboom, R.A.H. Niessen, P.H.L.
Notten, and W.M.M. Kessels, Deposition of TiN and TaN by Remote
Plasma ALD for Cu and Li Diffusion Barrier Applications, J. Electrochem. Soc. 155, G287 (2008).
• Chapter 4: H.C.M. Knoops, E. Langereis, M.C.M. van de Sanden,
W.M.M. Kessels, Reaction Mechanisms of Atomic Layer Deposition
of TaN x from Ta(NMe2 )5 Precursor and H2 -based Plasmas, J. Vac.
Sci. Technol. A., Submitted.
• Chapter 5: H.C.M. Knoops, A.J.M. Mackus, M.E. Donders, M.C.M.
van de Sanden, P.H.L. Notten, and W.M.M. Kessels, Remote Plasma
ALD of Platinum and Platinum Oxide Films, Electrochem. SolidState Lett. 12, G34 (2009).
• Chapter 6: W.M.M. Kessels, H.C.M. Knoops, S.A.F. Dielissen,
A.J.M. Mackus, and M.C.M. van de Sanden, Surface Reactions during Atomic Layer Deposition of Pt derived from Gas-phase Infrared
Spectroscopy, Appl. Phys. Lett. 95 (2009).
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• Chapter 7: H.C.M. Knoops, E. Langereis, M.C.M. van de Sanden,
and W.M.M. Kessels, Conformality of Plasma-Assisted ALD: Physical Processes and Modeling, J. Electrochem. Soc. 157, G241 (2010).
• Chapter 8: H.C.M. Knoops, J.W. Elam, J.A. Libera, and W.M.M.
Kessels, Surface Loss in Ozone-based Atomic Layer Deposition Processes, Chem. Mater., Accepted.
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CHAPTER 2

Atomic Layer Deposition for Nanostructured Batteries

Abstract
Nanostructuring is targeted as a solution to achieve the improvements required for implementing batteries in a wide range of applications. These applications range in size from electrical vehicles down to microsystems. Atomic
layer deposition (ALD) could be an enabling technology for nanostructured
batteries as it is capable of depositing ultrathin films (1-100 nm) in complex
structures with precise growth control. The potential of ALD is discussed for
three battery concepts that can be distinguished, i.e., particle-based electrodes,
3D-structured electrodes, and 3D solid-state micro-batteries. It is discussed
that a large range of materials can be deposited by ALD and recent demonstrations of battery improvements by ALD are used to exemplify its large potential.
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Introduction

Atomic layer deposition (ALD) is a thin-film deposition technique which
can conformally coat surfaces at relatively low temperatures with high-quality
thin films (typical range 1-100 nm). ALD has been implemented in microelectronics and is being considered for a variety of applications such as solar
cells and catalysts. One of the new applications that could benefit from ALD
is Li-ion batteries. Because of their high energy density, Li-ion batteries are
used and designated as energy storage solution for a wide range of applications
varying in size from (hybrid) electric vehicles, laptops, mobile phones, down to
microsystems. However, continuous improvement of the battery technologies
is needed to fulfill ever more stringent requirements such as higher capacity,
higher power, and higher cycle-lifea. To realize these improvements there is
a strong trend in conventional Li-ion batteries towards nanostructuring of the
electrode materials, which has been designated as a paradigm shift from bulk
to nanomaterial electrodes [1–4].
Similarly, for the emerging small thin-film Li-ion batteries such a trend towards nanostructuring can also be observed. For thin-film batteries the capacity per footprint area is limited by the limited thickness of the thin-film device.
The film thickness is constrained by low ion and electron diffusion, similar to
the constraints in particle size in conventional batteries [5–7]. 3D-structuring
of thin-film batteries can increase the storage capacity without increasing film
thickness. Therefore, the two previously very different fields of conventional
batteries and thin-film batteries come closer together with nanostructuring and
as a consequence they encounter in principle similar benefits and issues. ALD
with its excellent conformality and precise growth control has a high potential
to enable new nanostructured designs for battery applications.
In this Chapter the potential of ALD for the synthesis of 3D battery structures is discussed and the investigations of ALD for batteries reported in the
literature, to date, are reviewed. First, the basics of Li-ion batteries are explained and three different battery concepts ranging from large size to small
size are described. Secondly, the capability of ALD to deposit various battery
aCycle-life is typically defined as the number of full charge and discharge cycles a battery can

undergo before it reaches 80% of its original capacity.
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materials is described. Finally the research efforts directly aimed at application
and implementation of ALD in batteries are summarized.
Li-ion Batteries
The basics of Li-ion batteries are explained using the most common battery chemistry, the combination of a LiCoO2 cathode and a graphite anode
as shown in Fig. 2.1. This configuration also facilitates the identification of
several limitations of Li-ion batteries. The energy capacity of the battery is
determined by the amount of Li that can be stored reversibly in the cathode
and the anode, and by the difference in standard redox potential between cathode and anode. In general, the standard redox potential of the electrode redox
reaction should be high for the cathode (e.g., 3.7 V versus Li/Li+ for LiCoO2 )
and low for the anode (e.g., 0.1-0.2 V versus Li/Li+ for graphite), leading to a
high cell voltage.
The operation of the battery is as follows: during charging (ch), the Co3+
in LiCoO2 is oxidized into Co4+ and the excess of positive charge is liberated
ch

-

e-

e-

charger (ch)
load (d)

d
Li

ch
e-

e-

d

+

+

ch
Cu current
collector

Al current
collector

d
Li+
graphite
anode

liquid
electrolyte

LiCoO2
cathode

Figure 2.1. Schematic illustration of the charge (ch) and discharge
(d) processes of a Li-ion battery [8]. During charging Li+ ions are
liberated from the LiCoO2 cathode and transported through the liquid electrolyte to the graphite anode, where the Li+ is reduced by
the electrons coming from the electrical circuit. During discharging
the reverse process occurs.
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from the electrode in the form of Li+ ions, according to:
ch

→
LiCoO2
Li1−x CoO2 + x Li+ + x e− ,
←
d

where the reverse occurs during discharging (d). To prevent irreversible structure changes of the LiCoO2 electrode, not all Li+ ions can be removed. Therefore, in practice, x is not increased above 0.5. During charging, the liberated Li+ ions dissolve into the electrolyte. The electrolyte generally consists
of an organic solution such as propylenecarbonate (PC), ethylcarbonate (EC),
or diethylcarbonate (DEC), containing a high concentration of a Li salt (e.g.,
LiClO4 , LiAsF6 , or LiPF6 ) to ensure the ionic conductivity between the two
electrodes. Arriving at the other electrode, the Li+ ions are transported into a
graphite (C6 ) electrode and are subsequently reduced according to:
ch

x

Li+

+x

e−

→
+ y C6
y Liz C6 ,
←
d

where z equals x/y and has a maximum value of ~1. During discharging the
reverse occurs where Li+ ions are liberated from the graphite electrode and
dissolve into the electrolyte. From the overall reaction:
ch

LiCoO2 + y C6

→
Li1−x CoO2 + y Liz C6 ,
←
d

it is clear that the essence is that Li+ ions are transported from one electrode
through the organic electrolyte to the other electrode. While the Li+ ions diffuse through the electrolyte, the electrons go through the charger during charging and through the load to be powered during discharging. A high Li+ -ion
conductivity is desired for the electrolyte, while it has to be insulating for electrons to prevent self-discharging. Although strictly speaking the terms cathode
and anode switch when going from discharging to charging, we use the terms
defined during discharging as is common in the battery literature [9].
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To improve the conventional Li-ion battery with its LiCoO2 and graphite
chemistry, new materials are being investigated. Cathode, anode, and electrolyte materials are called “active”, while current collectors and barrier layers
are called “passive”. Protective layers sometimes have to be conductive to ions
and can be called either “active” or “passive”. A large amount of effort goes
into improving electrode materials. Improvements of the battery in terms of
higher capacity and better cycle-life are the main objectives for new electrode
materials. A new electrode material has to furthermore fulfill a wide range
of other requirements such as having an optimal redox potential, being conductive to electrons, and being conductive to Li+ ions. A single compound as
electrode material is sought, but due to the extensive set of requirements, such
a new compound is hard to find. Furthermore, a new electrode material often
introduces new problems such as extensive volume expansion and phase separation. Candidate electrode materials can be divided into three groups with
respect to the storage mechanism [10]:
• Insertion: LiCoO2 and graphite fall into this category. These materials typically have fast kinetics and little volume expansion but also a
limited storage capacity.
• Alloying: Metals and semi-metals can alloy with Li offering very
large capacities. For instance Si can alloy with Li forming Li15 Si4 ,
which is accompanied by a large increase of the volume which can be
as high as 300% [11]. This large volume expansion typically causes
cracking and crumbling of the material, which significantly limits the
cycle-life.
• Conversion: In conversion materials, compounds of the form MX react with Li to form a mixture of M and LiX, where M is typically a
transition metal and X an anion such as O or N. For instance in the
case of CoO, the conversion reaction during (dis)charging is:
ch

CoO + 2

Li+

+2

e−

→
Co + Li2 O.
←
d

Conversion materials typically have a high capacity, but also a large
volume expansion. A large range of materials can be considered such
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as metal oxides and metal nitrides [12, 13]. The large voltage hysteresis typically observed for this type of materials is not well understood
and a potential hurdle towards the commercial use of these materials
[12].

Many of the issues of candidate electrode materials can be alleviated by making use of nanostructuring. Nanostructuring allows the use of a much wider
range of materials and can have the following main advantages [3, 4, 14]:
• Shorter Li and electron diffusion paths. By using a large contact area
with the electrolyte and/or the current collector and by using low
thicknesses, the use of materials with low conductivity is allowed
and a high power capability is obtained.
• Volume changes without cracking and crumbling of the material. At
small feature sizes, stresses due to volume expansion and contraction
can be handled more easily, which allows reversible cycling of the
electrode material.
• Increase in electrode storage capacity due to nano-size effects. Certain storage mechanisms, which are not present in the bulk, can be
present on the surface or in distorted near-surface regions, thereby increasing the storage capacity. For instance, bulk anatase-phase TiO2
can host up to 0.5 Li per formula unit while for anatase-phase TiO2
nanoparticles (<40 nm) up to 0.8 Li can be stored per formula unit
[15].
Nanostructuring also leads to some challenges:
• The very large surface areas present can greatly enhance the decomposition of electrolyte, which would lead to a very poor cycle-life.
• The porous nanostructure can cause a relatively low density of active
material to be present in the battery. This could counteract any expected improvements in storage capacity by using the new material.
• The complex nanostructures can be more difficult to synthesize, which
would add cost to production.
New synthesis methods are furthermore needed to achieve nanostructuring.
ALD, as a powerful technique to deposit thin films, could play a key role in
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realizing the advantages associated with nanostructuring and also has the potential to assist in overcoming the challenges.
Concepts for Nanostructured Batteries
Particle-based Electrodes. Commercial battery electrodes are mostly based on micrometer-sized particles of active material, which are mixed with
binder compounds and conductive additives to form the electrode [3]. Figure
2.2 shows a schematic illustration of a particle-based electrode. In this example
the electrode forms the cathode part. The liquid electrolyte penetrates into the
porous electrode facilitating the Li+ -ion transport, and the binder compounds
and conductive additives facilitate the electrical contact with the Al current
collector. When going to smaller particle sizes the surface area becomes larger
and decomposition of electrolyte, as is observed in the so-called solid electrolyte interphase (SEI) formation, will be greatly enhanced [3, 4]. SEI formation in the case of graphite anodes is actually known to passivate the graphite
-

+

Al

liquid
active
additives
electrolyte material and binder
Figure 2.2. Schematic representation of a particle-based electrode.
In this example particles of active material are mixed with conductive additives and binder to form the cathode electrode in contact
with the Al current collector. The liquid electrolyte can penetrate in
the porous electrode structure.
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surface and prevent further electrolyte decomposition [16]. However, with
other electrode materials this passivation can be poor or absent and together
with the volume changes and the large surface areas, electrolyte decomposition can lead to a very poor cycle-life. At nano-size dimensions, electrolyte
decomposition could even be a problem with fairly stable cathode materials
like LiFePO4 [3].
Surface modification of the particles, for instance by applying a passivating film, has been designated as the most convenient way to reduce electrolyte decomposition [17]. Ultrathin films (as can be provided by ALD) have
higher Li+ and electron conductivities compared to thicker coatings [18]. Furthermore, surface coatings can improve reliability and reversibility of cathode
materials in the high voltage range, increasing their usable voltage range and
thereby increasing the effective energy density [17].
The possibilities for ALD with respect to particle-based electrodes lies
in depositing protective or conductive layers on the particles. A thin protective layer can reduce electrolyte decomposition, while maintaining sufficient
Li+ -ion diffusion. A thin conductive layer can be used to improve electronic
performance since many electrode materials are semiconductors or insulators
[3]. Such a conductive film should be very thin or porous to allow for sufficient
Li+ -ion diffusion. Since ALD provides excellent conformality the amount of
inactive material in the form of protective or conductive layers can be kept to
a minimum.

3D-structured Electrodes. In 3D-structured electrodes, the electrode is
specifically designed such that diffusion paths in the materials are short and
that the transport of electrolyte and electrons is improved. Figure 2.3 shows an
example of such a structure where nanowires of Al serve as current collector
and allow for easy transport of electrons to the active material deposited on the
nanowire. Li+ -ion transport is facilitated by the open structure in which the
electrolyte can penetrate easily. Another example of such a structure would
be cathode or anode nanowires grown on a current collector in which a high
electron conductivity in the nanowire direction allows for easy transport of
electrons. Non-conductive 3D-nanostructured templates can also be used on
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Al

liquid
active Al current
electrolyte material collector
Figure 2.3. Schematic representation of a 3D-structured electrode.
The structure allows for both easy transport of electrolyte via the
open electrode structure and easy transport of electrons by means
of, for instance, Al nanowires used as current collector. In this particular example the nanowires are coated with the active electrode
material.

which both the current collector and the electrode material are deposited as
thin films.
Although the particle-based electrode can in principle also be considered
as a 3D-structured electrode, a 3D-structured electrode is defined in the current work as an electrode with not just a decrease in feature size (to alleviate
problems with ionic conductivity or volume expansion), but also with having
a structure that allows for easy transport of the electrons and the liquid electrolyte. For 3D-structured electrodes the area in contact with the electrolyte is
high and anode or cathode materials should be in a safe voltage range to prevent electrolyte decomposition, similar to particle-based electrodes. In other
cases a protective layer is needed. For instance a Si nanowire electrode suffers
from excessive SEI formation [19].
The opportunities for ALD in this case lie also in the deposition of protective layers similar to the case of particle-based electrodes. For example,
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for Si thin films it has been shown that coating the Si with a solid-state electrolyte (i.e., LiPON) greatly increases the battery cycle-life and prevents excessive SEI formation [7, 11, 20]. The electrode material itself and the current
collector can also be deposited by ALD. An ALD-deposited current collector provides a solutions in case the 3D-structured template that is used is not
sufficiently conductive.
3D Solid-state Micro-batteries. For micro-batteries the challenge is to
achieve a high energy density at small sizes. Packaging methods for liquid
electrolytes do not scale well to small device sizes and consequently the designs for micro-batteries are typically fully solid-state. Since also the electrolyte is a solid-state material, electrolyte decomposition issues are greatly reduced and the battery cycle-life is extended significantly. Solid-state batteries
consist of thin films which are limited in thickness due the low ion and electron diffusion in the materials. In this case 3D-structuring has the potential to
increase storage capacity without deteriorating the power capability. 3D solidstate micro-batteries can be considered either as the full-solid-state evolution
from the 3D-structured electrode or as 3D-structuring applied to planar thinfilm batteries. A large variety of possible implementations of 3D solid-state
micro-batteries can be considered [5, 6, 21]. These implementations are for
instance composed of interdigitated plates, of arrays of rods, or of a so-called
sponge geometry which is a more disordered 3D structure.
For maximum compatibility with microsystem technology, Notten et al.
proposed a System-in-Package (SiP) solution [7].b In this solution a 3D topology with a typical aspect ratio of ~10 is etched into a Si substrate in which
the battery stack is deposited. SiP provides a flexible and convenient way of
integrating multiple functionalities in a single package. Besides energy storage, which is discussed in this work, other functionalities can be integrated in
a single package in the so-called More-than-Moore approach (e.g., logic, sensors, communication, and energy scavenging). The preferred substrate for SiP
is silicon, since silicon gives high compatibility between SiP solutions and the
bThis battery concept is also the battery concept central to the Materials innovations institute

(M2i) project related to this thesis work.
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encapsulation
top electrode
electrolyte
bottom electrode

current
collectors
(with barrier
layers)

Si substrate
Figure 2.4. Schematic representation of a 3D solid-state microbattery. A 3D structure is etched in a Si substrate to increase the
storage capacity per footprint area. The thin-film battery materials
are deposited in the 3D structure to form the battery stack. The stack
consists of current collectors (with barrier layers) as well as of top
and bottom electrodes and solid electrolyte.

ability to use standard microsystem technologies [22]. The concept by Notten et al. is depicted in Fig. 2.4. As the battery storage capacity scales with
the battery area, 3D-structuring using the “depth” of the substrate is used to
greatly reduce the required footprint area on the substrate. The figure also
shows a cross-section of a generalized battery configuration. In this stack, the
electrolyte in the middle separates the electrodes (anode and cathode), which
in turn are both connected to the electrical circuit by current collectors. The
battery structure needs to be isolated from the environment with an encapsulation layer [23], and from the silicon substrate with a Li-diffusion-barrier layer.
The choice between having the anode or the cathode as the bottom electrode
depends on the compatibility of the different processing steps (e.g., the maximum temperature allowed during the deposition of the individual layers).
Since all layers have to be deposited as thin films in 3D topologies, ALD
is in principle a good candidate for all materials. In addition to the materials
already discussed for the 3D-structured electrodes, the new materials that need
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to be deposited by ALD in this case are the solid-state electrolyte and also
the current collector and the barrier layers (not considering the example in the
previous section of using an inactive template). Furthermore the deposition of
encapsulation layers by ALD can be considered.

ALD for Battery Materials
A wide range of materials have been demonstrated by ALD. To deposit a
certain material by ALD a combination of precursor and reactant leading to
a self-limiting surface chemistry has to be found. Typically ALD is a twostep process with in the first step exposure of the surface to the vapor of a
metal-organic or metal-halide precursor and in the second step exposure of
the surface to a reactant. The reactant induces an exchange or removal of the
ligands from the adsorbed precursor to obtain the desired material. A well
known example is the deposition of Al2 O3 from AlMe3 and H2 O. Material
compounds for most of the elements in the periodic table have been deposited
by ALD [24, 25]. Mostly, binary compounds have been reported. However,
in principle, ALD processes can be easily combined by alternating cycles for
different (binary) materials to make more complex materials or film structures.
It is illustrative to address which materials that can potentially be applied
in batteries are difficult to deposit by ALD. Single elements are typically quite
difficult to deposit by ALD and for many of such materials no processes have
been reported at all. Si, an anode material, is known to be very challenging by
ALD [26]. For Cu good ALD processes are also missing, although some processes have been reported for this material [25]. No processes are known for
carbon films such as graphite. On the other hand, polymer films and other organic compounds can be synthesized by Molecular Layer Deposition (MLD).
MLD is a kind of ALD equivalent for depositing organic films through selflimiting surface reactions [27]. For certain functionalities, the materials need
to have a specific crystalline phase. To increase the range in material compositions, phases, and properties attainable under the conditions allowed by the
application, energy-enhanced ALD processes such as plasma-assisted ALD
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can be used [28]. In plasma-assisted ALD the second step in the process involves a plasma as reactant which extends the range of operating conditions
that can be used for deposition.
The ability to conformally coat complex 3D structures such as collections
of particles or nanowires is one of the strengths of ALD. Conformal deposition can be achieved as long as the precursor and reactant exposures are high
enough. The question whether the time to reach saturation of the ALD reactions is practical depends on the precursor diffusion into the 3D structure and
on the precursor and reactant surface chemistry as discussed in Chapter 7 [29].
That Chapter furthermore discusses the fact that conformal deposition can be
more difficult for plasma-assisted ALD processes.
Although the growth-per-cycle of ALD is on the order of 0.1 nm, costeffective processes have been proven and ALD has been implemented and is
being implemented in a variety of applications. To this end batch and inline
deposition tools are available. Although ALD is typically envisioned for very
thin films (~10 nm), industrial use of thicker films (~1 µm) deposited in batch
tools has been demonstrated [30]. Inline deposition tools using spatial ALD
have recently also received a lot of attention and deposition rates of 1.2 nm/s
have been demonstrated [31].
Candidate Materials. In this section candidate materials for application
in Li-ion batteries are discussed as well as their ability to be deposited by ALD.
A wide range of materials can be considered and several of them have been
discussed by Oudenhoven et al. in a recent review on 3D solid-state microbatteries [21]. The most interesting for ALD are those materials for which the
ALD processes are relatively straightforward and which perform well at low
thickness.
Protective Layers. Al2 O3 is often considered as a protective layer for electrode materials in contact with electrolyte. Protective layers can be used to reduce electrolyte decomposition on the surface of the electrode and dissolution
of electrode material into the electrolyte. Protective layers should not react
with Li in the potential range used and should be sufficiently conductive to Li.
Extremely thin layers (obtained from a few ALD cycles) are sometimes applied which indicates that the positive effect might not be because of a closed
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Al2 O3 layer, but because of a change of the surface properties through surface
engineering.
Current collectors. Current collectors and conductive barrier layers should
not react with Li in the potential range used. Since Li can be highly mobile,
a barrier layer can be required to prevent loss of Li from the battery structure.
For instance at the anode side where the electrochemical potential can cause
dissolution of Li in the current collector as most metals allow dissolution of
Li at low voltages. When Cu is used as anode current collector a protective
overlayer is necessary to keep the Li in the battery stack [32]. Thin sputtered
TiN and TaN films have been shown to be both good current collectors and Li
barriers [11]. Dissolution of Li into the current collector is not such a problem at the cathode side due to the higher voltage, but here the current collector
has to be especially stable against oxidation. Pt and other noble metals can be
used, and also Al is often used for Li-ion batteries. The Al directly in contact
with the cathode material probably oxidizes which protects the Al from further
oxidation. Cu and Al are difficult to deposit by ALD, but TiN, TaN, and Pt are
quite common ALD materials (Chapters 3 and 5, [33–37]).
Electrode Materials. Cathode materials are generally intercalation materials and contain Li when being in the discharged state (Li-ion batteries are
generally produced in the discharged state). Li metal-oxides and phosphates
such as LiCoO2 and LiFePO4 are typically used. Recently, the first ALD processes of Li compounds have been reported in the literature [38, 39]. ALD
of phosphate-containing materials has not been extensively investigated, but
Putkonen et al. recently demonstrated the deposition of Ca–P–O thin films by
ALD [40]. Furthermore, also an ALD process for LiFePO4 was presented [41].
The development of a LiCoO2 ALD process is in progress in the project related
to this thesis work.
For the anode, mainly intercalation and conversion materials are of interest
to be deposited by ALD. For intercalations material, TiO2 is a well-known
candidate, and for conversion materials a wide range of metal oxides can be
deposited by ALD. Single-element materials such as Si are difficult to deposit
by ALD, making these materials, which have alloying as storage mechanism,
not a proper choice in this respect.
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Typically the thickness of the cathode and the anode layer differ considerably. The thicknesses of these two layers are roughly matched to have the same
capacity, i.e., during charging the anode has to take up all the Li released by the
cathode and vice versa during discharging. The large difference in thickness
is caused by the generally much lower capacity of cathode materials. LiCoO2
can for instance reversibly (de)insert 0.5 Li per LiCoO2 unit while Si has been
reported to be able to reversibly (de)insert 3.75 Li per Si atom [20]. This difference in capacity density is also reflected in the volumetric storage capacities
of 706 and 8303 mAh cm−3 , respectively [8, 11].
Solid-state Electrolytes. The electrolyte has to be sufficiently thick to provide enough electrical insulation while it should be sufficiently thin to provide
acceptable conduction of Li+ ions. Typically in thin-film batteries, thicknesses
in the range of 500-2000 nm are used for the electrolyte [7, 42]. However, the
usage of thin (10-20 nm) poly(p-phenylene oxide) (PPO) films as electrolyte
in porous 3D batteries has been demonstrated in recent work [6]. In thin-film
capacitors, energy is stored by storing charge in conductive films separated
by a thin insulating layer. Dielectric layers with a thickness in the order of
10 nm are sufficient to prevent short circuiting in these capacitors [43]. This
suggests that in principle also much thinner inorganic electrolyte layers should
be possible, while maintaining sufficient insulation. Also nano-laminate techniques such as those used in thin-film capacitor structures [44], could be used
to combine sufficient ionic conductivity with good insulating properties. Note
that, since the electrolyte has a large area due to the 3D structuring, the current
density will be lower and therefore the requirements on the ionic conductivity
will be lower as well [21, 45, 46]. Similarly, the demands on the electrical
insulating properties become more stringent, as the large area can lead to unacceptable high electron conductivity even when the conductivity per unit area
is relatively low.
For the main candidates for the electrolyte material, i.e., Li3 PO4 and
LiPON, another challenge is to deposit the phosphate component (POx ), as already mentioned in the cathode section. LiLaTiOx has also been suggested as
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an electrolyte material but this material has been reported to have high electrical conductivity, causing short-circuit issues [47]. Because of the small thickness envisioned for ALD deposited films an extremely low electrical conductivity is required. Therefore, LiLaTiOx deposited by ALD is probably not suitable as an electrolyte unless the material properties can be greatly improved.
To this end, LiAlO2 has been suggested as a possible interlayer between the
anode and the electrolyte and this material is known to serve as an electrolyte.
However, its ionic conductivity is very low [48].
Application and Implementation
To date, not many ALD deposited materials have been tested in Li-ion
battery related device structures. An overview of the ALD materials tested so
Table 2.1. Overview of ALD deposited materials which have been
tested in Li-ion battery related device structures. The purpose of the
material, the type of material, and the associated battery concept are
indicated.
ALD
Deposited

Purpose

Material

Type of
Material
Passive/

Battery Concept

References

Particle-based

[49–52]

Al2 O3

Protective layer

TiN

Conductive layer

Passive

Particle-based

[53]

TiO2

Anode

Intercalation

3D-structured

[54–56]

V2 O5

Co3 O4

Cathode/
Anode
Anode

Electrolyte

Intercalation

Conversion

Barrier layer/
TiN and TaN

anode current

Passive

collector
Pt

Cathode current
collector

Passive

a. Materials used in the project related to this thesis work.

3D solid-state
micro-battery
3D solid-state
micro-battery
3D solid-state
micro-battery
3D solid-state
micro-battery

[57]

[58], a

[20, 35, 59], a

a
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far is given in Table 2.1. The results of these research efforts are discussed per
battery concept. Note, that although a particular material might be tested with
a certain battery concept in mind, the results can often be generalized to other
battery concepts.

Particle-based Electrodes. The benefit of ALD deposited films was for
the first time demonstrated for TiN coatings on Li4 Ti5 O12 powder aimed at
improving interparticle electrical conductivity [53]. Although TiN is a known
barrier material, the film in this study was reported to be non-continuous and
only 6 nm thick; consequently the film might not cause problems with Li+ ion diffusion. Recently, there has been a lot of interest in coating cathode and
anode particles by ALD with a protective layer of Al2 O3 . Improved stability by depositing Al2 O3 on LiCoO2 particles has been demonstrated [49, 52].
Furthermore, depositing Al2 O3 on natural graphite particles was shown to improve the cycle-life [50]. Figure 2.5a shows the effect of Al2 O3 coatings by
ALD on the electrochemical performance of natural graphite (NG) composite electrodes [50]. Three electrodes were coated by 5 ALD cycles of AlMe3
(TMA) and H2 O and their performance was compared with the performance
of a bare electrode. The ALD cycles were either carried out directly on the
electrode, directly on the electrode after an NO2 treatment to improve surface nucleation, or on the NG powder before composing the electrode. Both
electrodes which were coated by ALD after being composed show a clear improvement. The electrode where the particles were coated beforehand shows,
however, an accelerated decrease in capacity resulting in a poor cycle-life.
Figure 2.5b shows a schematic representation of electron transport for the NG
composite electrodes coated by ALD. Due to the poor electrical conductivity
of Al2 O3 , direct coating of the composed electrodes gives better performance
than coating the particles beforehand. In the latter case the electrode particles
are basically separated from the conductive additives by the Al2 O3 film. Depositing Al2 O3 on MoO3 particles was also shown to improve the cycle-life
[51]. This improvement is remarkable because MoO3 is a conversion type material with high volume expansion during charging and therefore the Al2 O3
coatings must break apart. The improvement is expected to be mostly caused
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(b)

ALD on powder
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Figure 2.5. (a) Comparison of the electrochemical performance of
several prepared natural graphite (NG) composite electrodes. Three
electrodes coated with 5 ALD cycles of AlMe3 (TMA) and H2 O
were compared with a bare electrode. The ALD cycles were either
performed directly on the electrode, directly on the electrode after
an NO2 treatment, or on the NG powder before composing the electrode. Galvanostatic charge-discharge cycles were performed at 50
°C between 0.005-1.500 V at 0.1 C-rate for the first two cycles and
at 0.5 C-rate for the subsequent cycles. A C-rate of 1C indicates
that the full electrode is (dis)charged in an hour, for a C-rate of 2C
(dis)charging takes half an hour. (b) Schematic representation of
electron transport in NG composite electrodes coated by ALD. The
NG powder was either coated before composing the electrode or
after composing the electrode [50].

by a stronger attachment to the conductive additives due to the coating preventing detachment during the volume changes.
Besides using ALD for conductive or protective layers, ALD of Al2 O3 has
also been used to investigate the voltage hysteresis for SiCO as anode material
in which a small upward shift in voltage by ~50 mV was observed during
charging [60]. ALD has furthermore been demonstrated to assist in making
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Figure 2.6. Comparison of the electrochemical performance of various anatase TiO2 composite electrodes [54]. A hollow TiO2 nanonetwork with 15 nm wall thickness was compared to 25 nm and 100
nm-TiO2 nanopowders. Charge-discharge tests were performed in
the voltage range of 1-3 V at current rates from the C/5 to 5C. A 1C
rate was defined as 335.45 mA/g for all electrodes.

composite nanoparticles. Electrodes were made composed of nanoparticles
of a metal-oxide graphene nanosheet composite. The metal-oxide graphene
nanosheet composite was made by using an SnO2 ALD process on graphene
nanosheet powder [61].
3D-structured Electrodes. To date, only ALD of TiO2 has been demonstrated for the 3D-structured electrode concept of Li-ion batteries. TiO2 is used
as anode electrode material and has the advantage of having a relatively high
redox potential, alleviating problems with electrolyte decomposition. Kim et
al. reported on the deposition of a 15 nm TiO2 film by ALD on a peptide assembly. The peptide assembly was removed by a high temperature step at 400
°C which also crystallized the TiO2 to the anatase phase [54]. The resulting
hollow TiO2 nano-network had a higher storage capacity and rate capability
than TiO2 nanopowder electrodes as indicated in Fig. 2.6. The higher storage
was attributed to a nano-size effect. Bulk anatase-phase TiO2 can host up to
0.5 Li per formula unit while for anatase-phase TiO2 nanoparticles (<40 nm)
up to 0.8 Li can be stored per formula unit [15]. The nano-size effect is most
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prominent in the TiO2 nano-network. The higher rate capability, as indicated
by the high capacity at high C-rates, can be explained by the network which
enhances electron transport and the high surface area with low film thickness
which enhances Li+ -ion transport. Similarly, Gerasopoulos et al. coated Ni
plated biological scaffolds with TiO2 using ALD [55], and Cheah et al. coated
Al nanowires with TiO2 using ALD [56]. They both found a high capacity and
high rate capability.
Electrode materials with electrochemical potentials at which electrolyte
decomposition would be a problem can also be considered. To allow for the
use of such materials, the materials have to be coated with an ALD electrolyte
or protective layer, as has been demonstrated for particle-based electrodes of
MoO3 particles coated with Al2 O3 described in the previous section.

3D Solid-state Micro-batteries. For this battery concept mostly passive
materials have been investigated so far, namely TiN as anode current collector and Li-diffusion-barrier layer, and Pt as cathode current collector. Remote
plasma ALD was used to deposit TiN and TaN as shown in Chapter 3 [20, 35].
It was found that particularly ALD TiN showed excellent barrier properties.
The barrier properties of the ALD TiN were clearly better than those for sputtered TiN. The latter had a weaker and different preferential growth orientation
than the ALD material, i.e., (111) versus (200), respectively. Although a strong
orientation is often related to columnar growth and fast diffusion paths, this
difference in orientation direction can possibly explain the difference in performance (Chapter 3, [20, 35]), since the (200) orientation plane has a lower
surface energy than the (111) orientation plane [62]. A long-term test revealed
that a TiN barrier layer with 20 nm thickness can survive more than 6000
charge-discharge cycles, demonstrating its excellent barrier properties.
ALD TiN deposited in pores with an aspect ratio of 20 was shown to result in a working barrier layer and current collector [59]. In this study, pores
with various aspect ratios were coated by ALD TiN and LPCVD Si as anode
material and cycled electrochemically afterwards [59]. Figure 2.7 shows SEM
images of pores with an aspect ratio of 10 (a) and 20 (b). Although the deposition was not fully conformal, i.e., 67% conformality for aspect ratio 10 and
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Top

TiN

Poly-Si

Si
500 nm
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500 nm

TiN

Poly-Si
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500 nm

Bottom
Poly-Si

(a)

TiN

500 nm

(b)

300 nm

Figure 2.7. High-resolution SEM images showing the SiO2 covered Si substrate with pores coated by ALD TiN and LPCVD
poly-Si thin-films. Images are shown for a pore of aspect ratio 10
(a) and 20 (b), at the top, middle, and bottom location of the pores
[59]. The layers are labeled on the pore with an aspect ratio of 10.
Note that the void visible at the bottom of the pore with an aspect
ratio of 20 has been attributed to the sample cleavage process.

33% conformality for aspect ratio 20, the TiN film was thick enough to serve
as Li barrier and current collector.
Another passive material tested for micro-batteries and deposited by ALD
is Pt. In 3D micro-batteries, the Pt current collector will be either deposited
on the cathode layer when the cathode is the top electrode or on the substrate
material when the cathode is the bottom electrode (Fig. 2.4). Only the case
where the cathode serves as bottom electrode was investigated and in this case
the adhesion of the Pt, which is generally poor, was improved using an H2
plasma treatment and a TiO2 adhesion layer. This procedure resulted in good
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adhesion of the Pt as the samples passed multiple scotch-tape tests (see appendix Chapter 5). Furthermore, the conformality was shown to be sufficient for
application in the 3D solid-state micro-batteries (appendix Chapter 5).
Very few ALD deposited active materials have been demonstrated for 3D
micro-batteries. Thin films of ALD V2 O5 were shown to be good cathode materials [57]. V2 O5 films annealed at 400 °C were reported to offer excellent
electrochemical stability and cyclability for Li+ -ion (de)insertion between 3
and 3.8 V. Furthermore, in the project related to this thesis work it was demonstrated that ALD deposited Co3 O4 is a good thin-film anode candidate material [58]. A good cycle-life and a high capacity were obtained. So far no
Li-containing materials have been tested in Li-ion battery related device structures.
Conclusion
Nanostructuring of battery materials is very promising in terms of improving Li-ion batteries as is required for many emerging battery applications.
Furthermore ALD can be used in a variety of configurations and in different
battery concepts. In this Chapter, three battery concepts were described, i.e.,
particle-based, 3D-structured, and 3D solid-state micro-battery. Demonstrator
experiments for all the three battery concepts in which ALD was used were reported on. Despite various challenges, the possibility of depositing lithium and
phosphate compounds together with the wide range of other compounds than
can be synthesized by ALD should enable an almost all-ALD-deposited battery. The wide range of materials possible and the demonstrator experiments
indicate the large potential ALD has in improving battery structures for future
large scale application.
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CHAPTER 3

Deposition of TiN and TaN by Remote Plasma ALD for
Cu and Li Diffusion Barrier Applications∗

Abstract
TaN and TiN films were deposited by remote plasma atomic layer deposition (ALD) using the combinations of Ta(NMe2 )5 precursor with H2 plasma
and TiCl4 precursor with H2 -N2 plasma, respectively. Both the TaN and TiN
films had a cubic phase composition with a relatively low resistivity (TaN: 380
µΩ cm; TiN: 150 µΩ cm). Dissimilar from the TiN properties, the material
properties of the TaN films were found to depend strongly on the plasma exposure time. Preliminary tests on planar substrates were carried out revealing the
potential of the TaN and TiN films as Cu and Li diffusion barriers in throughsilicon via and silicon-integrated thin-film battery applications, respectively.
For the specific films studied, it was found that TiN showed better barrier
properties than TaN for both application areas. The TiN films were an effective barrier to Cu diffusion and had no Cu diffusion for anneal temperatures up
to 700 °C. The TiN films showed low Li intercalation during electrochemical
charging and discharging.

∗

Published as: H.C.M. Knoops, L. Baggetto, E. Langereis, M.C.M. van de Sanden, J.H.
Klootwijk, F. Roozeboom, R.A.H. Niessen, P.H.L. Notten, and W.M.M. Kessels, J. Electrochem. Soc. 155, G287 (2008).
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Introduction

Diffusion barrier layers are of key importance to ensure device lifetime and
functionality of various components. One area placing stringent demands on
the barrier layer is Cu interconnect technology. Here, barrier layers are needed
to prevent Cu diffusion into the silicon substrate. Due to scaling down of feature sizes, these films need to be thin (∼5-10 nm) and deposited conformally
in features with increasingly higher aspect ratios. Furthermore, the films need
to be conductive to maintain sufficient electrical connection to the underlying
metallization layer.
Copper diffusion barriers are also needed in the emerging field of 3Dstacked die integration. Here, copper-filled through-silicon vias (TSVs) offer a
solution to the “wiring crisis” in next-generation semiconductor devices [1–4].
3D integration and consequently Cu diffusion barriers are also of strategic relevance for the “More-than-Moore” approach in which several functionalities
and components (computing, processing, storage, transmitting, sensing, etc.)
are combined in, for example, “System-in-Package (SiP)” devices [5].
A new development being part of the “More-than-Moore” approach is research towards 3D-integrated solid-state thin-film batteries [6–8]. These batteries have the potential to provide the high-density storage capacity required
for future miniaturized autonomous wireless devices, or as a back-up power
supply in circuits [6, 7]. The batteries are based on Li-ions as charge carriers and high-aspect-ratio structures in silicon to obtain high storage densities.
The battery stack consists of several functional layers (diffusion barrier layer,
anode, electrolyte, cathode, current collector) deposited conformally in these
3D structures. Because silicon easily takes up elemental Li, it is an attractive
anode material. However, to prevent the loss of Li from the Si anode to the
underlying Si substrate while still providing an electrical connection to the anode layer, a conductive and conformal Li diffusion barrier film is required in
between [6, 7].
As Cu diffusion barrier materials, mainly refractory metallic systems (Ti,
Ta, W, Mo, Cr, etc., and their nitrides) are used due to their characteristic chemical inertness and low diffusion rate related to their high melting points [9, 10].
Furthermore, due to the relatively low resistivity of these materials they can be
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directly used as metal electrodes in capacitor structures and as metal gate electrodes for CMOS [11, 12]. Among these materials, TaN and TiN have been
considered the most often and these materials are known to be good diffusion
barriers, especially for Cu [9, 10, 12–14]. Both sputtered TaN and TiN have
been used as a diffusion barrier for through-silicon-via experiments [4, 15].
Note, that the adhesion of Cu on TiN might not be sufficient for the small feature sizes in the more traditional interconnect technology. Nevertheless TiN
is considered to be a good candidate for the relatively large vias used in 3D
integration [1, 4].
In this Chapter we report on TaN and TiN films deposited with remote
plasma ALD. In principle this technique is capable of depositing high-quality
films with a good conformality in high-aspect-ratio structures [12, 16–19].
Since the microstructure and the composition of the films could have a large
influence on the diffusion barrier properties [14, 17, 20–22], we have studied
the material properties of the deposited TaN and TiN films for various deposition conditions. In addition, preliminary diffusion barrier experiments were
carried out on planar wafers to test the performance of TaN and TiN films as
Cu and Li diffusion barriers in future SiP applications. Furthermore, by comparing the diffusion barrier properties for both Cu and Li, more insight into the
barrier characteristics of TaN and TiN has been obtained.
Experimental
Remote Plasma ALD Reactors. The TaN and TiN films investigated and
used in the barrier experiments were deposited using two remote plasma ALD
reactors. The TaN films were deposited using the home-built ALD-I reactor
as described extensively by Langereis et al. [23]. The TiN films in this Chapter were deposited using the Oxford Instruments FlexAL™ reactor and this
process is described by Heil et al. [24]. In this Chapter we will describe the
deposition of both materials and we will report on the Cu and Li diffusion
barrier properties on planar film stacks.
Both ALD reactors have the same basic configuration as schematically
represented in Figure 3.1a. The reactors consist of a deposition chamber, a
pump unit, an inductively-coupled plasma (ICP) source, and a precursor dosing
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system. The pump unit and plasma source are connected to the deposition
chamber through gate valves. The chamber is pumped by a combination of
a turbomolecular pump and a rotary pump reaching a base pressure of <10−5
Torr by overnight pumping. The ALD-I reactor is an open-load reactor that can
handle wafers with a diameter up to 100 mm. The FlexAL™ reactor can handle
wafers with diameters up to 200 mm and these wafers are loaded through a load
lock. Unlike the ALD-I reactor, the FlexAL™ reactor has a higher maximum
power setting for the plasma source (600 W instead of 100 W) and is also
equipped with mass flow controllers and an automated pressure control valve.
Figure 3.1b schematically shows a typical ALD cycle used for both processes. The cycle begins with the precursor dosage. For the TaN process,
Ta(NMe2 )5 (pentakis(dimethylamino)tantalum, PDMAT) precursor is heated
to 75 °C and an Ar flow is used to transport the Ta(NMe2 )5 vapor into the
chamber by bubbling. A dosing time of 5 s is used to obtain saturation. For
TiN deposition, TiCl4 is dosed using a fast switch valve (minimum switch time
is 10 ms). Due to the high vapor pressure of TiCl4 only a short dosage time of
40 ms is required to achieve saturation while keeping the TiCl4 at 30 °C. After
purging with Ar, the gate valve between plasma source and chamber is opened
and the plasma ALD half-cycle is started. For the TaN process an H2 plasma
was used, for the TiN process we used an H2 -N2 plasma. After the plasma step
the next cycle starts again with an Ar purge. Table 3.1 summarizes the details
of the “baseline” conditions used throughout this Chapter.

Thin-film Analysis. In-situ spectroscopic ellipsometry (SE) was used to
study the thin-film growth during the deposition processes on both ALD reactors. The ellipsometer used was a J.A. Woollam, Inc. M2000U visible and
near-infrared (0.75 – 5.0 eV) ellipsometer. A proper modeling of the dielectric
function results in an accurate determination of the thickness of the deposited
film [23, 25]. Electrical sheet resistance measurements were carried out ex
situ at room temperature using a Signatone four-point probe (FPP) in combination with a Keithley 2400 Source Measurement Unit (SMU), acting both as
current source and voltage meter. The resistivity was obtained from the slope
of the I-V curve and the film thickness deduced from the SE measurements.
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Figure 3.1. (a) A schematic overview of the basic configuration
of the remote plasma ALD reactors. In addition to the different
reactor components, also the in-situ spectroscopic ellipsometer is
shown. (b) A schematic of a typical remote plasma ALD cycle for
the deposition of conductive thin films.

The atomic compositions and areal atomic densities of the films were determined from Rutherford backscattering spectrometry (RBS) and elastic recoil
detection (ERD) using 2 MeV 4 He+ ions. Mass densities were calculated from
the areal densities using the thickness data obtained by SE. The microstructure
of the films was studied using X-ray diffraction (XRD) with a Philips X’Pert
MPD diffractometer equipped with a Cu Kα source (1.54 Å radiation). The
thickness and mass density were corroborated by X-ray reflectometry (XRR)
measurements performed on a Bruker D8 Advance X-ray diffractometer.
Cu and Li Diffusion Barrier Experiments. For the Cu diffusion barrier
experiments, test structures were fabricated by sputter depositing Cu films (~50
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Table 3.1. “Baseline” deposition conditions for remote plasma
ALD of TiN and TaN films.
ALD Process

TiN

TaN

ALD reactor

FlexAL™

ALD-I

substrate temperature (°C)

350

225

Precursor:

TiCl4

Ta(NMe2 )5

dosing time (s)

0.04

5

temperature (°C)

30

75

Ar pressure (mTorr)

~80

~30

30 sccm H2

H2

Plasma:
gas mixture

4 sccm N2
pressure (mTorr)

15

7.5

power (W)

250

100

exposure time (s)

5

10

nm in thickness) onto air-exposed barrier films (~30 nm in thickness) which
were deposited on 100 mm HF-last n-type silicon wafers (P-doped, resistivity
of 10-20 Ω cm). These stacks were annealed in a vacuum oven (<10−6 mbar)
together with control stacks which had no Cu film on top. For the FPP resistivity measurements, the samples were heated up to the anneal temperature at a
ramp rate of 5 °C/min. At the moment the anneal temperature was reached the
samples were cooled down to 150 °C at a cooling rate of 5 °C/min after which
the sample was heated to the next anneal temperature. The anneal temperature
was increased in steps of 50 °C up to 700 °C. During these thermal cycles the
sheet resistance was measured with a FPP from the top side of the test structure. In the analysis of these measurements, the sheet resistance at 150 °C was
considered to prevent any intrinsic influence of the temperature dependence of
the Cu, TaN, TiN, and Si resistivity. The stacks for the XRD measurements
were annealed using a slightly different procedure, each stack was individually
heated up to the anneal temperature at a ramp rate of 5 °C/min and kept at this
temperature for 30 minutes, after which they were slowly cooled inside the
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furnace. For the Li diffusion barrier test, Cyclic Voltammetry (CV) was conducted with an Autolab PGSTAT30 (Ecochemie B.V., Utrecht, The Netherlands) and galvanostatic cycling was performed using a M4300 galvanostat
(Maccor, Tulsa, USA). The procedure used was identical to the one described
by Baggetto et al. [7]. An n-type silicon wafer (Sb-doped, resistivity of 8-22
mΩ cm) was used as a substrate to facilitate the electrical connection to the
barrier layer. The substrate had a native oxide surface.
Results and Discussion
Remote Plasma ALD of TiN and TaN Films. TiN and TaN films were
deposited with various plasma exposure times using the baseline conditions
listed in Table 3.1. The resulting material properties are summarized in Table
3.2. The thickness of the TiN and TaN films is shown as a function of the
number of cycles in Fig. 3.2. Both TiN and TaN show a linear increase in
thickness with the number of cycles.
The TiN properties showed almost no dependence on the plasma exposure
time, only a slight decrease in Cl-content and decrease in resistivity was observed for longer plasma exposures. The TiN films investigated had an [N]/[Ti]
15
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TaN (H2 plasma)

TiN (H2-N2 30:4 plasma)
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Figure 3.2. The thickness of the TaN and TiN films as a function
of number of ALD cycles. The thicknesses have been determined
by in-situ spectroscopic ellipsometry.

(nm)
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H2 c
-
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0.049

0.038 ± 0.02

-
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-

-
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-

-

-

4.0
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(g cm−3 )

Mass Density

-
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-

-

-

-

-
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-
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-

-

-

-

50
-

-

Ta

30

-

25
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47

-
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N

22

-

7

12

15

9

3.5

-

2.0

2.0

2.0

O

-

<2

-

12

-

10

2

1.9

-

1.3

1.8

2.7

Cl

<2

-

-

-

-

-

-

C

Atomic Composition (at. %)

49 ± 0.1

Ti

-

1550

380

1200

3400 ± 100

-

200

145

147

162

175 ± 15

(µΩ cm)

Electrical Resistivity

bFilm deposited using 400 °C substrate temperature and a 500 W plasma with an H -N (60 - 8 sccm) gas mixture at ~19 mTorr.
2 2
cFilms used in Li-diffusion barrier experiments.

aFilms used in Cu-diffusion barrier experiments.

26.0 ± 0.5

60 ± 0.5

H2

c

ab

H2

TaN

5 s H2 -N2

10 s H2 -N2

31.8

23.5

0.039

0.039

23.2

5 s H2 -N2

10 s H2 -N2

2 s H2 -N2

0.035 ± 0.02

(nm)

Growth-per-Cycle

21.1 ± 0.2

TiN

Thickness

Plasma Exposure

Table 3.2. The material properties of remote plasma ALD TiN and TaN films for various plasma exposure times.
In-situ spectroscopic ellipsometry, Rutherford backscattering spectroscopy, and four-point probe measurements
were used to determine the material properties. The typical experimental errors are shown in each column; a dash
means “not measured”. The deposition conditions from Table 3.1 were used unless indicated otherwise.
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ratio of 0.93 ± 0.02 and all contained a relatively low level of impurities [24].
This is in agreement with previous work where the combination of TiCl4 and
H2 -N2 plasma showed excellent material properties compared to other ALD
TiN processes [26]. Note, that for the Cu diffusion barrier experiments slightly
different deposition conditions were used (400 °C substrate temperature and a
500 W plasma with an H2 -N2 (60 - 8 sccm) gas mixture), which resulted in a
slight increase in growth rate and resistivity.
The TaN properties depend strongly on the plasma exposure time. This can
be explained by the fact that TaN can exist in many crystal phases depending
on the [Ta]/[N] ratio. Stable crystal phases ranging from conductive Ta2 N to
semiconductive Ta3 N5 have been reported [27]. The TaN films obtained with
a 3 s H2 plasma were reasonably conductive (3400 µΩ cm), had a relatively
low N-content of 32 %, and had the cubic crystal phase (as discussed further
on). The N-content further reduced down to 25 % when the plasma exposure
time was increased, which also resulted in a higher mass density and lower resistivity (as low as 380 µΩ cm, Table 3.2). H2 -N2 mixtures and NH3 were also
used as the plasma gasses but these conditions resulted in a large increase in
resistivity (e.g., 1.1×104 µΩ cm for a 98:2 H2 -N2 plasma) and even led to the
semiconducting Ta3 N5 phase [23]. Since our interest lies in conductive barrier films, only films deposited by H2 plasma were investigated in the current
Chapter.
Figures 3.3a and 3.3b show the growth-per-cycle and FPP resistivity of
the films as a function of plasma exposure time. During the first few seconds
of plasma exposure both processes show a large increase in the growth-percycle after which saturation takes place. For TaN a so-called “soft” saturation
behavior is observed while the saturation in growth-per-cycle is much clearer
for the TiN case. This “soft” saturation can be explained by the aforementioned
dependence of the material properties on the plasma exposure time (see Table
3.2) [23]. The change in material properties for TaN is also evident by the
large change in resistivity with plasma exposure time (Figure 3.3b). For TiN
only minor changes take place which can be attributed to a small reduction in
the Cl-impurity content.
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Figure 3.3. (a) The growth-per-cycle and (b) the four-point-probe
(FPP) resistivity of TaN and TiN films as a function of the plasma
exposure time in the ALD cycle. The lines serve as guides to the
eye.

The microstructure of the films was investigated by XRD and the measured spectra for TaN and TiN films deposited under the baseline conditions
of Table 3.1 are given in Fig. 3.4. For both films, it is clear that the material
has a cubic phase structure as can be concluded from the comparison with the
powder sample data [28]. Both the TaN and TiN films show a strong preferential (200) growth direction compared to the powder sample. Fréty et al. found
that sputtered TaN also showed a preferential (200) growth direction depending on the N2 pressure during deposition [22]. For a TaN film of 800 cycles
deposited using H2 plasma and Ta(NMe2 )5 precursor, Kim et al. found no preferential direction [17], while Park et al. reported an increase of the (200) peak
intensity using longer plasma exposures and Ta(Nt Bu)(NEt2 )3 precursor [19].
For sputtered TiN a strong preferential orientation was found as well but in the
(111) direction [14]. In previous work we found that for ALD TiN the preferential (200) growth direction disappears when a lower deposition temperature
of 100 °C was used [19]. As can be seen from these literature comparisons
the microstructure depends largely on the deposition method and the process
conditions used.
Cu Diffusion Barrier Properties. The Cu diffusion barrier properties
were studied in an experiment in which Cu diffusion through the barrier layer
was monitored as a function of temperature in order to determine the barrier
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Figure 3.4. X-ray diffraction (XRD) spectra for (a) a 91 nm thick
TaN film and (b) a 60 nm thick TiN film. The diffraction patterns
for cubic powder samples are also given.

failure temperature. Evidently, a higher failure temperature indicates a higher
barrier quality. Test structures were fabricated by sputter depositing Cu films
onto the barrier layers as described in the experimental details. The TaN and
TiN film were deposited on the Si substrates, where TaN was deposited using the baseline conditions (Table 3.1), and the TiN film was deposited under slightly modified conditions (i.e., 400 °C deposition temperature, 500 W
plasma with 60 sccm H2 and 8 sccm N2 ). These conditions result in very similar material properties as shown for the baseline conditions (Table 3.2).
For both barrier materials two different experiments were carried out. First,
the sheet resistance of a Cu-barrier-Si stack was monitored as a function of anneal temperature. Variation of Cu sheet resistance with anneal temperature is
known to provide a good measure of barrier performance [14, 22, 29, 30]. Barrier failure leads to a significant change in resistivity due to the formation of
poorly conductive Cu3 Si [14, 20, 22, 29], which will result in an increase in
the sheet resistance due to the concurrent loss of Cu. As a reference the sheet
resistance of a barrier-Si stack was also measured to find possible annealing
effects and to investigate the thermal stability of the barrier material itself.
Figure 3.5 shows the sheet resistance at 150 °C of the TaN-Si, TiN-Si,
Cu-TaN-Si and the Cu-TiN-Si stacks as a function of anneal temperature. The
resistance of the TaN-Si stack decreases for temperatures above 400 °C. The
fact that this occurs at 400 °C instead of just above the deposition temperature
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Figure 3.5. The sheet resistance at 150 °C of the TaN-Si, TiN-Si,
Cu-TaN-Si and Cu-TiN-Si stacks after heating to the anneal temperature indicated at the horizontal axis. The annealing temperature
was increased in steps of 50 °C up to a maximum temperature of
700 °C.

(225 °C) demonstrates the thermal stability of the TaN. A similar but less pronounced annealing effect is visible for the TiN-Si stack possibly related to the
higher deposition temperature of 400 °C. Due to the Cu film, the Cu-TaN-Si
and Cu-TiN-Si stacks show a very low sheet resistance (0.2 Ω/ and 0.1 Ω/
respectively), which is lost for both barriers for annealing temperatures above
600 °C, when the sheet resistance suddenly increases.
To attribute the change in sheet resistance with annealing to barrier failure
or to another effect a second experiment was performed; XRD spectra were
measured for the stacks after annealing at different temperatures. These spectra
should reveal possible Cu3 Si formation and the concurrent loss of Cu. For
completeness it should be noted that the XRD spectra for the annealed TaN
and TiN films without a Cu layer (not shown) were indistinguishable from the
original (not-annealed) film. This indicates that the reduction in resistivity of
the TiN and TaN in the TiN-Si and TaN-Si stacks shown in Fig. 3.5 is not
caused by a measurable change in microstructure.
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Figure 3.6. XRD spectra of Cu-TaN-Si stacks with 50 nm of Cu
and 29 nm of TaN. Spectra are given for samples annealed at 200,
400, 600, 650 and 700 °C. The most intense lines for the diffraction
pattern of cubic TaN, Cu and Cu3 Si powder samples are indicated.
The spectra are shifted vertically for clarity.

The XRD spectra for the Cu-TaN-Si stacks annealed at 200, 400, 600, 650
and 700 °C are shown in Fig. 3.6. The most intense lines for the diffraction
patterns of powder samples of cubic TaN, Cu, and Cu3 Si are also indicated in
the figure. Three observations can be made when comparing the XRD spectra:
i) the TaN lines are not affected by the anneal, ii) the intensity of the Cu lines
drops for the samples annealed at 650 and 700 °C, and, most importantly, iii)
Cu3 Si lines appear for the samples annealed above 600 °C. These Cu3 Si lines
are best visible at 2θ values of 65° and 82°. These observations are therefore
in agreement with the result obtained by the sheet resistance measurements,
i.e., between 600 and 650 °C Cu starts diffusing through the TaN film and the
barrier fails.
For sputtered TaN films ranging from 25 to 50 nm thick, it has been
reported that Cu diffusion starts between 650 °C and 700 °C [13, 29, 31],
where the rate of diffusion is lower for films with higher N-content [29]. Kim
and coworkers reported a failure temperature of 800 °C for a 12 nm thick
TaN0.75−0.8 film deposited by ALD using a 5 s H2 plasma [17]. The same group
also reported that similar to sputtered barrier films an increase in N-content
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further increases the failure temperature [17, 21]. However, it should also be
noted that increasing the N-content of the TaN film increases the resistivity
which can be undesirable in barrier applications. Our results are in qualitative
agreement with those reported in literature, considering the fact that a lower
failure temperature (600 - 650 °C) was observed for TaN films with lower Ncontent (TaN0.49 , Table 3.2). Moreover, a difference in microstructure can also
have a large effect on failure temperature [17, 20]. We observed a preferential (200) growth direction while Kim et al. did not report such a preferential
growth direction [17]. This is a factor that likely contributes to the difference
in failure temperature, since a strong preferential growth can be related to a
columnar microstructure which gives rise to fast diffusion pathways [22, 29].
The XRD spectra for the Cu-TiN-Si stacks annealed at 200, 400, 600 and
700 °C are shown in Fig. 3.7. The most intense lines for the diffraction patterns
of powder samples of cubic TiN, Cu and Cu3 Si are also indicated in the figure.
Two conclusions can be drawn when comparing the XRD spectra: the TiN
lines are not affected by the anneal and the Cu lines become more intense and
narrower for higher anneal temperatures. Most importantly, no Cu3 Si lines are
observed which points to no barrier failure up to a temperature of 700 °C.
To further investigate the evolution of the Cu in the stack with anneal temperature for both the Cu-TaN-Si and the Cu-TiN-Si stack, the intensity of the
strong Cu(111) peak (2θ 43.3°) was determined and the crystallite size was
obtained from the full-width-at-half-maximum (FWHM) of this peak using
Scherrer’s equation [32]. Figures 3.8a and 3.8b show the intensity and the
crystallite size versus anneal temperature for Cu(111) in the Cu-TaN-Si and
the Cu-TiN-Si stack, respectively. The Cu peak intensity shows an increase
with anneal temperature for both TaN and TiN up to 600 °C, indicating Cu
crystallization. The Cu crystallization is in agreement with the FPP results in
Fig. 3.5 showing a small decrease in resistance. Similar increases in Cu(111)
intensity have been reported in the literature [13, 14, 29, 31]. Above an anneal
temperature of 600 °C the Cu peak intensity from the Cu-TaN-Si stack shows
a strong decrease as also expected from the Cu3 Si peak appearance and the
strong increase in sheet resistance. A completely different behavior is observed
for the Cu in the Cu-TiN-Si stack. The intensity increases strongly while the
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Figure 3.7. XRD spectra of Cu-TiN-Si stacks with 50 nm of Cu and
32 nm of TiN. Spectra are given for samples annealed at 200, 400,
600, and 700 °C. The most intense lines for the diffraction pattern of
cubic TiN, Cu and Cu3 Si powder samples are indicated. The spectra
are shifted vertically for clarity.

crystallite size also increases slightly, especially for a temperature above 600
°C. This suggests a strong crystallization behavior that can be related to high
bulk diffusion inside the Cu above 600 °C due to its low melting point (1085
°C).
As no Cu3 Si peaks are formed and the Cu peak intensity is not decreasing for the Cu-TiN-Si stack, the increase in sheet resistance for temperatures
above 600 °C in Fig. 3.5 cannot be explained by the loss of Cu. Figure 3.9
shows SEM images of the surface of the Cu-TiN-Si stack: the as-deposited
film (a) shows a smooth surface compared to the annealed (700 °C) Cu surface
(b), which reveals a clear roughening of the Cu film. Annealing is reported to
cause roughening of Cu films on poorly wettable surfaces like TiN [33, 34].
When a larger area is observed (30 µm width, Fig. 3.9c) a discontinuous Cu
film is visible. The discontinuous Cu film explains why the resistance increases
for temperatures above 600 °C [35]. Due to the large crystallite growth above
600 °C, poorly connected islands are formed, resulting in an increase in sheet
resistance. Apparently the 50 nm Cu film is not thick enough to prevent this

62

Chapter 3

Figure 3.8. Peak intensity and crystallite size (derived using Scherrer’s equation) of the Cu(111) peak in the XRD spectra for (a) CuTaN-Si (Fig. 3.6) and (b) Cu-TiN-Si (Fig. 3.7) stacks annealed at
different temperatures.

effect. Contrary to TiN, Ta-rich TaN, which is used for the Cu-TaN-Si stacks,
has been reported to have excellent wettability for Cu [36]. For TiN the resistance increase is therefore not caused by Cu diffusion through the barrier,
suggesting excellent barrier properties.
For stacks with 25 nm of sputtered TiN, failure temperatures were reported
ranging from >550 °C to >750 °C for increasing TiN mass density (4.99 to
5.12 g cm−3 ) [14]. It is interesting to note, that the density of the films in our
work is lower (4.0 g cm−3 , Table 3.2) while the barrier properties are still good
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Figure 3.9. SEM images of the Cu-TiN-Si stack: (a) the smooth
as-deposited Cu film and (b) the roughened Cu film after annealing
at 700 °C. (c) The as-deposited closed Cu film has become discontinuous after annealing, exposing areas of the underlying surface.

up to 700 °C. Uhm et al. reported a resistance increase using FPP measurements at temperatures above 600 °C, Cu3 Si peaks in XRD spectra at 550 °C
and small defects using an etch pit test at 500 °C for ALD TiN films deposited
at 450 °C using TiCl4 and NH3 [37]. Comparing these failure temperatures to
our results indicates excellent barrier properties for the TiN films deposited by
remote plasma ALD.
Li Diffusion Barrier Properties. In 3D-integrated all-solid-state batteries, the barrier layers must prevent diffusion of Li from the active battery layers
into the substrate over the entire electrochemical potential range used. A thin
barrier layer is desired (10-100 nm) while maintaining the barrier properties
and sufficient electrical conduction. Baggetto et al. reported the feasibility of
using sputtered TaN and TiN films as planar Li diffusion barriers [7]. To assess
the prospects of using high-aspect-ratio (>5) structures in future 3D batteries,
TaN and TiN films deposited with ALD were investigated in this work.
To do so, the electrochemical properties of 60-nm-thick planar TiN and
TaN films deposited by remote plasma ALD under the baseline conditions were
studied (see Table 3.1 and 3.2). Figure 3.10 shows cyclic-voltammograms of
the films measured in a Li-containing electrolyte solution under the experimental conditions as described by Baggetto et al. [7]. The TiN film shows a very
low current over the entire potential range, indicating low reactivity towards Li
and demonstrating its capability as Li diffusion barrier. The reactivity of the
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Figure 3.10. Cyclic voltammetric scans at 1 mV/s of 60 nm thick
TaN and TiN films showing the reaction of the films towards Liions.

TaN film is much higher than that of the TiN film, as indicated by the intensity of the current peaks at around 1 and 1.5 V. These peaks can be ascribed
to tantalate structures such as Ta2 O5 [38], which are known to be active intercalation materials below 1.5 V. As can be seen from the atomic composition
(Table 3.2), a significant fraction of oxygen is present in the TaN films. When
the TaN film is exposed to cycles of constant-current charging and discharging,
an experiment that provides information about the amount of charge involved
during continuous cycling, an intercalation response into silicon is observed
after a few cycles (not presented here). This response means that the actual
TaN films do not prevent the penetration of Li-ions into the bulk of silicon.
For the TiN film the barrier performs well under this galvanostatic cycling and
it has an even lower Li intercalation capacity than a 70 nm thick sputtered TiN
film as shown in Fig. 3.11.
Obviously, for the TaN film the reactivity toward Li is too high. However,
since TaN can have a wide range of compositions, tuning the composition
might provide adequate barrier properties for certain TaN films deposited by
ALD. From the current results it is already clear that TiN deposited by remote
plasma ALD is a very promising candidate for Li diffusion barrier applications.
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Figure 3.11. Galvanostatic cycling for TiN prepared by sputtering
and remote plasma ALD at a constant current of 3 µA/cm2 . The
remote plasma ALD TiN film shows a lower capacity for Li, indicating better barrier properties.

For sputtered films, TiN also showed better characteristics than TaN [7] while
the ALD grown TiN films exhibit an even lower Li capacity.
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Conclusions

Remote plasma ALD of TaN and TiN films has been investigated using
the combinations of Ta(NMe2 )5 precursor with H2 plasma and TiCl4 precursor
with H2 -N2 plasma, respectively. Cubic metal nitride films with a relatively
low electrical resistivity (TaN: 380 µΩ cm; TiN: 150 µΩ cm) can be deposited
for both materials with the properties of the TaN material strongly depending
on the plasma exposure time.
Furthermore, diffusion barrier tests have been carried out with respect to
the anticipated application of the materials as Cu and Li diffusion barriers.
TaN films show a good Cu barrier performance up to 600 °C as found by FPP
and XRD experiments. For TiN films no Cu diffusion was observed up to a
temperature of 700 °C. However, in this case the Cu film became discontinuous
at annealing temperatures above 600 °C due to roughening, causing a large
increase in electrical resistance.
The first Li diffusion barrier experiments show that the TiN film is a very
promising Li barrier, while the TaN barrier layers need further improvement.
Consequently, both Cu and Li diffusion barrier experiments indicate better barrier properties for the TiN films, suggesting that the TiN films prepared by remote plasma ALD yields an overall better barrier performance than the TaN
films prepared by remote plasma ALD. Although it is unclear for the moment
whether the difference in Cu barrier performance is an intrinsic material property or due to the difference in process conditions used (such as halide precursor at high substrate temperature of 400 °C for TiN and metalorganic precursor
at lower substrate temperature of 225 °C for TaN).
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Appendix: TiN Conformality
Several factors influence the conformality of TiN films deposited by remote plasma ALD. The in-trench diffusion of both TiCl4 and plasma radicals
can be an issue, and long dosing times might be required. Furthermore, the
radical flux is expected to be lower at the bottom of the trench due to radical recombination on the surface of the trench as addressed in Chapter 7 [39].
Although usually not considered, the wall temperature of the reactor can also
have an influence. Lowering the wall temperature is believed to reduce the TiN
film growth at the wall, thereby reducing the total amount of HCl liberated during ALD and consequently also reducing the HCl flux towards the substrate.
A high HCl flux might cause a reduced conformality as HCl is able to etch
TiN and poison adsorption sites [40]. At a high wall temperature (120 °C), we
typically found a relatively poor conformality (e.g. ~40% for a pore with an
aspect ratio of 16 and with 15 s plasma exposure time). A higher conformality
was achieved at a wall temperature of 90 °C and a plasma exposure time of
20 s (500 W plasma with an H2 -N2 (60 - 8 sccm) gas mixture at ~19 mTorr)

Figure 3.12. SEM images of a TiN-covered 1 µm wide trench with
an aspect ratio of 21 at the top (left image) and at the bottom (right
image) of the trench. Size indicators show the estimated TiN film
thickness (± 5 nm).
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using 400 °C substrate temperature. The SEM image of Fig. 3.12 shows the
excellent conformality (~100%) achieved in a 1 µm wide trench with an aspect
ratio of 21.
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CHAPTER 4

Reaction Mechanisms of Atomic Layer Deposition of
TaN x from Ta(NMe2 )5 Precursor and H2 -based
Plasmas∗

Abstract
The reaction mechanisms of plasma-assisted atomic layer deposition
(ALD) of TaN x using Ta(NMe2 )5 were studied using quadrupole mass spectrometry (QMS). The fact that molecule dissociation and formation in the
plasma have to be considered for such ALD processes was illustrated by the
observation of 4% NH3 in an H2 -N2 (1:1) plasma.
Using QMS measurements the reaction products during growth of conductive TaN x using an H2 plasma were determined. During the Ta(NMe2 )5
exposure the reaction product HNMe2 was detected. The amount of adsorbed
Ta(NMe2 )5 and the amount of HNMe2 released were found to depend on the
number of surface groups generated during the plasma step.
At the beginning of the plasma exposure step the molecules HNMe2 , CH4 ,
HCN, and C2 H2 were measured. After an extended period of plasma exposure,
the reaction products CH4 and C2 H2 were still present in the plasma. This
change in the composition of the reaction products can be explained by an
interplay of aspects including the plasma-surface interaction, the ALD surface
reactions, and the reactions of products within the plasma. The species formed
in the plasma (e.g., CH x radicals) can re-deposit on the surface and influence
to a large extent the TaN x material composition and properties.
∗
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Introduction

TaN x is one of the candidate materials for Cu diffusion barriers and for
metal gates in the next semiconductor technology nodes [1–3]. To deposit
TaN x films, atomic layer deposition (ALD) is being investigated with ALD’s
excellent conformality being of vital interest for the barrier application and
ALD’s high uniformity and precise growth control being key for the deposition
of metal gates [2, 4]. TaN x has many stable and metastable phases ranging
from the conductive Ta metal to the semiconductive Ta3 N5 phase [5, 6]. For the
deposition of TaN x , plasma-assisted ALD is considered to be very promising,
since a highly reductive environment such as an H2 plasma is required to obtain
the conductive TaN x phase. However, with the use of H2 plasma in ALD
of TaN, a large variation in composition and resistivity of the films has been
reported in the literature [7–12]. To understand the relation between plasma
processes and the material properties, a more detailed insight into the reaction
mechanism is needed.
In general, there exist only a few reports on reaction mechanism studies of plasma-assisted ALD in the literature. Most of these studies concern
O2 -plasma-based processes, i.e., Al2 O3 [13–15], TiO2 [16], and Ta2 O5 [17],
and these studies mostly revealed combustion-like reactions during the plasma
step. To our knowledge only one extensive reaction mechanism study has
been reported for the growth of metals or metal nitrides by plasma-assisted
ALD, which was for the deposition of Ti using TiCl4 and H2 plasma [18].
For many applications however, metal-organic precursors are preferred to exclude the possibility of introducing halide impurities in the deposited film.
Kim et al. and Maeng et al. speculated on the reaction mechanism during
the plasma-assisted ALD process of TaN x with Ta(NMe2 )5 precursor and H2
plasma and based their discussion on the TaN x film composition and on the
results for thermal ALD of TiN from Ti(NMe2 )4 and NH3 [9, 19]. They suggested that HNMe2 is released during the precursor step and that HNMe2 and
CH4 are released during the plasma step. Rayner et al. proposed a reaction
between Ta(Nt Bu)(NEt2 )3 at the surface and incoming H radicals (generated
by a hotwire source) forming HNEt2 as reaction product [20]. Moreover, it has
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to be realized that due to the presence of a plasma, dissociation and recombination reactions should be considered as they could play an important role in
the deposition process.
In this work the reaction mechanism of the plasma-assisted ALD process
for TaN x with Ta(NMe2 )5 precursor and H2 plasma was investigated by quadrupole mass spectrometry (QMS). The process itself and the material properties obtained were described in our earlier work [10]. First the TaN x ALD
process is briefly reviewed, focusing on changes in the material and process
properties with increase in plasma exposure time, i.e., the variation of the material composition, the change in resistivity, and the so-called soft saturation of
the growth-per-cycle (GPC). Subsequently, the issues and considerations when
using mass spectrometry for studying ALD are discussed and the measurement
procedure is described. The aspect of molecule formation in plasmas is considered and illustrated by the observation of NH3 in H2 -N2 plasmas. Using
the described measurement procedure, the reaction products during growth of
the conductive TaN x phase were determined. Finally, the reaction mechanisms
and growth processes are discussed, addressing the fact that the interaction of
the material and the reaction products with the plasma plays an important role
in the TaN x growth process by plasma-assisted ALD.
Plasma-assisted ALD of TaN x
In a previous publication we reported on the development of a plasmaassisted ALD process for TaN x using PDMAT (Ta(NMe2 )5 ) and H2 , H2 -N2 ,
and NH3 plasmas and showed that the resulting material depended on the
plasma composition and the plasma exposure time [10]. In short, the remote
plasma ALD reactor consisted of a turbomolecular-pumped deposition chamber (base pressure of <10−5 Torr), an inductively coupled plasma (ICP) source,
and a precursor dosing system. The plasma source could be seperated from the
deposition chamber by a gate valve in between. Ar was used as carrier gas at a
working pressure of ~30 mTorr to adequately deliver the vapor from the solid
Ta(NMe2 )5 precursor which was heated to 75 °C. The flow was controlled using a leak valve upstream. The Ar flow was also used for purging the chamber
after precursor exposure using a divert line. The remote ICP plasma source
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Figure 4.1. The resistivity (a) and the number of Ta and N atoms
per cycle per nm2 (b) for TaN x deposited by ALD as a function of
the H2 plasma exposure time at a deposition temperature of 225 °C.
The data for a 10 s plasma exposure at 150 °C were included for
comparison.

was operated at 100 W rf power and 7.5 mTorr pressure of H2 , H2 -N2 , or NH3
gas. In between the precursor and plasma step the chamber was pumped down
(<10−4 Torr).
At the typically used ALD exposure times with a 4 s exposure of Ta(NMe2 )5
and 10 s exposure of H2 plasma at a deposition temperature of 225 °C, conductive (1200 µΩ cm), cubic TaN x films were obtained. By increasing the plasma
exposure time to 30 s, the resistivity of the films decreased to 380 µΩ cm. A
decrease in deposition temperature had a smaller effect on the resistivity leading to 1300 µΩ cm for depositing at 150 °C. Figure 4.1 shows the change in
resistivity and the number of Ta and N atoms deposited per cycle as a function of the plasma exposure time. The resistivity decreases about two orders
of magnitude with the increase in plasma exposure time and the material becomes more Ta rich. The number of Ta atoms deposited per cycle increases
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Figure 4.2. The growth-per-cycle for TaN x as a function of plasma
exposure time at a deposition temperature of 225 °C. The solid line
shows the double exponential decay fit with two time constants.
The two contributions ("a" and "b") with different time constants
are shown separately in dashed lines. The growth-per-cycle for 10 s
plasma exposure at 150 °C was included for comparison.

while the number of N atoms deposited per cycle stays almost constant. Since
each Ta atom comes from a Ta(NMe2 )5 precursor molecule, more precursor
molecules are apparently adsorbed per cycle when employing longer plasma
exposure times. As commonly observed for TaN x films deposited by ALD,
O (~15 %) and C (~10 %) impurities are present in the films. The O content
decreases slightly with plasma exposure time and the O probably originates
from precursor impurities and post-deposition oxidation. The C content does
not decrease with plasma exposure time and does not show a clear trend. The
C content most likely originates from the Me groups in the precursor.
The evolution of the growth-per-cycle (GPC) is considered to better understand the large change in material properties with plasma exposure time.
The precursor exposure shows normal saturation behavior (saturating in 3 s)
and could be fitted with a single exponential function. The plasma exposure,
however, showed a so-called soft saturation characterized by a large increase
in GPC in the first few seconds of the plasma exposure and a slow increase
over longer time as shown in Fig. 4.2. Note, that this behavior is not caused
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by a parasitic CVD growth component, since thermal decomposition of the reactant (H2 plasma) cannot be an issue. The saturation behavior was fitted with
a double exponential function with two time constants [10]. These two time
constants basically suggest that two processes play a role, one with a short
time constant of 0.7 s, component “a”, and one with a long time constant of
8 s, component “b”. The two time constants and the accompanying change
in material properties can be related to the reaction mechanism of the process
and to the reaction products created. The latter will be shown by a systematic
QMS study below.
When using plasmas consisting of H2 -N2 (1:1 ratio) or NH3 , amorphous
Ta3 N5 films with a high resistivity (5×104 µΩ cm) and low C content (<2
%) were obtained. Even when only a small amount of N2 was admixed to the
H2 plasma (98:2 ratio), the N content increased (N/Ta = 1.0) and the resistivity
of the films was high (1.1×104 µΩ cm). Therefore, the transition to the stable Ta3 N5 phase is expected to be fast. Consequently, the dependence of the
growth process on plasma exposure was not investigated.

Mass Spectrometry Study for ALD
QMS is an excellent tool to study ALD processes. The most prominent
benefits of QMS are:
• The technique is non-invasive. Because only a small amount of gas
is extracted in the measurement, the ALD process is not influenced
by it.
• A relative high time resolution can be obtained when few masses are
measured at the same time (e.g., 300 ms).
• It is easy to interpret when the cracking patterns of the parent molecules are known and/or do not overlap.
• It is sensitive as small concentrations of species can be measured
especially when the background is low.
• A wide range of species can be detected as basically any stable chemical species can be measured. For instance, a sensitive technique such
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as laser spectroscopy can typically only be used to probe a small selection of molecules due to the typical limited tuning ranges of the
wavelength.

Because of these benefits, QMS has been used in a variety of studies of ALD
in the literature [14, 17, 21–23].
Species detection by QMS occurs as follows: first a small fraction of the
gas molecules are extracted from the reactor through the orifice into the QMS
and are ionized through electron-impact ionization by electrons with typically
an energy of ~70 eV. In typical QMS configurations only stable gas-phase
species are detected since plasma radicals, which might be present in the reactor, will generally recombine while entering the QMS, i.e., before they can be
ionized. Besides being ionized into parent molecule ions, i.e.,
AB + e− → AB+ + 2 e− ,
a significant part of the parent molecules will be ionized dissociatively to
smaller fragments of the parent molecule:
AB + e− → A+ + B + 2 e− .
The parent molecule ions and other ionized fragments will enter the quadrupole mass filter. This mass filter allows only a narrow mass range to pass
through on the basis of a properly chosen combination of dc and rf electric
fields. The ions that pass through the filter are measured by the SEM detector.
It is important to realize that it is not directly the mass of the ionized fragments
that is measured, but the mass-to-charge ratio (m/z). Since most fragments have
charge one, m/z is in most cases the same as the mass. The mass spectrum resulting from the fragmentation of a particular molecule is referred to as the
cracking pattern. The cracking pattern is a kind of fingerprint of the molecule
and can be used to identify the parent molecules responsible for a measured
spectrum. The NIST database can be used which contains a wide range of
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cracking patterns from a variety of sources [24]. However, it should be realized that QMS setups can vary in their sensitivity as a function of the m/z value
depending on the configuration and on the parameter settings.
When following several m/z ratios, the time per m/z measurement is determined by the dwell time and the delay time. The dwell time is the time
over which the SEM detector signal is integrated (e.g., 50 ms); the delay time
is the dead time for changing between m/z values. The delay time should be
sufficiently long for the mass filter to stabilize at a certain setting (e.g., 10
ms). Otherwise, also fragments other than those with the target m/z value will
contribute to the signal. Moreover, it is advisable to measure m/z values in an
order from low to high to minimize the size of the changes in m/z value setting, with this order contributions from fragments at unwanted m/z values can
be avoided. Besides that, so-called pressure effects can also be present, i.e.,
changes in signal due to changes in pressure even when the measured signal is
not from a species causing the pressure change. Therefore, comparison of signals should be done at similar pressures. Furthermore, because the sensitivity
of the QMS can vary over time, in the case that different measurements have
to be compared, reference signals should be used to correct for this variation.
For example a signal from Ar+ (m/z = 40) can be chosen as reference signal. In
this case a known partial pressure of Ar gas should be present during the ALD
process.
QMS Measurement Procedure. The QMS can operate in different modes, either measuring a wide mass range (e.g., m/z = 1 – 100) with low time
resolution (also referred to as a mass scan) or a few masses with higher time
resolution (also referred to as a time-dependent scan). The stepwise nature
of ALD and the associated short time in which reaction products are released
require a carefully considered measurement procedure to determine the reaction products. Measuring a large range of masses is desired to unambiguously
attribute changes at certain m/z values to specific gaseous species. However,
to achieve sufficient time resolution, the time resolved measurements should
be carried out by monitoring only a few m/z values at the same time. Due to
the cyclic nature of ALD in which the process is continuously repeated, the
measurements at different m/z values during different cycles can be combined
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to form a mass spectrum for a single cycle. This mass spectrum represent the
signals during a single cycle for of a wide range of masses with a high time
resolution. To improve the signal-to-noise ratio the signals of multiple cycles
can be used for averaging and the reference signal can also be used to monitor the reproducibility of the measurements. To distinguish the signals caused
by reaction products from the background signals, properly chosen reference
spectra are measured. Reaction products will not be formed when the surface
reactions are already saturated so repeating a precursor or reactant exposure
will show their cracking patterns and can therefore serve as a reference. When
a plasma is used as reactant, a measurement under zero plasma power shows
the signal for only the source gasses.
For the QMS measurements a differentially-pumped quadrupole mass spectrometer (Pfeiffer QME 200, mass-to-charge ratio m/z = 0 – 200) with a 150
µm orifice was fitted to the side of the reactor. In the measurement procedure
for the TaN x process, four m/z values were measured at the same time. The
measurement per four m/z values consisted of five normal ALD cycles (“normal ALD”), five cycles with zero plasma power (“precursor only”), and five
cycles with no Ta(NMe2 )5 (“plasma only”). The “plasma only” cycles were
performed by keeping the precursor valves closed (the Ar flow is not diverted
through the Ta(NMe2 )5 bubbler), and the “precursor only” cycles were performed by setting the plasma power to zero in the cycle. Therefore both “cycle
conditions” have basically the same pressures changes as a normal cycle, minimizing any “pressure effects” in the signal. The measurement per four m/z
values was repeated until data were obtained for all m/z ratios in the range of
m/z = 12 – 46. In each measurement, the signal at m/z = 40 (Ar+ ) was included
to serve as a reference while the other three m/z values varied. On the basis
of the Ar+ signal, the different measurements were synchronized afterwards.
Furthermore, the signal at m/z = 40 (Ar+ ) during the precursor step was used
to monitor the sensitivity of the QMS and was used to normalized the signal.
The signal at each m/z value for each “cycle condition”, i.e., “normal ALD”,
“precursor only”, and “plasma only”, was averaged over the last four cycles as
the first cycle typically showed influences from the previous “cycle condition”.
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Figure 4.3. The averaged ion current for m/z = 15 as a function of
time for the “normal ALD” cycle, the “precursor only” cycle, and
the “plasma only” cycle. The vertical bars with numbers 1 to 4 indicate the signals used to construct the combined spectra with multiple masses. The precursor exposure and plasma exposure times are
indicated at the top of the figure.

Figure 4.3 shows the contributions in the QMS signal for the precursor and
plasma step measured during the three “cycle conditions”. In this case m/z =
15 is used as an example. During the “normal ALD” cycle the precursor step
has contributions from cracking of Ta(NMe2 )5 precursor, from reaction products formed in ALD surface reactions, and from background signals including
the Ar flow. The plasma step has contributions from plasma gas species, from
reaction products and from background signals including the H2 flow. The
“precursor only” and “plasma only” cycles represent situations for which extended Ta(NMe2 )5 exposure or extended plasma exposure times have been employed, respectively. In the case of an extended Ta(NMe2 )5 exposure time no
contribution by reaction products is expected due to saturation of the precursor
adsorption. Normally, also in the case of extended plasma exposure times no
new reaction products are expected. However, due to the plasma-surface interaction, processes that cause a change in material properties can release gasphase products. The reaction products for the Ta(NMe2 )5 and plasma step can
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therefore be determined by comparing the signals measured during the “normal ALD” cycle with the signals for the cycles where either the Ta(NMe2 )5
exposure or the plasma exposure was omitted. Possible reaction products after
extended plasma exposure can be determined by comparing the plasma step of
the “plasma only” cycle with the the plasma step of the cycle with zero plasma
power ("precursor only"). To be able to get a good overview of all the data,
four mass spectra were constructed using all m/z values. In Fig. 4.3 the signals
used for the mass spectra are indicated for m/z = 15 with vertical bars. Two
mass spectra represent the signal for the reaction products during the precursor
step (signal 1) and during the plasma step (signal 2) in the ALD cycle, while
the other two mass spectra represent the reference signals which are the situations after extended precursor exposure (signal 3) or after extended plasma
exposure (signal 4).
It should be noted that surface-generated species measured in the QMS
can originate from all surfaces. Since reactor wall surfaces are typically large
compared to the substrate size, species from the wall can contribute to a large
extent to the measured signal. To ensure that all measured reaction products
originate from reactions at the same temperature, both the wall and substrate
temperature should be set to the same temperature. In this study the temperatures were set to 150 °C. Therefore reactions are representative for ALD
growth of TaN x at 150 °C, which is fairly similar to ALD growth of TaN x at
225 °C as shown by the data in Figs. 4.1 and 4.2.
Results and Discussions
Dissociation and Formation of Molecules in Plasmas. H2 and N2 plasmas are often used in plasma-assisted ALD since they generate H and N radicals. However, plasma radicals can recombine and therefore H2 -N2 plasmas
can also produce species such as NH3 . Although dissociation reaction involving two species can occur in the gas phase at the pressures typically employed
during plasma ALD, three body reactions in the gas phase are more unlikely
and most of the molecule formation will therefore occur at surfaces [25]. The
formation of NH3 will occur according to the net conversion reaction:
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Figure 4.4. The mass spectra measured for: an H2 -N2 plasma (1:1),
an H2 -N2 gas mixture (1:1), and with the reactor at base pressure.
The main parent molecules of the fragments are indicated.

N2 + 3 H2 ↔ 2 NH3 .
Obviously, species generated by the plasma can again be dissociated and NH3
dissociation can therefore lead to NH and NH2 radicals.
To study the molecule formation in H2 , H2 -N2 , and NH3 plasmas, three
mass spectra were measured for each plasma: i) the mass spectrum during
plasma operation (“plasma on”); ii) the mass spectrum of the plasma gas mixture (“plasma off”); and iii) the mass spectrum with the reactor at base pressure.
The mass spectrum with the reactor at base pressure shows the baseline due to
residual species in the reactor chamber and mass spectrometer.
As expected, in pure H2 plasmas no molecules other than H2 are produced.
Figure 4.4 shows the mass spectrum of an H2 -N2 (1:1) gas mixture for the
“plasma on” and “plasma off” case. Also the base signal level is indicated. The
base pressure spectrum shows the presence of H2 O in the background through
its cracking pattern at m/z = 16, 17, 18. Comparing the mass spectrum of the
“plasma off” case with the base spectrum, an increase in the masses for H2 (m/z
= 2) and N2 (m/z = 7, 14, 28) is observed as expected. A comparison between
the “plasma on” and “plasma off” case shows an increase for m/z = 15, 16 and
17. These m/z values and the relative intensities at which they are observed
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Figure 4.5. The NH3 production in an H2 -N2 plasma as a function
of the volume fraction of H2 with respect to the total H2 -N2 gas
mixture. The NH3 amounts were calculated from the m/z = 16 and
17 signal measured by the QMS. The percentages are given with
respect to the original H2 -N2 gas mixture.

correspond with the cracking pattern of NH3 , indicating the formation of NH3
in the H2 -N2 plasma. The accompanied decrease of H2 and N2 is only small
(especially on the logarithmic scale). This implies that only a small fraction of
these molecules are converted in NH3 .
To investigate the amount of NH3 formed in the H2 -N2 plasma, the NH3
m/z signals were calibrated by introducing gas mixtures with known partial
pressures of NH3 in the reactor. The volume fraction of NH3 was varied and
the total pressure was kept constant at the same value used for the other measurements to minimize any “pressure effects”. With these known partial pressures for NH3 , the relations between the measured ion currents at m/z = 16 and
17 and the partial pressure were determined. Using this calibration the volume
fraction of NH3 in the plasma was calculated.
Figure 4.5 shows the volume fraction of NH3 in an H2 -N2 plasma as a
function of the volume fraction of H2 with respect to the total H2 -N2 gas mixture. All volume fractions are expressed as a percentage of the original gas
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mixture. The maximum in NH3 production is obtained at around 60% H2 resulting in about 4% of NH3 . Our results relate well to a similar study by Van
Helden et al. on expanding thermal plasma reactors (with different geometries
and volumes), the maximum in NH3 production was found to occur in the same
range, i.e., 60% - 70% H2 , and had the same magnitude, i.e., 2% - 10% NH3
produced [26].
When employing an NH3 plasma, a large part of the NH3 is dissociated
into H2 and N2 which leads to an increase in the total number of particles.
Corresponding to the net conversion reaction it was found that roughly 40% of
the NH3 is dissociated, giving 60% H2 and 20% N2 . Together with the remaining 60% NH3 this reveals that the particle number density increases to 140%
of the initial amount. This is in rough agreement with the observed pressure
increase to 170% of the initial pressure. The difference is likely caused by
heating of the gas.
As addressed earlier, both the use of H2 -N2 and NH3 plasmas in ALD of
TaN x basically result in the same material, Ta3 N5 . This is not surprising considering the fact that these plasmas have similar compositions, i.e., a combination of H2 , N2 , NH3 , and N x Hy radicals. Although the relative concentrations
of these species will be different in these plasmas, this apparently does not
significantly affect the resulting material composition. When discussing the
reaction mechanisms during the plasma step it will be shown that molecule
formation can also occur using pure H2 plasmas when ALD reaction products
are released from the surface.
Cracking Pattern of Ta(NMe2 )5 . The cracking pattern of the Ta(NMe2 )5
precursor was determined to be able to distinguish signals due to the precursor
from signals due to reaction products. An Ar flow was used to transport the
Ta(NMe2 )5 into the chamber in the same way as during the precursor exposure
step in the ALD cycle. To determine the cracking pattern of Ta(NMe2 )5 , the
spectrum for pure Ar measured at the same pressure was subtracted from the
Ta(NMe2 )5 + Ar spectrum. Fragments containing Ta were not detected, most
probably due to the reduced sensitivity of the QMS in the high m/z range (m/z =
181 for Ta+ ). Figure 4.6 shows the Ta(NMe2 )5 cracking pattern. The HNMe2
pattern from the NIST database is included for comparison [24]. The two
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Figure 4.6. The Ta(NMe2 )5 cracking pattern measured at 70 eV
electron energy. The cracking pattern was obtained by subtracting
the Ar spectrum from the Ta(NMe2 )5 + Ar spectrum. A comparison is made with the HNMe2 cracking pattern taken from the NIST
database. Small mass offsets in m/z values on the horizontal axis
(∆m/z = 0.1) are used for clarity.

spectra show good overlap in the m/z values. Violet et al. have shown that during mass spectrometry of Ta(NMe2 )5 , fragments from the molecule HNMe2
are measured [27], which explains the agreement between the cracking pattern
of Ta(NMe2 )5 and HNMe2 in this mass range. They suggested that HNMe2
is formed in the mass spectrometer by NMe2 detachment from Ta(NMe2 )5
and subsequent reaction of the detached NMe2 with hydrogen adsorbed on
the mass spectrometer walls [27]. Assuming that also in the present case the
Ta(NMe2 )5 cracking pattern is dominated by HNMe2 -related species, the observed intensity difference between the Ta(NMe2 )5 and the HNMe2 spectrum
as a function of m/z value can be explained by a difference in sensitivity and/or
transmission for different m/z values, as often observed in the literature [28].
The signal at m/z = 17 and 18 can be attributed to H2 O present in the background.
Reaction Products: Precursor Step. In Fig. 4.7 the spectra during
Ta(NMe2 )5 exposure for a “normal ALD” cycle (signal 1 in Fig. 4.3) and for a
“precursor only” cycle (signal 3 in Fig. 4.3) are shown. The spectrum during a
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Figure 4.7. The mass spectrum during Ta(NMe2 )5 exposure for a
“normal ALD” cycle and for a “precursor only” cycle. The spectra
were constructed by combining the signal intensities for the different m/z values as described in the measurement procedure section.
The intensities from signals 1 and 3 were determined as indicated
for m/z = 15 in Fig. 4.3. Small mass offsets in m/z values on the
horizontal axis (∆m/z = 0.1) are used for clarity.

“normal ALD” cycle is a result of cracking of Ta(NMe2 )5 and cracking of reaction products, and the spectrum during a “precursor only” cycle is a result of
the signals for Ta(NMe2 )5 cracking only. Interestingly, the m/z values at which
a signal is observed are the same for the two spectra. This can be explained by
a contribution to the signals by Ta(NMe2 )5 and/or HNMe2 since the cracking
pattern for HNMe2 is very similar to the cracking pattern for Ta(NMe2 )5 in
this m/z range as shown in Fig. 4.6 [27]. The spectrum intensity level cannot
be explained by precursor cracking alone because the measured intensity is
higher than for the Ta(NMe2 )5 spectrum. Therefore it can be concluded that
HNMe2 is present as a reaction product. The resulting intensity of the signals
during ALD are therefore a combination of Ta(NMe2 )5 which is partially consumed and HNMe2 which is produced. The amount of HNMe2 produced per
consumed Ta(NMe2 )5 could be quite high since in the literature it has been
reported that for thermal ALD most of the ligands are released during the precursor adsorption. For ALD with Ta(Nt Bu)(NEt2 )3 and N2 H4 it was reported
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Figure 4.8. The spectrum showing the reaction products during the
beginning of the H2 plasma (signal 2). Cracking patterns from the
NIST database and the measured cracking pattern for HNMe2 (signal 3) are scaled to account for the measured spectrum. The spectra
for signals 2 and 3 were constructed by combining the signal intensities for the different m/z values as described in the measurement
procedure section. The intensities for signals 2 and 3 were determined as indicated for m/z = 15 in Fig. 4.3. Small mass offsets in
m/z values on the horizontal axis (∆m/z = 0.1) are used for clarity.

that three out of four ligands were removed during precursor adsorption [29].
However, no quantitative conclusions on the number of ligands released can
be drawn from the intensity difference. For example the higher measured intensity level in this m/z range could be simply due to a relatively higher signal
per measured HNMe2 molecule than the signal per measured Ta(NMe2 )5 molecule. For instance, ionization of Ta(NMe2 )5 could in principle result predominantly in ionized fragments containing Ta which would have higher masses
and would cause a relative low intensity for Ta(NMe2 )5 in the measured m/z
range.
Reaction Products: Plasma Step. Figure 4.8 shows the mass spectrum
representing the reaction products during the beginning of the plasma step (signal 2 in Fig. 4.3). The spectrum can be accounted for by a combination of
cracking patterns representing different molecules. The used cracking patterns
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represent the following molecules: HNMe2 (signal 3 in Fig. 4.3), CH4 , C2 H2 ,
and HCN (all from the NIST database [24]). Cracking patterns that span a
wide m/z range such as the cracking pattern for HNMe2 show more difference
between different QMS setups and therefore it is better to use a cracking pattern obtained using the same QMS setup than to use the one from the NIST
database. To this end, the measured Ta(NMe2 )5 cracking pattern (signal 3 in
Fig. 4.3) can be used as a cracking pattern for HNMe2 as discussed in the
previous section. The cracking patterns were scaled such that their linear combination roughly corresponds with the measured spectrum. Due to the high
background of H2 O in the QMS only large signals can be detected at m/z =
17 and 18. Therefore, small amounts of H2 O and/or NH3 as reaction product
could be present, despite the fact that no clear difference in signal was observed at these m/z values. The respective levels of C2 H2 + at m/z = 26 and
HCN+ at m/z = 27 were about equal in the linear combination used. This implies that the concentrations of C2 H2 and HCN are roughly similar, since the
ionization cross-sections of C2 H2 to C2 H2 + , and HCN to HCN+ , are expected
to be similar as in both cases it concerns ionization of the molecule without
dissociation.
Figure 4.9 shows the spectrum of the reaction products during the beginning of the plasma step, and the spectrum after extended plasma exposure.
After extended plasma exposure a few signals which were also present at the
beginning of the plasma are still observed. These are the signals which can
be attributed to CH4 and C2 H2 . Apparently, these products are present in the
plasma for a longer time (roughly equivalent to 30 s plasma exposure). Although the signal for C2 H2 at m/z values 24, 25, and 26 is low, the signal can
be clearly distinguished due to the low background signals at these m/z values.
Reaction Products: Time Dependence. Apparently, besides a decrease
in reaction product concentration during the plasma exposure due to the reaching of saturation also the composition of the reaction products changes over
time. To obtain more insight into this time dependence a few specific masses
were followed during an extended plasma exposure time. Furthermore, optical emission spectroscopy (OES) was used to measure emission from excited
species in the plasma. OES measurements were carried out by measuring the
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Figure 4.9. The spectrum showing the reaction products during the
beginning of the H2 plasma and during an extended H2 plasma exposure of ~30 s. The spectra were constructed by combining the signal
intensities for the different m/z values as described in the measurement procedure section. The intensities from signals 2 and 4 were
determined as indicated for m/z = 15 in Fig. 4.3. Small mass offsets
in m/z values on the horizontal axis (∆m/z = 0.1) are used for clarity.
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Figure 4.10. An extended H2 plasma exposure after a precursor exposure step. The plasma exposure is interrupted twice. The plasma
emission at 388 nm was measured with OES, and the m/z values 15,
27, and 45 were monitored by QMS. The periods with the plasma
power applied are indicated in gray.
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plasma emission just above the substrate holder by using an Ocean Optics
USB2000 spectrometer [30]. Besides emission from excited H and H2 species,
the emission from CN radicals was observed [10, 30]. The excited CN radical
can for example be produced from HCN by the following reaction:
HCN + e− → CN + H + e− .
Note, that although no emission from CH x and NH x radicals was observed,
these radicals were expected to be present as well. CH x and NH x radicals might
simply not be excited to energy levels resulting in optical emission. Figure 4.10
shows the CN emission at 388 nm and the QMS signal at m/z = 15, 27, and 45
for three subsequent plasma exposures. For the first plasma exposure, power
was applied for 5 seconds followed by a 10 s interruption. This was followed
by a second plasma exposure by applying power for 10 s, again a 10 s interruption and finally an exposure by applying power for 25 seconds. In total the
plasma exposure was therefore 40 s. All lines have a higher intensity at the
start of the first plasma exposure after the Ta(NMe2 )5 exposure. This is not a
plasma start-up effect since this effect is not present for the second and third
plasma exposure step. As was shown in the previous section, during this initial period the reaction products HNMe2 , CH4 , C2 H2 , and HCN were present
in the gas phase. The intensity increase in OES emission shows that also excited CN was present. The OES emission at 388 nm and the QMS signals at
m/z values 27 and 45 decreased quickly to the background level after the first
plasma exposure and could no longer be distinguished from the background
level. The signal for m/z = 15 was visible during the full plasma exposure time
and shows that CH4 continued to be present in the gas phase during these exposures. The continuation of the m/z = 15 signal at the same height after the
purging between the plasma exposures leads to the conclusion that the CH4 is
a product of plasma-surface interactions. If the CH4 was originating from a
gas-phase reaction involving residual reaction products in the gas phase, the
intensity should be lower after purging.
Similar to the two timescales present in the soft saturation behavior of the
GPC, there seem to be two timescales present in the decay of the reaction
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products. Fitting an exponential decay to the OES signal reveals that it has a
similar timescale as the fast process in Fig. 4.2 (time constant is 0.8 s compared
to 0.7 s). Although the signal for m/z = 15 is quite noisy, the signal can be
fitted with a single exponential decay function to obtain a time constant for the
process with the long timescale. Both the resulting time constant (~16 s) and
the long time constant in Fig. 4.2 (8 s) are in the order of 10 s.
Discussion on the Reaction Mechanisms
Reaction mechanisms taking place during plasma-assisted ALD of TaN x
using Ta(NMe2 )5 and H2 plasma can be postulated by considering the measured reaction products and by considering the dependence of the material
properties on plasma composition and exposure. The main observations by
QMS are:
• During the Ta(NMe2 )5 exposure step, the reaction product HNMe2 is
detected.
• During the plasma exposure step, immediately after striking the
plasma, the molecules HNMe2 , CH4 , C2 H2 , and HCN are measured.
After an extended plasma exposure time the reaction products CH4
and C2 H2 are still observed in the plasma.
These observations can be related with the dependence of the TaN x material
properties on plasma exposure time shown in Figs. 4.1 and 4.2.
Ta(NMe2 )5 Exposure. The incoming precursor adsorbs by reacting with
H at the surface. The reaction between an x number of surface species containing H and precursor ligands results in the formation of an x number of HNMe2
molecules:
x surf-H + Ta(NMe2 )5 → surf-Ta(NMe2 )5−x + x HNMe2 .
The reactive hydrogen at the surface is most likely present in the form of
-NH x and -TaH. Also the presence of -OH from O impurities cannot be excluded. Hydrogen in the form of -CH x is expected to be unreactive towards the
precursor. Whether the ligands are removed directly during adsorption or by
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hydride elimination reactions after adsorption [29], cannot be concluded from
the present data.
To estimate how many ligands are removed per precursor molecule (x),
the maximum amount of ligands on the surface due to steric hindrance is first
estimated. To this end the GPC for the Ta2 O5 process using Ta(NMe2 )5 and
O2 plasma is considered [17]. For this process, the GPC does not change in the
temperature window, which suggests that kinetic processes are not the limiting
factor. Furthermore the constant GPC suggests that additional hydroxylation or
dehydroxilation processes do not play a significant role since those would also
be temperature dependent processes. Therefore, the assumption can be made
that steric hindrance determines the GPC in this case. Another assumption is
that during the reactant step for each removed ligand one new surface group
is created on which a ligand can adsorb in the next half-cycle [31]. Together
with the fact that the precursor is homoleptic, this assumption leads to the
conclusion that the amount of ligands on the surface after precursor adsorption
is 2.5 per precursor molecule (i.e., half of the ligands). Assuming that the
precursor adsorption per cycle is equivalent to the amount of Ta deposited per
cycle, the number of adsorbed precursor molecules for Ta2 O5 becomes 1.8
nm−2 [17]. With 2.5 ligands remaining per adsorbed precursor molecule, a
saturated coverage of NMe2 ligands of 4.5 nm−2 can be calculated.
The number of precursor molecules adsorbed for the TaN x process with
30 s plasma is 2.1 nm−2 as indicated in Fig. 4.1. If 2.5 ligands would remain
per adsorbed precursor, the NMe2 coverage would be higher than the maximum coverage due to steric hindrance reasons as just calculated (5.3 versus
4.5 nm−2 ). This suggests that more than 2.5 ligands have to be removed during precursor adsorption (x > 2.5). This implies therefore that to remove these
ligands additional surface groups have to be created during the 30 s plasma
exposure besides the ones created for each removed ligand. Similar conclusions have been drawn for Al2 O3 at low temperature, where additional OH
groups are created resulting in removal of more than 1.5 ligands (i.e., half of
the total number of ligands of AlMe3 ) during AlMe3 adsorption [32]. Burton
et al. also suggested that more than half of the ligands are removed for thermal
ALD of TaN using Ta(Nt Bu)(NEt2 )3 and N2 H4 . They also suggested creation
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of additional surface groups for precursor adsorption during the reactant step
[29].

H2 Plasma Exposure. Unlike the reaction products during the precursor step, not all detected molecules in the plasma have to be directly related
to ALD reactions. Molecules created through surface reactions, which enter
the plasma, can be dissociated by electron impact dissociation, leading to the
formation of reactive fragments of the molecules (i.e., radicals) and the generation of new molecules. This dissociation of reaction products has also been
observed in plasma-assisted ALD using O2 plasmas where CO2 can be dissociated by the plasma into CO [14]. Due to the low pressure and the associated
unlikelihood of three body reactions in the gas phase, recombination of the
plasma radicals into new molecules will mostly occur at surfaces. HNMe2
is expected to be a direct product of ALD reactions, but the other products
(CH4 , C2 H2 , and HCN) can also be formed by the dissociation of HNMe2
in the plasma and subsequent surface-mediated molecule formation from the
fragments.
Ta is in the 5+ oxidation state in the precursor and has to be reduced to the
3+ oxidation state to form conductive TaN. H radicals can reduce the Ta atom,
and react with the NMe2 surface groups to form HNMe2 :
H + Ta5+ → H+ + Ta4+ ,
H+ + surf-NMe2 − → HNMe2 .
For these reactions also the oxidation state has to be taken into account, since
the oxidation state changes during the plasma step. If the growth process only
consists of the removal of complete ligands by H radicals, the resulting material from the plasma-assisted ALD process should be pure Ta metal. However,
TaN x is deposited with N being one of the major constituents of the film. Removal of the Me groups by CH4 formation has been proposed as a reaction
leading to N in the film [9, 12, 19]:
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4 H + surf-NMe2 − → surf-NH2 − + 2 CH4 .

The HNMe2 and CH4 reaction products can decompose in the plasma
leading to formation of CH4 , C2 H2 , HCN, and their radicals. The formed
molecules and radicals can be pumped away or can re-deposit on the surface
forming new surface groups (e.g., -NH x and -CH x ). The radicals have different sticking probabilities on the surface. Liu et al. reported that the respective sticking probabilities of CH, CN, NH2 , and NH decrease from very high
(~1) to low (~0.1) [33]. The variation in the sticking probabilities corresponds
with the observed change over time in reaction product composition during
the plasma exposure. Initially, species containing N, C, and H are observed
(HNMe2 , HCN, CH4 , and C2 H2 ), while with the increase in plasma exposure
time the species containing only C and H dominate as reaction product (CH4
and C2 H2 ). The lower sticking probability of species containing N, facilitates
the removal of these species from the reactor once N is removed from the film,
which also corresponds with the decrease of the N/Ta ratio with increase in
plasma exposure time shown in Fig. 4.1b. In contrast, the “sticky” CH x radicals
re-deposit more easily and lead to an extended presence of species containing
C, which in turn corresponds with the observed presence of C in the deposited
film. Also stable species can have a relatively high sticking probability (e.g.,
for C2 H2 a unity sticking probability has been reported on Ta surfaces [34]).
Note that studies of the sticking probability of CH3 radicals on carbon films
have revealed a very low sticking probability, however in the presence of an
H radical flux or ion bombardment, as is the case during the plasma exposure
step, the CH3 sticking probability is reported to increase strongly [35, 36].
The lack of detection of more hydrogen rich C2 H x species can be explained
by the fact that C2 H4 dehydrogenates to C2 H2 on Ta surfaces [34]. Note that
C2 H2 formation from CH4 is known in plasmas [37, 38]. Small amounts of
CH4 in H2 plasmas are furthermore known to influence the material properties
by forming the TaC phase and free carbon in the case of plasma-assisted ALD
of TaCx Ny using an H2 -CH4 plasma [39]. The low resistivity observed at extended plasma exposures could be related to the presence of inclusions of the
conductive TaC phase [40].
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Towards the end of the plasma exposure probably no intact NMe2 ligands
are present and the surface is covered by CH x , NH x , and H species. During
this period of the plasma exposure, the observed CH4 can no longer come
from HNMe2 dissociation but has to originate from other surface groups. The
change in surface groups can be linked to the fast and slow process observed
in the GPC in Fig. 4.2. Another explanation for the “soft” saturation could be
that it becomes more difficult to remove surface groups as the oxidation state
of Ta decreases. To determine the exact reaction pathways and confirm the
suggested mechanisms, sensitive in-situ surface diagnostics such as infrared
spectroscopy would be needed.
To summarize, in the plasma step the reaction products can be dissociated
in the plasma and the dissociated products can re-deposit and influence the
ALD growth process. Because these plasma reactions and re-deposition processes differ for different species, the composition of the reaction products can
change in time for the plasma step.
Conclusions
The reaction mechanisms of plasma-assisted atomic layer deposition (ALD)
of TaN x using Ta(NMe2 )5 precursor were studied using quadrupole mass spectrometry (QMS). Molecule formation in plasmas was addressed and exemplified by the formation of 4% NH3 in an H2 -N2 (1:1) plasma.
From the QMS measurements the reaction products during growth of the
conductive TaN x using an H2 plasma were determined. During Ta(NMe2 )5
exposure the reaction product HNMe2 was detected, which can be attributed
to the reaction of Ta(NMe2 )5 with the surface groups generated during the
plasma. The amount of surface groups generated during the plasma exposure
determines the amount of precursor adsorbed.
At the beginning of the plasma exposure step the molecules HNMe2 , CH4 ,
C2 H2 , and HCN are measured, while after extended plasma exposure time
only the reaction products CH4 and C2 H2 were observed. This change in the
composition of the reaction products was related to the reaction mechanisms
taking place on the surface and in the plasma. HNMe2 and CH4 can be formed
by the reaction of H radicals with the NMe2 ligands at the surface. These
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products interact with the plasma such that also HCN and C2 H2 are formed.
The fact that CH x radical species have a higher sticking probability is expected
to explain the extended presence of CH4 and C2 H2 in the plasma. In general,
it can therefore be concluded that the material composition and properties are
determined to a large extent by the plasma-surface interaction, including the
ALD reactions, as well as by the reactions of products within the plasma.
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CHAPTER 5

Remote Plasma ALD of Platinum and Platinum Oxide
Films∗

Abstract
Platinum and platinum oxide films were deposited by remote plasma atomic
layer deposition (ALD) from the combination of (methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3 ) precursor and O2 plasma. A short O2 plasma
exposure (0.5 s) resulted in low-resistivity (15 µΩ cm), high-density (21 g/cm3 ),
cubic Pt films, whereas a longer O2 plasma exposure (5 s) resulted in semiconductive PtO2 films. In-situ spectroscopic ellipsometry studies revealed no
significant nucleation delay, different from the thermal ALD process with O2
gas which was used as a benchmark. A broad temperature window (100 – 300
°C) for remote plasma ALD of Pt and PtO2 was demonstrated.
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Introduction

When deposited with the precise thickness control and high conformality
of atomic layer deposition (ALD), platinum films have a large variety of potential applications in micro-electronics and energy technologies due to their
chemical stability, catalytic activity, and excellent electronic properties [1–7].
While being less investigated, platinum oxide is of interest because of its optical properties and because PtO x can be (locally) reduced to Pt [8–10]. In the
research efforts towards applications of these films deposited by ALD, nucleation properties, material quality, and process temperature window are of key
importance.
Few Pt ALD processes have been reported in the literature of which the
thermal ALD process using (methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3 ) and O2 gas described by Aaltonen et al. [1], has become most
adopted [2, 3]. This process relies on the dissociative chemisorption of O2 on
the Pt surface for oxidative decomposition of the precursor ligands [11, 12].
For PtO x only one ALD process has been reported to the best of our knowledge [13]. PtO x films were obtained from the combination of Pt(acac)2 (acac
= acetylacetonate) and O3 in the small temperature window of 120 - 130 °C
[13].
In this Chapter, ALD processes are reported for Pt and PtO2 from the combination of MeCpPtMe3 precursor and O2 plasma exposure. In the O2 plasma,
O radicals are created providing atomic O to the surface directly from the gas
phase, enhancing oxygen chemisorption and oxidation [14]. The growth and
nucleation properties, material properties, and substrate temperature dependence of the Pt and PtO2 process are investigated for remote plasma ALD and
benchmarked against thermal ALD of Pt.
Experimental
The Pt and PtO2 films were deposited in the open-load ALD-I setup described extensively in Ref. 15. In short, a deposition chamber is connected
to an inductively coupled plasma (ICP) source and a pump unit through gate
valves. The pump unit consists of a turbomolecular pump and a rotary pump
reaching a base pressure of <10−5 mbar by overnight pumping. MeCpPtMe3
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precursor (98%, Sigma-Aldrich), heated to 70 °C, was vapor drawn into the
chamber. The substrates were heated to 100 - 300 °C (precursor decomposition starts above 310 °C [3]), while the reactor walls were kept at a temperature
of 75 °C.
For the processes investigated the first half-cycle consists of MeCpPtMe3
precursor dosing with the bottom valve closed (no pumping) to maximize precursor usage. After the precursor exposure the reaction products are pumped
out by opening the bottom valve to the turbo pump. For thermal ALD the
second half-cycle consists of a 5 s O2 exposure at 0.03 mbar. For the remote
plasma process the O2 flows through the plasma source (0.01 mbar pressure)
while applying a 100 W plasma power. A 0.5 s O2 plasma exposure was used
for Pt deposition while a 5 s plasma exposure resulted in the deposition of
PtO2 films. Si(100) with native oxide or with 400 nm thermally grown SiO2
was used as substrate.
In-situ spectroscopic ellipsometry (SE) with a J.A. Woollam, Inc. M2000U
(0.75 – 5.0 eV) ellipsometer was employed to determine the thickness and the
dielectric function of the films during the ALD process. After deposition the
optical range was extended to 6.5 eV using ex-situ variable-angle measurements with a J.A. Woollam, Inc. M2000D [15]. Electrical resistivity was
measured by a four-point probe (FPP) whereas the atomic composition and
mass density of the films were determined from Rutherford backscattering
spectrometry (RBS) using 2 MeV 4 He+ ions. The microstructure of the films
was studied using X-ray diffraction (XRD) with a Philips X’Pert MPD diffractometer equipped with a Cu Kα source (1.54 Å radiation). Additionally, the
thickness and mass density were determined by X-ray reflectometry (XRR)
measurements on a Bruker D8 Advance X-ray diffractometer. The surface
roughness of the films was determined by atomic force microscopy (AFM)
using an NT-MDT Solver P47 SPM.
Results and Discussion
ALD Growth and Nucleation Delay. Pt films were deposited by remote
plasma and thermal ALD and PtO2 was deposited by remote plasma ALD at
a substrate temperature of 300 °C. A summary of the conditions and material
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properties is given in Table 5.1. For the thermal process a MeCpPtMe3 dosing
time of 1 s is necessary to reach saturation of the growth-per-cycle while the
remote plasma process requires 3 s. It was found that the length of the plasma
exposure time determines whether Pt or PtO2 is deposited. A short O2 plasma
exposure of 0.5 s results in Pt while a long O2 plasma exposure of 5 s results
in PtO2 . When using O2 gas, Pt is obtained up to long O2 exposure times in
line with the results reported by Aaltonen et al. [1].
When measuring the thickness as a function of the number of cycles by
in-situ spectroscopic ellipsometry for the three processes (Fig. 5.1), no growth
was observed for thermal ALD on c-Si substrates with 400 nm SiO2 or native oxide for the conditions employed. Pt growth on these substrates could
only be achieved by using a higher O2 pressure (> 0.8 mbar) as also typically
used in the literature [1, 3]. On the contrary, remote plasma ALD of Pt (0.5 s
O2 plasma) leads to immediate growth without a substantial nucleation delay.
From the ellipsometry measurements, which have a reduced accuracy in the
first 1 - 2 nm, it can be concluded that growth-per-cycle is constant after the
first 50 cycles. On the Pt film deposited by remote plasma ALD, the thermal
ALD process continues without nucleation delay, demonstrating the possibility
to deposit a Pt seed layer by remote plasma ALD. The remote plasma process
of Pt shows a similar growth rate as the thermal process which in turn is close
to that reported by Aaltonen et al. (~0.045 nm/cycle) [1].
The PtO2 process (5 s O2 plasma) also shows immediate growth with potentially a brief nucleation delay. After ~50 cycles the growth-per-cycle is
constant at 0.047 nm compared to ~0.055 nm found by Hämäläinen et al. using Pt(acac)2 and O3 [13]. From the difference in Pt atomic density it can be
concluded that for PtO2 , less Pt atoms are deposited per cycle than for the Pt
process (1.1×1014 Pt cm−2 cycle−1 for PtO2 compared to 3.0×1014 Pt cm−2
cycle−1 for Pt). This is different from the thermal Ru and RuO2 ALD process
where the growth rate increases with the partial O2 pressure going from Ru to
RuO2 material [16].
The dielectric functions determined by SE for Pt and for PtO2 are shown in
Fig. 5.2. The two materials result in very distinct dielectric functions whereas
the dielectric function for Pt obtained by thermal ALD and remote plasma
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MeCpPtMe3 and O2 gas or O2 plasma. In-situ spectroscopic ellipsometry (SE), X-ray reflectometry (XRR), atomic
force microscopy (AFM), Rutherford backscattering spectroscopy (RBS), and four-point probe (FPP) measurements
were used for analysis. The typical experimental errors are given in the first row.

Table 5.1. The material properties of Pt and PtO2 films deposited at 300 °C by thermal and remote plasma ALD from
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Figure 5.1. Thickness measured by in-situ spectroscopic ellipsometry (SE) as a function of number of cycles for the Pt and PtO2 ALD
processes. The process conditions are listed in Table 5.1. The starting substrate at 0 cycles was Si(100) with 400 nm SiO2 . After 150
cycles of remote plasma ALD the Pt film growth is continued by
thermal ALD.

ALD are indistinguishable. The Pt was modeled using a Drude-Lorentz parameterization, where the Drude term, dominant at low photon energies, accounts for the intraband absorption by conduction electrons. Several Lorentz
oscillators (at 0.9 eV, 1.5 eV, and higher energies) were used for the interband
absorption [17]. In agreement with its semiconductive nature, the dielectric
function of PtO2 could be parameterized by a single Tauc-Lorentz oscillator
(0.9 eV band gap and 4.8 eV peak energy) [18]. The optical Tauc band gap
was ~1.5 eV, which is close to the band gap reported for sputtered amorphous
PtO2 (1.2-1.3 eV) [8].
Material Properties. As shown in Table 5.1 both the remote plasma and
thermal ALD process result in very similar material properties for the Pt films.
In both cases high-density (~21 g/cm3 ), low-resistivity (~15 µΩ cm), highpurity Pt films were deposited. Note that the density and resistivity for these
~30 nm thick films are close to the bulk values of 21.4 g/cm3 and 10.8 µΩ cm
and that they are similar to the values reported for thermal ALD of Pt in the
literature [1, 3]. The O and C content remain below the RBS detection limit
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Figure 5.2. The imaginary part of the dielectric function (ε2 ) for Pt
and PtO2 as determined by in-situ spectroscopic ellipsometry (SE)
measurements evaluated using a Drude-Lorentz and Tauc-Lorentz
parameterization, respectively.

(<5%) and grazing incidence X-ray diffraction spectra (Fig. 5.3) revealed a cubic phase composition for both the thermal and remote plasma ALD Pt films.
The relatively high intensity of the (220) peak indicates that the Pt crystallites
have a preferred orientation with their (111) lattice planes parallel to the sample surface as also reported for the thermal ALD process [1, 2]. The remote
plasma ALD Pt film, which is only slightly thicker than the thermal ALD film,
shows much stronger diffraction peaks indicating a higher crystallinity. Both
processes resulted in smooth films and had generally lower root-mean-square
roughness values (0.4 - 0.7 nm) than reported in the literature (0.75 - 4 nm)
[1–3]. Since island growth is known to promote surface roughening [19], the
fast nucleation and consequently more pronounced layer-by-layer growth can
be related to the lower surface roughness obtained for the remote plasma ALD
process.
The platinum oxide has a lower density and is slightly overstoichiometric
(PtO2.2 ). The resistivity is very high as it is above the detection limit of the
four-point probe (> 100 Ω cm). For the process employing Pt(acac)2 and O3
a lower resistivity (1.5 – 5 Ω cm) was reported most probably due to a lower
O content (PtO1.6 ) [13, 20]. The PtO2 film is amorphous or nano-crystalline
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Figure 5.3. Grazing incidence XRD spectra for a remote plasma
ALD Pt film (29 nm thickness), a thermal ALD Pt film (27 nm thickness) and a remote plasma ALD PtO2 film (27 nm thickness). The
Miller indices of cubic Pt are indicated.

[13], and no diffraction peaks from the α and β PtO2 phases can be identified
in the XRD spectra [8].
Temperature Dependence. Figure 5.4 shows the growth-per-cycle for
the three processes over a wide temperature range. The thermal ALD Pt process has a temperature window starting at ~200 °C. The fact that the growthper-cycle is reduced at lower substrate temperatures is not yet understood [21].
From surface science studies it can be inferred that the dissociative chemisorption of O2 [on Pt(111)] should not be the limiting factor [12]. On the other
hand, the remote plasma ALD process which uses atomic oxygen from the gas
phase has a higher growth rate than the thermal process at 200 °C. The higher
resistivity (~500 µΩ cm) found for this temperature, however, suggests incomplete removal of O and C impurities from the material. The poorer material
properties could be overcome by an H2 plasma treatment. Exposure of the film
to 300 s H2 plasma at 100 °C reduced the resistivity to 61 µΩ cm. Moreover,
tests with an ALD cycle containing an H2 gas exposure step (no plasma power
applied) of 2 s after the O2 plasma step resulted in excellent materials properties for Pt at 100 °C (mass density of 19.8 g cm−3 , no C and O impurities
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Figure 5.4. The growth-per-cycle for remote plasma and thermal
ALD of Pt and remote plasma ALD of PtO2 as a function of the
substrate temperature. At 100 °C the growth rate of the remote
plasma process including an H2 gas exposure step in the ALD cycle
is shown. For thermal ALD of Pt, deposition took place on 10-nmthick Pt starting surfaces prepared by remote plasma ALD at 300
°C. The lines serve as guides to the eye.

detected, and a resistivity of 19 µΩ cm at 22 nm film thickness). These results
demonstrate that the temperature window for remote plasma ALD of Pt can
effectively be extended down to 100 °C. For PtO2 the growth-per-cycle decreases slightly with increasing substrate temperature between 100 and 300 °C
demonstrating that this process also has a large temperature window. Note that
at the substrate temperature of 300 °C, decomposition of PtO2 is reported to
start for sputtered films, while in air decomposition starts at 550 °C due to the
higher partial pressure of oxygen [20]. For the process employing Pt(acac)2
and O3 only a small temperature window was observed (120 °C – 130 °C)
[13]. The large temperature window of our PtO2 process suggests therefore a
higher stability of the material, which can most likely be related to the higher
oxygen content (PtO2.2 compared to PtO1.6 ).
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Conclusions

Remote plasma ALD processes of Pt and PtO2 were developed from the
combination of MeCpPtMe3 precursor and O2 plasma and compared to the
thermal ALD process of Pt using the same precursor and O2 gas. It was found
that high purity Pt can be obtained by a short O2 plasma exposure whereas
PtO2 can be obtained by a long O2 plasma exposure. In-situ spectroscopic ellipsometry revealed that the remote plasma processes lead to immediate growth
without substantial nucleation delay whereas the thermal ALD process leads
to no growth at all unless a Pt starting surface and/or a high O2 pressure is
employed. A broad temperature window of 100 °C to 300 °C was achieved
for both materials when deposited by remote plasma ALD. For Pt an H2 gas
exposure step was included in the ALD cycle to obtain high-purity films at 100
°C.
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Figure 5.5. SEM images of the top left and bottom of a 1 µm wide
trench (aspect ratio is 21), showing part of a possible battery stack
of ALD TiO2 and Pt on thermally grown SiO2 . Size indicators show
estimated film thicknesses (± 5 nm).

Remote Plasma ALD of Platinum and Platinum Oxide Films

113

Appendix: Adhesion and Conformality
Noble metals such as Pt typically show very poor adhesion on oxide surfaces [22]. Therefore, as expected, scotch tape tests revealed poor adhesion of
the deposited Pt films on c-Si substrates with either 400 nm SiO2 or native oxide. TiO2 and Ti are known adhesion layers for Pt [22], and using a sputtered
TiO2 layer in between gave slightly better adhesion (i.e., parts of film remained
on the substrate after a scotch tape test) although the adhesion was still insufficient. Since it is known that Pt-TiO2 mixtures can form Pt-Ti bonds if the
atmosphere is sufficiently reducing and the temperature is high enough [23],
an H2 plasma treatment at 300 °C was devised to improve adhesion. Good
adhesion was achieved by employing the following growth and treatment procedure to grow a 25 nm thick Pt film. First a short 10 s H2 plasma treatment
(100 W and 0.01 mbar) was used on the TiO2 film. Subsequently, 50 cycles of
the remote plasma ALD process for Pt were performed to form the necessary
seed layer for the subsequent thermal ALD growth. On this ~2.5 nm thick seed
layer a 5 minute H2 plasma treatment was used, and again a plasma treatment
after the subsequent 50 thermal ALD cycles. The remaining part of the film
was grown using thermal ALD. This recipe resulted in films with excellent
adhesion as they passed multiple scotch tape tests.
In solid-state micro-batteries reported in the literature, a stack starting with
the cathode current collector is considered to avoid an excessive thermal budget for the rest of the battery stack since a high temperature step (500-700°C)
is required to obtain the right phase for the cathode material (layered LiCoO2 )
(Chapter 2, [24, 25]). We have tested the deposition of LiCoO2 by CVD at
500 °C on planar substrates as good adhesion of the Pt film is crucial to survive this test, and we found no delamination demonstrating that the adhesion
is excellent. For the anode-first configuration the adhesion has not been tested
but is expected to be less of a problem since the thermal budget of the battery
stack after this step will be very low, if necessary a thin adhesion layer and an
H2 plasma treatment could be employed to improve the adhesion.
To test the conformality of the TiO2 -Pt stack, the films were deposited
in a trench of aspect ratio 21 while using the improved adhesion procedure
described above. The TiO2 film was deposited by remote plasma ALD using
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the combination of [Ti(CpMe)(Oi Pr)3 ] precursor (SAFC Hitech Ltd.) and an
O2 plasma. Figure 5.5 shows a SEM image of the trench displaying both the
TiO2 and the Pt film on top of the thermally grown SiO2 layer. Both the TiO2
interlayer and Pt film showed reasonable conformality (~65%) in high-aspectratio structures. Although the cycle times can still be optimized, which would
possibly improve the conformality, the conformality of 65% would already
be sufficient for the battery application. Note that since the thermal process
needs a Pt seed layer, it means that 50 cycles of remote plasma ALD results
in sufficient Pt throughout the trench to initiate growth, showing that both the
remote plasma and the thermal process have reasonable conformality.
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CHAPTER 6

Surface Reactions during Atomic Layer Deposition of
Pt derived from Gas-phase Infrared Spectroscopy∗

Abstract
Infrared spectroscopy was used to obtain absolute number information on
the reaction products during atomic layer deposition of Pt from (methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3 ) and O2 . From the detection
of CO2 and H2 O it was established that the precursor ligands are oxidatively
decomposed during the O2 pulse mainly. Oxygen atoms chemisorbed at the
Pt lead to likewise ligand oxidation during the MeCpPtMe3 pulse however the
detection of a virtually equivalent density of CO2 and CH4 also reveals a concurrent ligand liberation reaction. The surface coverage of chemisorbed oxygen atoms found is consistent with the saturation coverage reported in surface
science studies.
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Atomic layer deposition (ALD) of metals has only been studied to a limited extent despite the growing importance of ultrathin and conformal metal
films in a wide variety of applications. One metal ALD process that has become popular is ALD of Pt from (methylcyclopentadienyl)trimethylplatinum
(MeCpPtMe3 ) and O2 dosing as developed by Aaltonen et al. [1]. This process
has been adopted for a variety of applications [2–4], while it also represents a
class of ALD processes of noble metals in which the catalytic activity of the
film is used to dissociate reactants for the subsequent decomposition of the
metal precursor ligands. More specifically, the O2 dissociates on the Pt surface during the O2 pulse and oxidatively decomposes the ligands of the MeCpPtMe3 . Mass spectrometry studies have revealed that this oxidation takes
place during the O2 pulse for the ligands remaining on the surface after precursor adsorption but also during the precursor adsorption process itself, because
oxygen atoms reside at the Pt surface after the O2 pulse [5]. A similar reaction
mechanism was observed for ALD of Ru from RuCp2 and O2 [5].
In this Chapter additional experimental proof for the reaction mechanism
proposed by Aaltonen et al. [5] is presented, while the insight into the mechanism is also extended by more quantitative data on the reaction products. From
gas-phase transmission infrared spectroscopy the production of CO2 and H2 O
in the oxidation of the ligands is confirmed by absolute density information,
while also the production of CH4 reaction products is observed during the MeCpPtMe3 precursor pulse. On the basis of these data the precursor adsorption
reaction including the role of chemisorbed oxygen atoms is addressed.

Results and Discussion
Figure 6.1 shows the thickness of a Pt film deposited at 300 ºC (reactor wall
temperature is 70 ºC) as a function of the number of cycles as monitored by
in-situ spectroscopic ellipsometry. This Pt film, with a preferential (111) orientation, was deposited on a Pt seed layer deposited by plasma-assisted ALD
(Chapter 5 [4]), in order to prevent problems with nucleation due to the initial absence of catalytic activation of oxygen on Pt-free substrates. Under the
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Figure 6.1. Pt film thickness versus the number of cycles as measured by in-situ spectroscopic ellipsometry. The substrate was a
Pt seed layer deposited by plasma-assisted ALD and the substrate
temperature was 300 ºC. The insets show the MeCpPtMe3 precursor and the thickness for a few half-cycles with the half-integer and
full-integer data points representing the MeCpPtMe3 pulse and O2
pulse, respectively.

experimental conditions used, described in Chapter 5 and Ref. 4, a growthper-cycle of 0.045 ± 0.002 nm was obtained in good agreement with reports
in the literature [1–3]. Rutherford backscattering spectrometry revealed that
(3.0 ± 0.2)×1014 cm−2 Pt atoms, corresponding to 0.2 monolayer (ML) Pt, are
deposited per cycle (Chapter 5 [4]). As every MeCpPtMe3 molecule consists
of 9 C atoms and 16 H atoms (see Fig. 6.1) the amount of C and H atoms that
need to be removed from the surface by ligand oxidation and other reactions
can be calculated when taking the heated substrate area into account.
Figure 6.2 shows infrared absorbance spectra taken during the MeCpPtMe3 and O2 pulses. The differential spectra reflect the difference in gas-phase
species such as precursor molecules and reaction products before and after the
pulses. The data are taken with the reaction chamber isolated from the pump
to allow for sufficient measurement time, and the signal-to-noise ratio of the
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data is also improved by averaging the data over several ALD cycles. MeCpPtMe3 is dosed by a single long pulse or by several sequential pulses ("micropulses") with the total pressure remaining below 0.015 Torr while O2 is dosed
in a single pulse at a pressure of 0.7 Torr. The formation of CO2 during both
the MeCpPtMe3 and O2 pulses can clearly be observed from the absorbance
peaks around 2360 cm−1 , with most of the CO2 being produced during the
O2 pulse. During the O2 pulse the oxidation of ligands is sufficiently large
in magnitude such that also the presence of H2 O can be observed from the
absorption bands in the regions around 1600 cm−1 (not shown) and 3700 cm−1 .
These observations confirm the reaction mechanism proposed by Aaltonen et
al., i.e., the oxidation of precursor ligands takes place during the O2 pulse as
well as during the precursor pulse, because oxygen atoms, generated by O2
dissociative chemisorption reactions [6–8], reside at the Pt surface after O2
dosing. Furthermore, the spectrum taken during the MeCpPtMe3 pulse shows
that the precursor dosing reached saturation as a non-zero absorbance of MeCpPtMe3 (dominated by C-H stretch at 2909 cm−1 associated with Pt-CH3 and
Cp-CH3 groups) can clearly be observed. Additionally the Q-branch (3016
cm−1 ), and to a lesser extent the P- and R-branch, of the C-H stretching mode
of CH4 can be distinguished in the spectrum during the MeCpPtMe3 dosing.
This demonstrates the remarkable fact that CH4 is also produced during the
MeCpPtMe3 adsorption step during Pt ALD. This reaction product was not
reported so far for the Pt ALD process.
Quantitative information on the amount of CO2 and CH4 produced in both
half-cycles of the Pt ALD process was obtained from a calibration of the infrared absorbance intensities of CO2 and CH4 gas over the relevant pressure
range. For the spectra in Fig. 6.2, CO2 densities of (3.7 ± 1.4)×1014 cm−3
and (2.5 ± 0.4)×1013 cm−3 were found for the O2 and MeCpPtMe3 pulses, respectively. This implies that approximately ten times more carbon atoms are
oxidized during the O2 pulse. This is in good agreement with the qualitative
results reported by Aaltonen et al., who also observed that only a very small
proportion of the MeCpPtMe3 ligands where decomposed oxidatively during
precursor adsorption. In addition, a density of (3.1 ± 0.6)×1013 cm−3 of CH4 is
produced during the MeCpPtMe3 pulse, i.e., a virtually equivalent amount of
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Figure 6.2. Gas-phase absorbance spectra for the MeCpPtMe3
pulse and O2 pulse. The maximum peak positions of MeCpPtMe3
(2909 cm−1 ), CO2 (2360 cm−1 ), and CH4 (3016 cm−1 ) are indicated.
In the inset the absorbance due to CH4 can be distinguished from the
absorbance due to MeCpPtMe3 from a comparison with a spectrum
measured for MeCpPtMe3 precursor only (dotted line).

carbon atoms decompose into CH4 and CO2 during adsorption of the precursor
in the ALD cycle.
The aforementioned results hold for ALD cycles with a large MeCpPtMe3
overdose. The reaction products and the depletion of precursor were also investigated when dosing the precursor by micropulses as shown in Fig. 6.3a.
The spectra in Fig. 6.2 correspond with a total MeCpPtMe3 dosing time of
4 s. The data were also compared with a saturation curve measured by spectroscopic ellipsometry at the 300 ºC heated substrate holder as shown in Fig.
6.3b. Although care needs to be taken when comparing results from local ellipsometry measurements with global infrared measurements, it is clear that the
growth-per-cycle saturates at a much smaller precursor dose than the density
of the reaction products. Moreover, the CO2 density shows a clear saturation
behavior but such a behavior is not evident for the CH4 density. The ratio of
CH4 and CO2 density increases with MeCpPtMe3 dosing time when going to
precursor overdosing conditions.
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Figure 6.3. (a) MeCpPtMe3 , CO2 , and CH4 densities during MeCpPtMe3 dosing in which the precursor is dosed by sequential micropulses of 0.8 s. Typical error bars are shown for a total dosing
time of 4 s. (b) The saturation of the growth-per-cycle with MeCpPtMe3 dosing time as measured by spectroscopic ellipsometry for a
substrate at 300 ºC. The lines serve as a guide to the eye.

The discrepancy between the results in Figs. 6.3a and 6.3b can be attributed to several effects, for example, by a (relative) change in the reaction products produced when reaching saturation. Possibly somewhat colder parts of the
300 ºC heated substrate holder play a role and contribute to a slower saturation
behavior. Another explanation is that the surplus of MeCpPtMe3 precursor

Surface Reactions during Atomic Layer Deposition of Pt

123

reacts with reaction product species, such as H2 O, produced during initial MeCpPtMe3 adsorption. This can occur either directly with H2 O molecules or
indirectly, for example, through –OH surface species generated by the interaction of H2 O with (colder) surfaces. For one MeCpPtMe3 micropulse, corresponding to a dosing time of 0.8 s, the precursor is fully depleted by the surface
reactions, while for two micropulses some of the precursor remains unreacted.
For a dosing time of 0.8 s, the growth-per-cycle at the substrate [Fig. 6.3b] is
also saturated and, therefore, it is expected that the densities reported for 1-2
micropulses reflect the reaction products produced during ALD of Pt at 300 ºC
well. More support for this conclusion is obtained when calculating the number of C atoms liberated into the gas phase as reaction products per ALD cycle.
A number of (2.4 ± 0.9)×1018 C atoms can be calculated from the number of
Pt atoms deposited per cycle at the heated substrate holder, whereas a calculation on the basis of the CO2 and CH4 densities during both half-cycles and
the reactor volume reveals that this number is obtained for 70% after one MeCpPtMe3 micropulse, for 111% after two micropulses, and for 153% after five
micropulses. Notwithstanding a large experimental uncertainty, this comparison indicates that sufficient MeCpPtMe3 precursor is dosed into the reaction
chamber between 1-2 micropulses to achieve ALD saturation conditions for
the heated substrate holder. It also provides support for the aforementioned
additional reactions possibly taking place during precursor overdosing.
From the relative densities of CH4 and CO2 obtained during the MeCpPtMe3 and O2 pulses, it can be derived that approximately one C atom per
precursor molecule is liberated from the precursor as volatile reaction product during adsorption of the precursor on the Pt surface in the ALD cycle.
The other eight C atoms of the precursor molecule remain at the surface and
are oxidatively decomposed during the O2 pulse. This conclusion is virtually
independent of the number of micropulses considered however the CH4 :CO2
ratio during precursor adsorption is approximately 1:2 at 1-2 micropulses and
1:1 at 5 micropulses. These observations can be used to discuss the precursor adsorption mechanism. Considering the fact that the Pt in MeCpPtMe3
is bonded to three CH3 groups and one CpCH3 group it can be hypothesized
that one of the CH3 groups is liberated during precursor adsorption. This CH3
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group can either be oxidized by chemisorbed oxygen or it can react to form
CH4 by ligand exchange.† The other two CH3 groups as well as the CpCH3
group will subsequently be oxidized during the O2 pulse. From the stability
of covalent (substituted) cyclopentadienyl groups, it is also expected that the
CpCH3 group remains intact during precursor adsorption. In addition, the case
that the precursor adsorbs with most of the (large) ligands remaining unreacted
on the surface is consistent with the ellipsometry data obtained for the ALD
half-cycles as shown in the inset of Fig. 6.1. When film and surface groups
are analyzed with one single dielectric function, the (“apparent”) thickness
[9], shows a large increase after precursor adsorption as well as a large, albeit
somewhat smaller, decrease after ligand oxidation by O2 .
The oxidative decomposition reaction when MeCpPtMe3 adsorbs at the
surface during the precursor pulse takes place via the chemisorbed oxygen
atoms. Because only one CH3 group is liberated per Pt atom during this pulse,
and because the reaction products are CO2 , H2 O and CH4 ; the amount of oxygen atoms required on the surface per deposited Pt atom can be calculated.
This calculation shows that for every Pt atom, approximately 1.5 oxygen atoms
need to be available as surface-bound oxygen. As ~0.2 ML Pt is deposited per
cycle, this implies that a surface coverage of 0.3 ML of oxygen atoms after the
O2 pulse is sufficient for the precursor adsorption reaction to take place. This
surface coverage of oxygen atoms is in very good agreement with the 0.25 ML
saturation coverage of chemisorbed oxygen atoms found in surface science
studies on Pt(111) exposed to O2 [6, 7]. This illustrates the consistency of
the analysis and it provides more evidence that the Pt ALD reaction proceeds
through chemisorbed oxygen atoms present at the Pt surface. Contrary to the
reaction mechanism for Ru [5], the involvement of subsurface oxygen [5, 10],
is therefore not required.

†

The exact nature of the ligand exchange reaction cannot be assessed on the basis of the current
data. Possible involvement of –OH surface groups can only be established by surface spectroscopic studies.
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Conclusions
In conclusion, quantitative insight into the reaction mechanism of Pt ALD
from MeCpPtMe3 and O2 has been obtained and can be summarized by the
reactions:
2 MeCpPtMe3 (g) + 3 O (ads) → 2 MeCpPtMe2 (ads)
+ CH4 (g) + CO2 (g) + H2 O (g)

(1)

Pt

2 MeCpPtMe2 (ads) + 24 O2 (g) → 2 Pt (s) + 3 O (ads)
+ 16 CO2 (g) + 13 H2 O (g)

(2)

for MeCpPtMe3 dosing [Eq. (1)] and O2 dosing [Eq. (2)]. For simplicity, it has
been assumed that CH4 and CO2 are produced in equal amounts during precursor adsorption in Eq. (1), whereas in Eq. (2) the catalytic activity of the Pt
is important for the dissociative chemisorption of the O2 . This reaction mechanism for Pt, which is ruled by the saturation surface coverage of chemisorbed
oxygen atoms, can serve as a model system for ALD processes of noble metals.
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CHAPTER 7

Conformality of Plasma-Assisted ALD: Physical
Processes and Modeling∗

Abstract
For plasma-assisted atomic layer deposition (ALD) reaching conformal
deposition in high-aspect-ratio structures is less straight-forward than for thermal ALD due to surface recombination loss of plasma radicals. To obtain detailed insight into the consequences of this additional radical loss, the physical
processes in plasma-assisted ALD affecting conformality were identified and
investigated through Monte Carlo simulations. The conformality is dictated by
the recombination probability, r, the reaction probability, s, and the diffusion
rate of particles. When recombination losses play a role, the saturation dose
was found to depend strongly on the value of r. For the deposition profiles,
a minimum at the bottom of trench structures was observed (before reaching saturation) which was more pronounced with larger values of r. In turn,
three deposition regimes could be identified, i.e., a reaction-limited regime,
a diffusion-limited regime, and a new regime that is recombination-limited.
For low values of r, conformal deposition in high-aspect-ratio structures can
still be achieved, as observed for several metal oxides, even for aspect ratios
as large as 30. For high surface recombination loss probabilities, as appears
to be the case for many metals, achieving a reasonable conformality becomes
challenging, especially for aspect ratios >10.
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Atomic layer deposition (ALD) has become the method of choice for depositing thin films conformally in high-aspect-ratio structures. To achieve film
conformality, saturation of the surface reactions has to be achieved throughout
the 3D structure. Usually ALD processes are optimized for planar geometries
before deposition on 3D structures is attempted. To achieve conformality in
moderate aspect ratios (AR ≤ 10), often no or little change in precursor exposure is needed compared to the typical exposure times optimized for the
deposition on planar substrates. In this particular case the ALD process is
in the reaction-limited regime [1]. On the other hand when going to higher
aspect ratio structures, both experimental and modeling efforts have shown
that a large increase in precursor exposure is required to obtain conformality.
The film growth can then be considered to take place in the diffusion-limited
regime [1, 2]. Insight into the regime in which the deposition takes place can
greatly help in predicting the appropriate process conditions beforehand. For
example, it can help to decide whether adjustments to the precursor dosing
times are needed and to evaluate whether it is feasible to coat particular 3D
structures conformally with acceptable cycle times.
While in thermal ALD the precursors can generally be considered “stable”
in the sense that they remain intact after collisions on already reacted surface
sites, this assumption does not hold for all ALD processes. For ozone-based
processes, ozone molecules can be lost in surface reactions on many surfaces
by forming oxygen molecules, especially at elevated temperatures [3]. For
plasma-assisted ALD processes the loss of reactive species at surfaces can be
even more pronounced, for example, hydrogen radicals recombine easily on
metal surfaces. So far, reports on the effects of these loss processes on the
dose required for saturation and on the evolution of the deposition profiles in
trenches are anecdotal and to a large extent the effects itself are unknown.
To address these issues more fundamentally and to obtain a physical model
and understanding of the aspects controlling conformality for plasma-assisted
ALD, dedicated experimental and theoretical studies are required. Especially
simulations can be a powerful tool, since physical effects such as diffusion,
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surface recombination, and surface reaction can be isolated easily. For example, for chemical vapor deposition (CVD), simulations are numerous and have
been used to study many aspects of the deposition process including the conformality that can be achieved by various processes [4, 5]. For thermal ALD,
a number of theoretical studies regarding conformality have been reported in
the literature [1, 2, 6–10]. The two main factors considered in these studies
have been the sticking probability, s, and the aspect ratio, AR, of the 3D structure. Briefly, for s = 1 the problem can be solved analytically [2], while for
lower s, analytical solutions are more challenging and therefore Monte Carlo
simulations are often employed. It has been shown that two regimes can be
identified; the diffusion-limited regime when the value of s is high; and the
reaction-limited regime when the value of s is relatively low [1].
In this work we have developed a Monte Carlo model incorporating surface reaction and surface recombination loss parameters to study the conformality that can be achieved by plasma-assisted ALD processes and to understand how the deposition in 3D structures depends on these parameters. Employing these simulations, the change in dose required for conformal deposition in 3D structures was investigated as well as the evolution of the deposition
profiles and the diffusion of species itself. Besides the two aforementioned
regimes that were already observed for thermal ALD, we were able to distinguish a third regime, the so-called recombination-limited regime. The latter
regime can account for specific conformality behavior of plasma-assisted ALD
in high-aspect-ratio structures.
In the next section, first the physical processes in plasma-assisted ALD
that affect conformality are identified and analyzed. The concepts of surface
reaction probability and surface recombination loss probability are discussed.
Furthermore, an overview of literature reports on conformal deposition by
plasma-assisted ALD is provided as reference information. The combination
of these considerations determines the approach and the framework for the
Monte Carlo simulations, i.e., the parameters of interest, and the method chosen to investigate the effect of the parameters on the conformality for plasmaassisted ALD.
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Plasma-assisted ALD

Plasma-assisted ALD processes can offer several merits in addition to
those already provided by thermal ALD. These merits include: a larger temperature window, a higher growth rate, reduced purge times, improved material properties, and an increased choice of precursors and materials [11]. In
plasma-assisted ALD the reactant step (or reactant pulse) consists of an exposure of the surface to plasma species. These plasma species involve molecules,
ions, radicals, electrons, and photons. Of these species, the radicals (reactive
atomic and molecular species such as H, O, N, NH, and NH2 ) are considered most important for surface reactions associated with ALD film growth
[11]. Radicals are neutral and therefore unaffected by electric fields which
develop in the discharge. Radicals therefore diffuse similarly as the reactants
used in thermal ALD. Although radicals are considered most important, other
plasma species can also have an influence on the growth process. Charged
particles (ions and electrons) are influenced by electric fields and can consequently cause additional (detrimental or beneficial) effects such as surface ion
bombardment. Furthermore, (vacuum-)ultraviolet ((V)UV) photons generated
in the plasma and on surfaces can also have an influence (e.g. defect creation
at Si-SiO2 interfaces) [12]. With this in mind, plasma-assisted ALD processes
can be divided into three configurations [11]: i) direct plasma ALD, where the
sample is part of the plasma generation zone such that it can receive a considerable ion and photon flux; ii) remote plasma ALD, where the plasma is produced upstream but with the plasma species still present above the substrate
with lower energies and potentially smaller fluxes; and iii) radical enhanced
ALD, where the plasma is generated at a large distance from the sample such
that hardly any charged particles or photons reach the substrate. In most cases
effects of ion bombardment and (V)UV photon flux are relatively small and
can therefore be neglected to give a fair approximation. This can even hold for
direct plasma ALD, e.g., when operating the plasma at higher pressures.

Reaction Probability. The ALD reactions involving the precursor and reactive surfaces during the precursor pulse, e.g., ligand exchange, dissociation,
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association, etc. [13], are often generalized by a reaction probability per collision, i.e., a sticking probability, s. Similarly, also the ALD reactions during
the reactant step can be generalized by a reaction probability per collision,
s. For plasma radicals these reactions in the ALD growth process can be: i)
oxidation: oxygen radicals can oxidize organic ligands and the metal atoms
deposited; ii) abstraction: hydrogen radicals can for instance react with halide
surface groups in abstraction reactions; iii) reduction: hydrogen radicals can
act as a reducing agent for metal atoms; and iv) nitridation: nitrogen radicals
can be incorporated into the material. A wide range of reaction probabilities, s, can be found in the literature as shown in Table 7.1. Sometimes even
a wide range of s values are reported for the same process, e.g., AlMe3 adsorption. This can in part be explained by the wide range of methods used to
determine the probabilities, ranging from ab initio density functional theory
calculations [9] to direct-beam experiments [14], but also by variations in experimental and theoretical accuracies. Temperature dependent values of s have
also been reported; for example an increase of s with temperature was found
for Hf(NEtMe)4 and Ti(Oi Pr)4 precursor adsorption [15, 16]. Regarding the
reactant step in plasma-assisted ALD, oxygen radicals appear the most reactive while hydrogen radicals have generally the lowest reactivity. Commonly,
reaction probabilities fall in the range of 0.1 to 0.001.
Recombination Loss Probability. In the case of plasma-assisted ALD,
the reactants can also be lost in recombination processes at surfaces, this in addition to the loss by ALD surfaces reactions. For instance a hydrogen radical
can recombine with a hydrogen atom on the surface to form molecular hydrogen. This hydrogen molecule has no further influence on the ALD surface
reactions, and becomes again a part of the hydrogen source gas of the plasma.
The surface recombination probability depends on the type of radical and on
the material of the surface with which the radical collides. Table 7.2 lists literature values for these surface recombination loss probabilities, r, for hydrogen,
nitrogen, and oxygen radicals on a set of materials. A large range of loss probabilities is reported. In general, recombination on oxides is low while metals
show higher r values. An inverse relation between hydrogen surface radical
recombination probability and the electron work function for some materials
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Table 7.1. Reaction probabilities, s, for several precursors and reactants (including some related to plasma processes) as reported in
the literature. The accuracy is indicated when available.

Step

Deposited

Reaction

Material

Probability (s)

References

AlMe3

Al2 O3

0.001

[1]

AlMe3

Al2 O3

0.026

[7]

Species

Precursor

Reactant

Plasma

AlMe3

Al2 O3

0.1

[6]

AlMe3

Al2 O3

0.1-0.9

[9]

Hf(NEtMe)4

HfO2

a
0.03-0.6

Ti(NMe2 )4

TiO2

Ti(Oi Pr)4

TiO2

0.02 ± 0.005
b
0.04-0.1

Cp∗ Ti(OMe)3

TiO2

0.01

[15]

TiCl4

TiN

0.006 ± 0.002

[14]

ZnEt2

ZnO

0.007

[1]

SiCl4

SiO2

10−8

[1]

H2 O

Al2 O3

0.01-0.1

[9]

O3

Al2 O3

0.001-0.01

[9]

O

Al2 O3

0.1-0.9

[9]

H

TiN

0.0003 ± 0.0001

[14]

N

TiN

0.01 ± 0.002

[14]

[15]
[10]
[16]

aCorresponding to the substrate temperature range of 180-270 °C.
bCorresponding to the substrate temperature range of 125-225 °C.

has been reported [17]. Overall agreement with this trend is found for the part
of Table 7.2 starting at silicon (low work function, high recombination) and
ending at platinum (high work function, low recombination). In general nitrogen and oxygen radicals have lower loss probabilities than hydrogen radicals.
Oxygen radicals are suggested to have higher recombination probabilities on
oxide surfaces with atoms containing incomplete d-shells (Mn, Fe, Co, Ni, Cu)
[18]. Furthermore, significant temperature and pressure dependencies can exist. For instance, Greaves et al. reported an increase of the loss probability for
oxygen on silica of two orders of magnitude from 1.6×10−4 to 1.4×10−2 for
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temperatures ranging from 20 °C to 600 °C [19]. On the other hand, Wood et
al. reported that most metals have a fairly constant recombination probability
for hydrogen radicals over a wide temperature range [20]. Note that the surface
conditions during ALD can differ from those in the reported studies, affecting
the value of r.
Conformal Films Deposited by Plasma-assisted ALD. Despite the possibility of recombination of radicals at surfaces, numerous studies have shown
that fair to high conformality can be reached in high-aspect-ratio structures by
plasma-assisted ALD. For instance for ALD of metal oxides with O2 plasmas
~100% conformality has been reached for Al2 O3 in pores with AR = 8 [27],
for TiO2 deposition in trenches with AR = 9 [7, 28], and for Ta2 O5 in trenches
with AR = 11 [29]. Regarding H2 plasmas used for ALD of metals and metal
nitrides, >95% step coverage for TiN in pores with AR = 10 has been reported
[30], ~100% for TaN in pores with AR = 10 [31], ~100% conformality for Cu
in trenches with AR = 9 [32], while also conformal growth for Ag in trenches
with AR = 9 [33] was reported. For ALD of Ta with an H2 plasma ~100%
conformality was found up to trenches with AR = 15, while the rest of the
trench (AR = 40) had a conformality of 40% [34]. Deposition profile information such as this is rare, since conformality can be difficult to assess and
requires TEM analysis or SEM analysis with relatively thick films. However
this kind of profile information is crucial in order to understand the evolution
of the deposition profile within the high-aspect-ratio structure during the ALD
process. The lack of reports on conformal growth in higher aspect ratios could
indicate those being more difficult to coat, albeit that this has not been stated
explicitly in the literature.
Modeling Approach. The goal of this work is to obtain detailed understanding of the mechanisms determining the conformality that can be reached
by plasma-assisted ALD. To this end we have developed a Monte Carlo model
to simulate the basic and relevant aspects of the plasma-assisted ALD process,
which have been outlined in the previous section. With these simulations, detailed insight into the effects of reaction probability, loss probability, and aspect
ratio on conformality is obtained. The main simulation parameters that will be
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Table 7.2. Surface recombination loss probabilities, r, for H, N, and
O radicals on various material surfaces as reported in the literature.
The accuracy is indicated when available.
Recombination
Radical
H

N

O

Surface

Probability (r)

References

Silica

0.00004 ± 0.00003

[21]

Alumina

0.0018 ± 0.0003

[22]

Pyrex

0.0058 ± 0.0018

[20]

Stainless steel

0.032 ± 0.015

[22]

Silicon

0.70 ± 0.10

[23, 24]

Titanium

0.35

[20]

Aluminum

0.29

[20]
[22]

Nickel

0.20 ± 0.09

Copper

0.14

[20]

Gold

0.15 ± 0.05

[20]

Palladium

0.07 ± 0.015

[20]

Platinum

0.03

[20]

Silica

0.0003 ± 0.0002

[21]

Stainless steel

0.0063

[25]

Silicon

0.0016

[25]

Aluminum

0.0018

[25]

Silica

0.0002 ± 0.0001

[21]

Pyrex

0.000045

[18]

Aluminum oxide

0.0021

[18]

Zinc oxide

0.00044

[18]

Ferric oxide

0.0052

[18]

Cobalt oxide

0.0049

[18]

Nickel oxide

0.0089

[18]

Cupric oxide

0.043

[18]

Stainless steel

0.070 ± 0.009

[26]

discussed are the dose required to achieve saturation in 3D structures, the deposition profile in these structures before saturation has been reached, and the
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profile of the wall collisions of the reactive species. Combining the results offers insight into the ability of plasma-assisted ALD to deposit conformal films
in 3D structures.
Monte Carlo Simulations
In this section, first the simulation and the simulated parameters of interest
are defined. Our Monte Carlo model is similar to those reported earlier for
thermal [1, 6–10], and plasma-assisted ALD [35, 36]. For simplicity and fast
computation, we have chosen a 2D Monte Carlo simulation. Only one ALD
half-reaction is considered at a time assuming that the previous half-reaction
was fully saturated. Possible overlap between the precursor and reactant pulse
is not investigated as these can be assumed to be well-separated by purge steps.
Particles which represent precursor molecules or radicals are simulated one at
a time, which is valid since the particles only interact with the walls. Due to
the small feature size with respect to the mean free path (high Knudsen number), the flow is molecular and particle-particle interaction can be neglected.
The various ALD surface reactions (Table 7.1) are generalized with a single
reaction probability, s. The reaction probability, s, can be viewed as a generalized sticking probability, defined as the probability of a surface reaction
resulting in a change of the surface contributing to the ALD process. With
respect to s, both the precursor and the reactant half-cycle are equivalent in
behavior. Based on the values in Table 7.1, s is chosen in the range 0.001 to
1 for the simulations. We also generalized the surface recombination loss processes (Table 7.2) by a single loss probability, r. This generalized process can
be defined as a surface reaction where the incoming reactant species changes
such that it cannot contribute anymore to the ALD process. Based on Table
7.2, r is chosen within the range 0 to 0.9 for the simulations.
The simulation domain is a 2D trench with aspect ratio AR (ratio between
depth and width) consisting of a trench entrance at the top, a trench side wall
on each side, and a trench bottom (Fig. 7.1a). The trench side walls and the
trench bottom represent surfaces for growth and are divided into discrete intervals (inset Fig. 7.1a). The simulation proceeds as illustrated in Fig. 7.1b:
a particle is emitted with a cosine-distributed random direction at a random

138

Chapter 7
start

entrance

(a)
intervals

check if stop
condition is met
wall

generate new particle
at entrance and
calculate direction

bottom

(b)

particle hits wall or bottom

particle hits entrance

interval receives particle
generate random 0 ≤ x <1
x≥r
A: interval occupied
B: interval free

x<r

particle recombines

A: interval free
B: interval occupied
generate random 0 ≤ x <1
x≥s

x<s

A: particle sticks
B: particle reacts with ligand
particle reflected

Figure 7.1. (a) Schematic of the simulation domain, i.e., a 2D
trench of aspect ratio AR. Particles (represented by an arrow) are
generated at the entrance of the trench. The inset shows the representation of the discrete surface intervals. (b) Flowchart of the
Monte Carlo simulations for the ALD half-reactions. After collision with the side walls or bottom of the trench, a particle either
recombines (depending on r), reacts (depending on s and the state
of the interval) or reflects. Particles are generated until a stop condition is met.

location at the entrance of the trench [5]. The random location at the entrance
is also cosine distributed. Subsequently, the intersection of the trajectory of
the particle with the trench surface is calculated. At the corresponding surface interval one out of three processes can occur: i) the particle can undergo
surface recombination with a loss probability r; ii) the particle can react and
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contribute to the ALD process with a reaction probability s; and iii) the particle can be reflected involving that the particle is emitted with a new random
direction according to a cosine distribution [5]. For the reflected particle the
algorithm starts over, beginning with the calculation of the new trajectory and
intersection point. If the new intersection point is at the entrance of the trench
the particle is considered lost, and a new particle is generated (unless the stop
condition has been met). Otherwise one of the three processes (recombination,
reaction or reflection) will occur again. Depending on whether ALD half-cycle
A (precursor pulse) or B (reactant pulse) is meant to be simulated, a surface
interval on which a reaction can occur can be interpreted as “empty” (case A)
or “occupied” (case B). The ALD reaction will then either “occupy the empty
interval” (case A) or “empty the occupied interval” (case B). Simulation-wise
case A and B are equivalent and therefore results intended for case A also hold
for case B if they have the same values for s and r.
The simulation program was written in C++ code and the program was
run on a desktop computer where an average simulation of a trench with AR
= 20 (20,000 × 1,000 intervals, and s = 0.01, r = 0.1) took 30 seconds (13
million particles) to reach (nearly full) saturation. The profiles considered are
the average of five simulations and are smoothed over 1,000 intervals to reduce
statistical noise.
It is important to stress the simplicity of the model used for the Monte
Carlo simulations. A change in the aspect ratio during the growth process is
not considered, which is valid when the thickness of the deposited film is much
smaller than the width of the trench. Furthermore the influence of the particle velocity and gas and substrate temperature dependence is not considered
explicitly. The influence of these parameters can be studied through their influence on the values of s and r. Regarding the surface intervals, one reaction
changes a surface interval into either occupied or empty, corresponding to one
single ligand occupying a surface interval and only one radical being sufficient
to empty the surface interval. No chemistry other than the generalized ALD
reaction and recombination processes is considered. The simulation domain
is fully 2D corresponding to a quasi-3D trench. Furthermore, it is important
to note that reaction and recombination loss processes are simulated in a very
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general way by a constant reaction and loss probability. In reality both the
reaction and loss probability can depend on the state of the surface. For example, a surface with unreacted ligands can have a different recombination loss
probability than a surface without ligands (as is shown in Chapter 8 for O3 loss
during ALD of ZnO).
Mainly three types of information were extracted from the simulations,
their definitions and interpretations are as follows: i) the dose: the number of
particles generated can be considered as a representation of the applied dose.
When the dose equals the dose required to achieve saturation of the 2D trench
surface, the dose will be called “saturation dose”; ii) the deposition profile:
the deposition profile along the trench wall can be interpreted as a thickness
profile in case multiple cycles would be used, i.e., representing the thickness
as a function of depth. Another interpretation would be the occupation of
reactive surface sites along the trench wall after a single half-cycle; and iii) the
wall collisions profile: the profile of the number of collisions made by particles
along the trench wall. The wall collisions profile provides information on the
particle distribution and on particle diffusion within the trench.
Results were extracted from the simulations by defining specific conditions
for ending the simulations. These stop conditions are related to the physical
effect investigated: i) the 99% saturation case: represents the practically fully
saturated situation in which the deposition profile itself provides no physical
information but the required dose represents the saturation dose; ii) the 90%
saturation case: the case in which the simulation is terminated when 90% of
the intervals have reacted. This situation gives insight into the gradual change
of the deposition profile during exposure. The unsaturated deposition profile
can for instance identify bottleneck regions where achieving growth is more
difficult; and iii) the case in which a preset number of particles are generated:
this case can be used to compare two situations with the same dose or to consider the deposition profile after a fraction of the saturation dose.
Results and Discussion
The conformality of plasma-assisted ALD will be investigated in the following sections using the aforementioned stop conditions. In the first part,
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surface recombination loss of radicals is not included in the simulations (r =
0) to simulate the case for plasma-assisted ALD with no recombination. This
case also corresponds to the thermal ALD case and serves, furthermore, as
a reference for the case with recombination. Subsequently, surface recombination is included (r > 0) and its effects on the saturation dose and on the
deposition profile are studied. Particle diffusion is studied by considering the
wall collisions profiles for the three deposition regimes. The behavior of these
regimes is addressed and the regimes are demarcated using transition conditions. Finally, the implications for plasma-assisted ALD are discussed and
the applicability to other processes with the possibility of surface loss (e.g.,
ozone-based processes) is addressed.
No Surface Recombination Loss (r = 0). First the case without surface
recombination loss is considered (r = 0) to obtain basic understanding of ALD
in 3D structures and to investigate the conformality for plasma-assisted ALD
in this specific case. Furthermore it provides the opportunity to test the model
against general observations in thermal ALD experiments and simulations.
Figure 7.2a shows the normalized saturation dose as a function of aspect ratio
for various reaction probabilities s. The dose has been normalized by dividing it by the dose required for an aspect ratio of 1 (close to planar geometry).
Since ALD processes are usually optimized for planar substrates, this normalization directly provides a measure of the extension of the dose needed to coat
3D structures conformally. For instance, if a 2 second dose is required for a
planar substrate, a normalized dose of 5 would represent a necessary extension
of the dose to 10 seconds. For s = 1 a large increase in normalized saturation
dose is observed, similar to the trend predicted by Gordon et al. [2]. For lower
values of s the normalized saturation dose shows much less dependence on the
aspect ratio. In Fig. 7.2b the saturation dose is replotted as a function of aspect
ratio but now without normalization, i.e., the dose represents the total number
of generated particles. For the near planar case this absolute saturation dose
is inversely proportional to s, which is as expected since the same holds for
planar substrates. For high aspect-ratios the trends start to overlap with the
one for the s = 1 case. The latter explains the success of the model reported by
Gordon et al. (which assumes s = 1) in predicting the dose in the case of high
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Figure 7.2. (a) Normalized saturation dose as a function of aspect
ratio for reaction probabilities s ranging from 0.001 to 1. The dose is
normalized to the dose required for an aspect ratio of 1. (b) Absolute
saturation dose as a function of aspect ratio for reaction probabilities
s ranging from 0.001 to 1. For (a) and (b) recombination loss is not
included, i.e., r = 0. Dashed vertical lines indicate the aspect ratio
where the hopping coefficient H is equal to the reaction probabilities
s used in the simulations.

aspect-ratios. Consequently, although experimental data might agree with the
dose predicted by the model by Gordon et al., this agreement does not mean
that s is close to 1, since s values ranging from 0.01 to 1 all require the same
amount of dose for very high aspect-ratios (e.g., AR = 100).
From the results in Fig. 7.2, two regimes can be identified. One where
the saturation dose varies little with the aspect ratio and depends only on
the reaction probability s (reaction-limited), and the other where the dose increases strongly with aspect ratio but depends little on the reaction probability
s (diffusion-limited). Elam et al. reported the same two regimes and suggested
a “hopping coefficient” H to determine in which regime the process takes place
[1]. H is the average probability that the interval reached by a particle is empty
and can be determined from a 1-dimensional random walk analysis. H has
been shown to be inverse quadratically related to the aspect ratio (H = 16/AR2 )
indicating that it becomes progressively more difficult for the particles to reach
an empty site for higher aspect ratios. Using H the transition between the regimes can be defined. In case s  H the process is reaction-limited, while for
s  H the process is in the diffusion-limited regime [1]. Figure 7.2b includes
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vertical dashed lines to indicate for each simulated value of s the AR at which
s equals H. The positions of these vertical lines agree reasonably well with
the points at which the lines approach the tangent of the s = 1 case, thereby
marking the transition between regimes for each value of s. Apparently, although the relation H = 16/AR2 was derived for pores, the condition s = H
can also serve as a measure for the transition between reaction- and diffusionlimited regimes for the trench structures which are used in our simulations.
Interestingly, many processes listed in Table 7.1 (s ≤ 0.01) would be in the
reaction-limited regime for the aspect ratios in Fig. 7.2a (AR ≤ 30). Rose et al.
argue that a high value for s is desired in all cases for ALD [15]. We note that s
is only of influence on the saturation dose for the reaction-limited regime. This
means that for very high-aspect-ratio structures, the situation for which ALD
is particularly powerful, increasing the value of s yields no advantage since the
process is in the diffusion-limited regime.
Because in the diffusion-limited regime the saturation dose for different s
values is the same, it is interesting to compare the deposition profiles when the
deposition profiles are not fully saturated. Figure 7.3 shows a deposition profile
for a high aspect-ratio of 100 for s = 0.05 and s = 1, both with 1.5 million
particles generated. As expected from Fig. 7.2b, the same amount of dose
results in nearly the same depth of the trench that is coated conformally. One
clear difference however is the slope of the deposition front (i.e., the region
where the thickness drops). Similar to Rose and Bartha we observe a lower
slope of the deposition front for a lower value of s [10]. Note however, that the
slope at the deposition front cannot always be attributed to the value of s. For
instance, Perez et al. also observed a particular slope at the deposition front,
but in this case the slope was caused by the reduction of the aspect ratio during
growth, since the film thickness was of the same order of magnitude as the
width of the 3D structure [37].
Nonzero Surface Recombination Loss (r > 0). The possibility of recombination loss forms a marked difference between plasma-assisted and thermal
ALD. By comparing simulation results with zero and with non-zero recombination loss probability r, the effects of the recombination loss can be studied.
Figure 7.4 shows the normalized saturation dose as a function of the aspect
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Figure 7.3. Thickness as a function of depth for a trench with AR
= 100 for simulations with reaction probability s = 1 and s = 0.05,
in both cases 1,500,000 particles were generated. Recombination
loss is not included (r = 0).

ratio for various loss probabilities (r = 0.01 to 0.9). For each loss probability
a selection of reaction probabilities (ranging from s = 0.001 to 1) were simulated. For each value of r, the range of s values selected has little effect on
the required normalized dose, which causes the lines to overlap. For completeness, a shift to higher normalized doses (typically 10% of the vertical scale of
the graph) for combinations of low r and high s was observed and these lines
have been excluded from the graph for clarity. Vice versa some combinations
were not simulated due to the extremely long simulation time required, i.e.,
the combinations of high r with low s values. A strong dependence of the
normalized saturation dose on the recombination probability can be observed
from the figure. The very weak dependence of the normalized saturation dose
on s suggests the existence of a new regime that can be distinguished from
the reaction- and the diffusion-limited regimes discussed earlier. In this new
regime the saturation is not limited by the reaction probability or diffusion rate
but by the recombination loss. For the remainder of this article, we will refer to
this new regime as the recombination-limited regime. Regarding the absolute
saturation dose (instead of the normalized dose), the dose is similar to the r = 0
case in the near planar case (AR = 1). The trends provided similar information
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Figure 7.4. Normalized saturation dose as a function of aspect ratio
for various recombination loss probabilities, r, and reaction probabilities, s. The dose is normalized to the dose required for an aspect
ratio of 1. The trends with same r value but different s value overlap.

as the normalized dose trends and these absolute saturation dose trends are,
therefore, not plotted.
By comparing loss probabilities from Table 7.2 with the trends in Fig. 7.4,
consequences for possible ALD processes can be predicted. When using hydrogen radicals for deposition of a material such as titanium, the recombination
loss probability is high (r = 0.35) and achieving conformality will be difficult.
However for copper, which has a somewhat lower recombination probability
for hydrogen radicals (r = 0.14), conformal deposition of trenches with AR =
9 is more feasible and has indeed been reported [32]. According to Fig. 7.4 in
this case conformal films growth requires a dose ~10 times the dose required
for planar surfaces. This dose appears to agree with the dose used by the author: a 3 s plasma exposure was used while in a previous publication it was
stated that saturation occurred in less than 1 s for planar samples [38]. Materials such as platinum have a lower recombination loss for hydrogen and it
should already be much easier to deposit these materials in high-aspect-ratio
structures by ALD processes employing hydrogen radicals. The same holds
for metal oxide deposition by plasma-assisted ALD since the recombination
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Figure 7.5. Thickness as a function of depth for a trench of aspect
ratio 10. The simulations were stopped at 90% coverage for the
combinations of two reaction probabilities (s = 0.01 and s = 1) with
two loss probabilities (r = 0 and r = 0.90).

probability of hydrogen, oxygen, and nitrogen radicals on oxides is low (Table
7.2).
Figure 7.5 shows the effect of surface recombination loss on the deposition
profile. The almost saturated profiles (90% coverage) obtained using low and
high s values are compared for r = 0 and r = 0.90. The cases of low and
high s with r = 0 correspond well with the profiles expected for the reactionand diffusion-limited case respectively. Remarkably, these two very distinct
profiles converge to a single new profile when recombination is introduced
with a large value of r. The value of s in the case of high r does not affect the
profile. The new profile with recombination loss is similar to the profile for
the diffusion-limited case in the sense that the profile has a minimum near the
trench bottom. The shape of the profile is however different. How the value
of r affects the profile follows from a comparison of the deposition profiles
at 90% saturation for a range of r values (Fig. 7.6). The value of s is chosen
to be low enough (s = 0.001 and s = 0.01) to have no observable effect on the
profiles for the various r values. Although all profiles are limited by the surface
recombination loss process, it is not one single profile that emerges. For higher
r values the minimum near the bottom is deeper. Note also that higher r values

Conformality of Plasma-Assisted ALD

147

Figure 7.6. Thickness as a function of depth for a trench of aspect
ratio 10. The simulations were stopped at 90% coverage for loss
probabilities ranging from r = 0 to r = 0.90 at a low reaction probability s = 0.001 (For r = 0.90 the reaction probability value of s =
0.01 was used to reduce the duration of the simulation).

require a much higher dose to achieve the same coverage as was shown in Fig.
7.4. Dendooven et al. stated that the recombination probability only affects the
penetration depth, but not the slope of the deposition profile [36]. We found
that this is indeed the case for the conditions they investigated (s = 1 and low
AR = ~5). However, for lower s values or higher values of AR the shape of the
deposition profile is affected by the value of r as can be observed in Figs. 7.5
and 7.6.
Particle Diffusion. To study the diffusion of particles inside the trench for
the three deposition regimes, the number of side wall collisions as a function
of position within the trench is compared for the three regimes. Figure 7.7
shows wall collisions profiles for three cases which are assumed representative
for the reaction-limited, the diffusion-limited, and the recombination-limited
regime. The number of collisions is expressed as collisions per percentage of
depth, normalized to the total number of particles needed for saturation. These
wall collisions profiles can be interpreted as the number of collisions along
the trench wall in a specific time interval of the total time needed to reach
saturation. The following observations can be made for the three regimes.

148

Chapter 7

Figure 7.7a shows that in the case of the reaction-limited regime, a flat profile
of wall collisions is observed which does not change during deposition. In this
case, the loss of particles by reaction is low compared to the supply of particles
by diffusion and therefore the particles can equilibrate throughout the trench by
colliding with the bottom and coming back towards the top. Saturation occurs
with an equal rate throughout the trench.
Figure 7.7b shows the diffusion-limited case. Initially the number of wall
collisions decreases quickly when going deeper inside the trench. The wall
collisions profile changes during the deposition. The particle distribution extends further and further down into the trench with the progression of time.
At the front of this particle distribution the surface intervals are reacting which
stops the loss at that point. As a consequence the particle diffusion extends further into the trench, which in effect causes a moving deposition front towards
the bottom of the trench.
For the newly introduced recombination-limited regime (Fig. 7.7c), the
wall collisions profile shows a strong decrease with depth, but different from
the case in Fig. 7.7b, the wall collisions profile does not change when time
progresses. Here the decrease of the number of wall collisions with depth is
not caused by ALD reactions at the deposition front, as is the case for the
diffusion-limited regime, but by the surface recombination loss. The more
collisions a particle makes, the higher the chance of the particle being lost. The
persistence of the profile is explained by the fact that the recombination loss
process is also present on surface intervals where deposition has already taken
place. Saturation can still occur throughout the trench but the rate of saturation
is proportional to the wall collisions profile. It should be mentioned again, that
recombination loss processes are simulated in a very general way and only a
constant loss probability is taken into account. The loss probability is likely
to depend on the surface state and would therefore change with saturation, in
turn causing an evolution of the wall collisions profile for the recombinationlimited regime during deposition.
The Deposition Regimes. The characteristics of the three deposition regimes can be described on the basis of the observations from the saturation
doses, the deposition profiles, and the wall collisions profiles. The regimes
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Figure 7.7. The normalized number of wall collisions per percentage of depth within the trench during: (a) the first and last one million particles of the reaction-limited deposition for AR = 10 and s =
0.0005; (b) the 600,000 particles of the diffusion-limited deposition,
sampled in steps of 100,000 particles (i.e., one-sixth to six-sixth) for
AR = 50 and s = 1; (c) the first and last ten million particles of the
recombination-limited deposition for AR = 10, s = 0.1, and r = 0.3.

have been schematically depicted in Fig. 7.8, where the thickness can be interpreted either as the profile resulting from unsaturated growth or as the evolution of the saturation in the trench during the half-cycle. The first two depicted
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regimes have been suggested in the literature before [1]; the recombinationlimited regime is new and has not been identified previously to the best of our
knowledge. The regimes can be described as follows:
i) the reaction-limited regime (Fig. 7.8a): in this case growth occurs simultaneously everywhere throughout the trench until saturation is reached. Almost
no increase in dose is required with increasing aspect ratio as long as s  H.
During the deposition a constant particle density is present within the complete
trench;
ii) the diffusion-limited regime (Fig. 7.8b): in this case a moving deposition front is observed. An increase in aspect ratio leads to a strong increase in
saturation dose, while a change in s has very little effect as long as s  H. The
particle density in the trench decreases to zero at the deposition front;
iii) the recombination-limited regime (Fig. 7.8c): in this case growth occurs throughout the trench but the rate is reduced near the bottom of the trench
(depending on r). At this position saturation is reached the last. The saturation dose depends strongly on r and also the shape of the deposition profile
changes with r. Particles can be present throughout the trench but their density
decreases significantly towards the bottom.
Although the recombination-limited regime has not been identified as such
in the literature, most depositions by plasma-assisted ALD in high-aspect-ratio
structures are expected to occur in this regime. Kim et al. reported a not fully
saturated deposition profile for Ta deposition by plasma-assisted ALD using an
H2 plasma which corresponds well with the observations for the not-fully saturated deposition profiles obtained in the recombination-limited regime [34]:
a trench with AR = 40 was coated by Ta with the top part having 100% conformality and the lower part having 40% conformality. Most likely longer plasma
exposure times would be required to reach a conformal film inside the whole
trench.
Transition Between Regimes. As discussed earlier in the case of r = 0,
the process is either diffusion or reaction-limited depending on s and AR with
s = H as the transition condition between the regimes. A similar analytical
relation would be useful to establish the location of the transition between the
recombination-limited regime and the diffusion- and reaction-limited regime.
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Figure 7.8. Illustration of the three deposition regimes: (a)
reaction-limited, regime in which growth occurs simultaneously everywhere until saturation is reached; (b) diffusion-limited, regime
in which a downwards moving saturation front is observed; and
(c) recombination-limited, regime in which growth occurs everywhere but with a rate that is reduced near the bottom of the trench
where the condition of saturation is fulfilled the last. In (b) the small
amount of growth at the bottom due to particles making very few
collisions has been neglected.

Walraven et al. reported an analytical description of the dissociation degree of
hydrogen radicals leaving a tube in which surface recombination takes place
[39]. Using their relations we have derived Eq. 1 (see Appendix), expressing
the fraction of the particles, α, which reach the end of a tube or pore without
recombining, as a function of aspect ratio AR and surface recombination probability r.
α=

1
√
cosh(AR r)

(1)

For α = 1 none of the particles reaching the end of the pore have recombined and for α = 0 all of the particles have recombined. Equation 1 shows
that for low AR and low r, α is close to 1 while for high AR and high r,
α goes to zero. We define α = 0.5 as a transition condition between the
recombination-limited regime and the other regimes. Figure 7.9 shows the
resulting diagram for the three deposition regimes (reaction-limited, diffusionlimited, and recombination-limited) in the parameter space of recombination
loss probability r and aspect ratio AR. The line s = H, indicated for s = 0.01
(solid red line) and s = 0.1 (solid dashed line), defines the transition between
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the diffusion- and reaction-limited regime. The black solid line represents
the aspect ratio at which 50% of the particles have recombined (α = 0.5),
and defines the transition condition with the recombination-limited regime.
In general, the situation is reaction-limited for low r combined with a low s
and low AR, while the situation is diffusion-limited for low r combined with
high s and medium AR. On the other hand, the situation is recombinationlimited for cases with low r combined with high AR or for all cases with
high r. These transition conditions are derived for pores instead of trenches,
however, the diagram and its transition conditions agree well with the results from our 2D trench simulations. Furthermore the diagram clarifies the
regime transition behavior. For instance, the value of s has no effect on the
condition whether a process is recombination-limited or not. The value of s
does however affect how the recombination-limited regime is entered. When
moving down a trench, a process can either change from reaction-limited to
diffusion-limited to recombination-limited (e.g. moving upward in Fig. 7.9 for
s = 0.1 at r = 2×10−3 ), or the process can go directly from reaction-limited
to recombination-limited (e.g. moving upward in Fig. 7.9 for s = 0.01 at r =
2×10−3 ).
Implications. Although due to the simplifications, the applicability of the
simulations might not be directly quantitative, the results obtained from the
simulations certainly yield important qualitative information. From the simulations, it has been derived that deposition regimes with distinct behavior exist
which provides valuable insight in the ALD process in 3D structures. Although
the simulations have been done in a 2D trench-like geometry, the simulations
also provide insight into deposition in 3D structures. For instance the analytical transition relations derived for pores hold fairly well for the simulated
trench structures. Note that pores require longer precursor exposure for the
same aspect ratio compared to trenches and, as a rule-of-thumb, can be considered equivalent to trenches of double aspect ratio [5].
When speculating on achievable aspect ratios for coating 3D structures, the
simulations suggest that for plasma-assisted ALD processes with low recombination loss, aspect ratios of 30 should be relatively straightforward. That
is, compared to the dose required to saturate a planar surface, a relatively
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Figure 7.9. Diagram showing the three deposition regimes represented in the parameter space of surface recombination loss probability r and aspect ratio AR. The line s = H for s = 0.01 (solid red
line) and s = 0.1 (dashed red line) indicate the transition between the
diffusion-limited and reaction-limited regime. The black solid line
represents the transition condition with the recombination-limited
regime. This condition has been defined as the aspect ratio at which
half of the particles have recombined (α = 0.5) as a function of the
recombination probability r.

small increase in exposure is needed to saturate the 3D structure (factor of
4 for r = 0.01 and AR = 30). For high recombination loss processes, however, aspect ratios higher than 10 might be impractical (the saturation dose
increases by a factor of 41 for r = 0.30 and AR = 15). In addition to the fact
that plasma-assisted ALD is a relatively young field of research, this difficulty
could be another reason for the small number of reports on conformal growth
by plasma-assisted ALD in AR > 10 structures. Note that possible improvements in plasma-assisted ALD equipment (achieving much higher radical densities) would enable much higher aspect ratios (e.g., AR = 100) assuming that
additional effects like possible damage by ion bombardment and film etching
are not introduced in such a reactor design.
Ozone-based ALD Processes. Although we have focused on plasmaassisted ALD in this article, the results of the simulations presented can also
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be applied to other ALD processes in which the reactant can undergo loss processes in addition to the ALD surface reactions. In principle any reactant that
can decompose or recombine at a surface without leaving a residue can be considered, for instance ozone, formaldehyde [40], and hydrogen peroxide [41].
Of these reactants ozone (O3 ) is most often employed and the surface loss process is reported to mainly consist of O3 recombination with surface O forming
O2 [42, 43]. Ozone typically shows a very low loss probability at room temperature (on alumina r = 5×10−6 [44] and on stainless steel r = 3×10−6 [45]), but
is known to have higher decomposition rates at elevated temperatures. Moreover ozone has particularly high decomposition rates on catalytic materials
such as MnO2 and Rh2 O3 [46, 47]. This means that achieving conformality
for ozone-based processes of most materials should be relatively easy due to
the low loss probability, however the effects of loss are not negligible for very
high aspect-ratios and for certain classes of materials. The surface loss of O3 is
further investigated in Chapter 8. Further understanding of the dependence of
the surface recombination probability on process parameters and on the chemical environment might provide ways to decrease the recombination loss and
thereby improve the conformality. For instance a low deposition temperature
could be needed to coat a certain 3D structure when the recombination probability would be lower at reduced temperatures. To this end, the simulations
described in this Chapter can be used to predict the saturation dose changes
and the optimum deposition conditions.
Conclusion
The physical processes in plasma-assisted ALD that affect conformality
were identified to be recombination loss of radicals, reaction probability of
radicals and particle diffusion of plasma species in the trench. The processes
were generalized in terms of a general reaction probability s and general loss
probability r. A Monte Carlo model was developed to simulate the conformality of plasma-assisted ALD in a trench of aspect ratio AR. For r = 0, simulations in which the reaction probability and aspect ratio were varied led to
the identification of a reaction-limited and a diffusion-limited regime. In the
reaction-limited regime the dose required to reach saturation depends on s but
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not on the aspect ratio of the trench. Moreover, the deposition profiles before reaching saturation were flat. In the diffusion-limited regime the dose
increased strongly with aspect ratio while the value of s had little effect on the
saturation dose. The value of s does, however, affect the deposition profile,
since a lower s results in a decrease of the slope of the thickness profile at the
deposition front.
With the introduction of surface recombination loss in the simulations (r
> 0), the saturation dose was found to depend strongly on the value of the
loss probability. Before reaching saturation, the deposition profiles of the wall
of the trench showed a minimum near the bottom of the trench and the relative depth of this minimum increased with the loss probability. By combining
these observations with those for the depth profiles of the wall collisions during deposition, three deposition regimes could be identified namely a reactionlimited, a diffusion-limited, and a recombination-limited regime. The newly
introduced recombination-limited regime is classified by a strong dependence
of the saturation dose on the recombination loss probability r. The value of r
also affects the shape of the deposition profile causing a lower thickness of the
film at the region in the trench towards the bottom. Analytical relations have
been used to demarcate the regimes by defining transition conditions. The
transition to the recombination-limited regime is found to only depend on r
and AR.
Knowledge of the effective regime in which a deposition takes place, yields
the ability to predict the effect on conformality of a change in reactant type,
reactant exposure, or aspect ratio. For plasma-assisted ALD in 3D structures,
the process is usually limited by the surface recombination loss probability.
Conformal deposition in high-aspect-ratio structures can, therefore, be achieved in the case of either a low loss probability or when a very large radical
dose is applied. For low recombination loss, aspect ratios of 30 should be relatively easy. For high recombination loss processes, higher than aspect ratio 10
might be impractical. Further understanding of the dependence of the surface
recombination probability on process parameters and on the chemical environment might provide ways of decreasing the recombination loss and thereby to
improve the conformality of plasma-assisted ALD films in 3D structures.
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Appendix
Equation A1 shows our derived equation for the fraction of the particles,
α, which reach the end of a tube or pore without recombining, as a function of
aspect ratio AR and surface recombination probability r.
α=

1
√
cosh(AR r)

(A1)

For α = 1 none of the particles reaching the end of the pore have recombined
and for α = 0 all of the particles have recombined. This equation was derived
from the work of Walraven et al. who studied the transmission of hydrogen radicals through a long tube (high AR) in the molecular flow regime and reported
several analytical relations regarding the number of collisions and degree of
dissociation of gas exiting the tube [39]. To obtain Eq. A1 the following steps
have to be taken. The average number of collisions N c that a particle makes
after traveling a pore of length l is given by Eq. 8 in the work by Walraven et
al. and is rewritten to use aspect ratio AR [39].
Nc =

1
8

l
b

!2
= 12 AR2

(A2)

where b represents the radius and AR = l/2b. This equation is inserted in Eq.
9b from Walraven et al. resulting in Eq. A3 below which after simplification
results in Eq. A1 used in this work:
α=

1
1
=
√
√
cosh( 2rNc ) cosh(AR r)

(A3)
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CHAPTER 8

Surface Loss in Ozone-based Atomic Layer Deposition
Processes∗

Abstract
The recombinative surface loss of O3 was investigated and its effects on
the initial growth, film uniformity, and film conformality in atomic layer deposition (ALD) processes were illustrated. To determine O3 recombination probabilities over a wide range, a method was developed using high-aspect-ratio
capillaries at the inlet to a mass spectrometer. Using this method, we measured O3 recombination probabilities ranging from <10−6 to >10−3 depending
on the composition and temperature of the capillary surface. We utilized these
measurements to understand dramatic variations in O3 loss observed during
the initial growth of O3 -based ALD Pt on Al2 O3 and vice versa. Next, we
studied the uniformity of O3 -based ALD using ZnO ALD as a model system.
Changes in the spatial uniformity of the ALD ZnO films and the O3 concentration in the reactor as a function of the O3 exposure were explained by a
transition from reaction- to recombination-limited growth. This explanation
was validated using a simple plug-flow model. Finally, we estimated the maximum aspect ratios that can be coated for a given O3 recombination probability
in O3 -based ALD processes using reasonable cycle times.
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Introduction

Ozone (O3 ) is being used in a growing number of atomic layer deposition
(ALD) processes because O3 is a powerful oxidizer and is easier to purge than
H2 O, particularly at lower growth temperatures. Several ALD processes with
excellent thickness uniformity and conformality have been demonstrated using
O3 [1–6]. However, in some cases O3 can thermally decompose on surfaces
in recombination processes leading to poor thickness uniformity and conformality in the resulting ALD films [6–9]. This problem is particularly acute
when the O3 recombines rapidly on the material to be deposited. From heterogeneous catalysis it is known that the O3 surface recombination rate depends
greatly on both the chemical composition and the temperature of the surface
[10, 11]. With this in mind we can divide ALD materials into three groups:
low loss oxides (e.g., SiO2 and Al2 O3 ), high loss oxides (e.g., MnO2 , Co3 O4 ,
NiO, Fe2 O3 , and CuO), and high loss noble metals and noble metal oxides
(e.g., Pt and Rh2 O3 ). The last group is special in that depending on conditions
such as temperature and oxygen partial pressure, either the noble metal or the
noble metal oxide is deposited. In previous studies of O3 -based ALD processes, severe thickness nonuniformities and the need for abnormally large O3
exposures have been reported for the high-loss oxides Co3 O4 [7], and MnO2
[8], as well as the noble metal oxide Rh2 O3 [9]. With increasing growth temperature the rate of recombinative O3 loss increases and this can have negative
consequences for O3 -based ALD processes. For instance, a decrease in step
coverage with increasing temperature was reported for the ALD of HfO2 using
O3 [6].
For most ALD processes only surface losses for O3 have to be considered,
because losses from gas-phase collisions between O3 and other molecules are
negligible at the typical pressures of 1-100 Torr [12, 13]. The mechanism for
O3 surface loss on MnO2 proposed by Li et al. is generally applicable to O3
loss on other oxide surfaces [14, 15]. Briefly, the mechanism consists of three
steps as shown below. In step (i), an O3 molecule reacts with a surface site
(denoted with ∗ ) forming gaseous O2 and an adsorbed O atom. In step (ii), another O3 molecule reacts with the surface O forming gaseous O2 and surface
O2 . In step (iii) the surface O2 desorbs as gaseous O2 reopening up the surface
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site (∗ ). The regeneration of the initial surface site shows that the O3 surface
loss process is catalytic. Step (i) is fast compared to steps (ii) and (iii) so that
in steady state under O3 exposure the surface is covered with surface O and O2 .
O3 (g) + ∗ → O2 (g) + O∗
O3 (g) + O∗ → O2 (g) + O2 ∗
O2 ∗ → O2 (g) + ∗

(i)
(ii)
(iii)

In atmospheric research, O3 loss is typically quantified by a single loss
probability per surface collision called the uptake coefficient [16, 17]. Similarly, reactant loss in ALD can be quantified by a single loss probability per
collision called the surface recombination probability (Chapter 7 [18]). The
recombination probability can be used to predict the ability of an ALD process to conformally coat 3D structures as was shown in a recent simulation
study for ALD using reactive gas-phase species (e.g., plasma, or O3 ) (Chapter
7 [18]). A high value for the surface recombination probability can greatly affect the conformality. The surface recombination probability, r, should not be
confused with the reaction or sticking probability, s, which is the probability
that an ALD precursor molecule will react upon colliding with the surface and
contribute to film growth. The recombination probability depends strongly on
the composition and temperature of the surface. For instance, addition of N2
to the O3 generator source gas is suggested to passivate the reactor surface by
NO2 or NO3 species in HfO2 ALD, thereby decreasing the O3 recombination
probability [4]. Also, the support material in the case of MnO x particles can
influence the O3 recombination [19].
To date, there have been no systematic studies of the effects of O3 surface
loss on ALD processes. The goal of this Chapter is to investigate recombinative O3 loss under conditions relevant to ALD and illustrate its dependence on
the temperature and the chemical composition of the surface, and its effects
on film uniformity and conformality. We first describe a method using a highaspect-ratio capillary installed at the inlet of a mass spectrometer to quantify
O3 recombination probabilities. Next, we use the mass spectrometer to monitor the changes in recombinative O3 loss during ALD upon transitioning from
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a surface with low O3 recombination to a surface with high O3 recombination
and vice versa. The influence of O3 recombination on film uniformity was
studied using O3 -based ZnO ALD as a model system. The changes in ZnO
uniformity with increasing O3 exposure time were simulated using a simple
plug-flow model. Finally, the effects of O3 recombination on conformality
were estimated for a range of recombination probabilities.

Experimental Section
ALD Reactor. The ALD experiments used a viscous flow reactor [20],
constructed from a circular, stainless steel flow tube with a length of 1 m and
an inside diameter of 5 cm to hold the substrates for film growth. A constant
reactor temperature was maintained by four separate temperature controllers
connected to resistive heating elements attached to the outside of the reactor.
Ultrahigh purity (99.999%) nitrogen carrier gas continuously passed through
the flow tube at a mass flow rate of 360 sccm and a pressure of 1 Torr. The
following precursors were used: trimethyl aluminum (AlMe3 , Aldrich, 97%),
bis(ethylcyclopentadienyl) manganese (Mn(EtCp)2 , Strem, 98%), trimethyl(methylcyclopentadienyl) platinum(IV) (MeCpPtMe3 , Aldrich, 98%), and diethyl zinc (ZnEt2 , Strem, 95%). The O3 was produced using an O3 generator
(Ozone Engineering L11) using a feed of ultrahigh purity O2 at a flow rate of
400 sccm to produce 5.5 volume percent O3 in O2 at an 80% level of maximum
generator power. The generator was typically operated at a pressure of 810
Torr because this setting was found to reduce pressure transients during switching of the generator power. The ALD timing sequences will be expressed as
t1 :t2 :t3 :t4 where t1 is the exposure time for the first precursor, t2 is the purge
time following the first exposure, t3 is the exposure time for the reactant, and
t4 is the purge time following the exposure to the reactant. The pressure was
monitored downstream of the flow tube by a 10 Torr Baratron® capacitance
manometer. The ALD reactor was equipped with a quadrupole mass spectrometer (QMS, Stanford Research Systems RGA300) located downstream of
the flow tube in a differentially pumped chamber separated from the reactor
tube by a 35 µm orifice and evacuated using a 50 l/s turbomolecular pump.
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For the surface recombination probability determination experiments, the orifice at the inlet of the QMS was replaced by a stainless steel capillary (45
mm length, 1.59 mm outer diameter, 127 µm inner diameter). Three capillaries were prepared. After first coating with 12 nm Al2 O3 using 100 cycles
of AlMe3 /H2 O (5:10:5:10) at 200 °C, each capillary was coated with a different material using 30 cycles of ALD resulting in coatings of: 2.9 nm MnO x ,
3.4 nm Pt, and 5.4 nm ZnO. The ALD process conditions for the capillary
coatings were: Mn(EtCp)2 and H2 O (15:20:5:20) at 200 °C, MeCpPtMe3 and
O2 (20:20:5:20) at 300 °C, and ZnEt2 and H2 O (5:20:5:20) at 150 °C, respectively. Ellipsometric measurements of film thickness and refractive index were
carried out for films deposited on Si(100) substrates using a J. A. Woollam
alpha-SE spectroscopic ellipsometer (SE) system.

Measurements of O3 Concentration. Two methods were employed to
measure the O3 concentration in the ALD reactor. The first method used the
pressure change upon switching on the O3 generator and the second method
was based on QMS. The pressure method is most suitable for steady state situations and gives directly the absolute O3 partial pressure in the ALD reactor.
The QMS method is typically better for qualitative measurements where relative changes in O3 partial pressure need to be followed without disturbing the
process.
The Baratron® pressure gauge measures the absolute pressure and is independent of the gas species. When pure O2 is flowing through the ALD system
and the O3 generator is switched on, a pressure decrease is observed on the
pressure gauge as a portion of the O2 is converted into O3 according to the net
reaction 3 O2 → 2 O3 . Consequently, the converted portion of O2 with partial
pressure, pO2 , forms O3 gas with partial pressure, pO3 = 2/3 pO2 . The change in
partial pressure measured by the pressure gauge is ∆p = 1/3 pO2 , which is half
of the resulting partial pressure of the O3 , i.e., pO3 = 2∆p [21]. This relationship assumes that the system pumping speed does not change and that the O2
mass flow controller maintains a constant flow when the O3 generator is turned
on. According to the manufacturer, the pumping speed for the rotary vane mechanical pump is constant in the pressure regime used for these experiments.
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Figure 8.1. The QMS signal at m/z = 48 for a range of O3 partial
pressures. The inset shows the mass spectrum change when the O3
generator is turned on.

Furthermore, the assumption of constant O2 flow was verified by monitoring
the mass flow controller gain during the experiments.
Using the pressure method in an Al2 O3 coated reactor at 100 °C, a concentration of 5 volume percent O3 in O2 was calculated which corresponds
well with the manufactures’ specification of 5.5 volume percent. Repeated
measurements revealed that this method has a precision of ~10%. No measurable variation in O3 concentration was found when the reactor temperature
was changed from 100 to 300 °C suggesting little surface recombinative loss
on Al2 O3 within this temperature range. Therefore, an Al2 O3 coated chamber
was assumed to have negligible surface recombination of O3 and was used as
a standard reference.
When the O3 generator was turned on, a clear signal was observed from
the QMS at mass-to-charge ratio (m/z) = 48, indicative of O3 [16, 22], as shown
by the inset of Fig. 8.1. The smaller QMS signal increase observed at m/z =
50 is consistent with an O3 molecule where one oxygen atom is the naturally
occurring isotope 18 O. The O3 partial pressure was adjusted by controlling
the O3 generator power setting. Figure 8.1 shows the m/z = 48 signals for
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a variety of O3 partial pressures as determined by the pressure method. The
linear dependence between the m/z = 48 signal and the O3 partial pressure
demonstrates that the QMS can be used to accurately monitor the O3 partial
pressure. The advantage of the QMS method in monitoring O3 during ALD
processes as compared to the pressure method is the much higher selectivity
for O3 and weak sensitivity to background pressure fluctuations. Therefore,
the QMS method does not require switching the generator power on and off
under constant gas flow to determine the O3 level. However, we found that the
QMS had to be recalibrated frequently to ensure accurate measurements.

Results and Discussion
O3 Recombination. The O3 recombination was first investigated in a qualitative way by measuring the O3 reactor transmission for different reactor surface conditions. To explore the effects of the surface composition and surface
temperature on the recombination process, the reactor walls were coated in situ
with a series of ALD coatings and the reactor temperature was varied. Some
surface conditions showed no steady state pressure differences and no m/z = 48
signals, indicating negligible O3 transmission and a nearly complete recombination of O3 . These surfaces included NiO at 250 °C, Pt at 200-300 °C, and
MnO x at 200-300 °C. As mentioned previously, Al2 O3 exhibited no change in
the transmission probability for temperatures of 100-300 °C indicating negligible recombination in this temperature range.
The O3 recombination probability, r, can be determined quantitatively by
measuring the decrease in O3 transmission through a capillary with a high aspect ratio. The large number of wall collisions that occur during transit through
a high-aspect-ratio capillary greatly increase the probability for recombination
and increase the sensitivity for low-loss processes. For these experiments, the
orifice at the inlet of the QMS was replaced with a stainless steel capillary
while the reactor chamber was precoated with Al2 O3 . To maintain a similar
sensitivity of the QMS, the pressure difference between the reactor chamber
and the QMS should be similar. Therefore, the gas conductance of the capillary and the orifice should be similar. The capillary has a larger diameter than
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Table 8.1. Normalized transmission values, α, of O3 for various
capillary coatings and temperatures with AR = 350. The associated
recombination probabilities were calculated using Eqn. 1.
Normalized

Recombination

Capillary

Temperature

Transmission (α)

Probability (r)

Al2 O3

100-200 °C

1

<10−6

100 °C

1

<10−6

150 °C

0.2 ± 0.1

(5 ± 2)×10−5

200 °C

0

>10−3

Pt

100 °C

0

>10−3

MnO x

100 °C

0

>10−3

ZnO

the orifice (127 µm compared to 35 µm) to compensate for the decrease in conductance due to the higher aspect ratio (AR = 350 for the capillary compared
to AR = ~3 for the orifice). With the Al2 O3 coated capillary, the m/z = 48
signal was approximately the same as with the orifice indicating no decrease
in O3 transmission for Al2 O3 . Furthermore, increasing the temperature of the
QMS inlet and capillary from 100 to 200 °C showed no decrease in m/z = 48
signal. Therefore, the transmission for the Al2 O3 coated capillary is not affected by O3 surface recombination. For the coated capillaries, a normalized
transmission, α, was defined as the m/z = 48 signal for the coated capillaries
divided by the m/z = 48 signal measured after coating the capillary in situ with
Al2 O3 (the case with no O3 surface recombination). The value α = 1 indicates
that none of the particles reaching the end of the capillary have recombined
while α = 0 indicates complete recombination.
Table 8.1 summarizes the normalized transmission values measured using the capillary. Al2 O3 (100-200 °C) and ZnO at 100 °C showed complete
transmission of O3 (α = 1). ZnO at 150 °C showed an incomplete but measurable transmission (α = 0.2), while ZnO at 200 °C and Pt and MnO x at 100 °C
showed no measurable O3 transmission (α = 0).
Equation 1 relates the normalized transmission, α, the aspect ratio, AR,
and the recombination probability, r, in the molecular flow regime (Chapter 7
[18], [23]):
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(1)

Since the flow in the first part of the capillary was in the transition regime
in our experiments (Knudsen number, K = 0.9 rather than K  1 for molecular flow), there were still gas-phase collisions and therefore the calculated r
value will slightly underestimate the real r value. Equation 1 shows that for
low AR and/or low r, α is close to 1 while for high AR and/or high r, α approaches zero. The r values calculated using Eqn. 1 are shown in Table 8.1.
For Al2 O3 and ZnO at 100 °C, r < 10−6 . For Al2 O3 the value is similar to
the value reported in the literature, r = ~10−7 [13, 17, 24]. For ZnO at 150
°C, r = (5 ± 2)×10−5 , and for ZnO at 200 °C and Pt and MnO x at 100 °C, r
> 10−3 . The upper and lower bounds to the r values are estimated based on
the uncertainty in our α measurements which are limited by the signal-to-noise
ratio of the QMS measurements. The increase in r with temperature for ZnO
agrees with the fact that O3 recombination is a temperature activated process.
The high values for MnO x and Pt concur with the knowledge that MnO x is an
effective material for O3 destruction and that Pt is reported to have even higher
values of recombination than MnO x [25].
Figure 8.2 shows the normalized transmission, α, calculated using Eqn.
1 for several aspect ratios in the range AR = 1500 - 80 including the aspect
ratio for the capillary used in this work, AR = 350. For each aspect ratio, a
range of r values exists over which α is a sensitive function of r. For instance,
at AR = 350, measurements of the normalized transmission coefficient allow
exact determination of recombination probabilities in the range ~10−6 - 10−4 .
For recombination probabilities outside of this range, the α measurements will
only provide upper or lower bounds to r. For exact determination of lower or
higher recombination probabilities, smaller or larger aspect ratios have to be
employed. For instance, anodic aluminum oxide membranes could be used to
obtain higher aspect ratios while maintaining sufficient gas conductance [26].
With the appropriate selection of high-aspect-ratio structures (e.g., AR = 1500,
AR = 350, and AR = 80), this method can be used to determine the recombination probability over a range of several orders of magnitude and therefore
also for a wide range of materials and temperatures.
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Figure 8.2. Normalized transmission, α, as a function of recombination probability, r, for capillaries with a range of aspect ratios
(1500 - 80) according to Eqn. 1.

Initial Stages of ALD Growth. To examine the effects of O3 recombination on ALD nucleation and growth, we monitored the O3 concentration and
the gaseous reaction products during the ALD of a high r material (Pt) onto
a low r material (Al2 O3 ) by in-situ QMS. For these experiments, 50 Pt ALD
cycles were performed using MeCpPtMe3 and O3 with the timing sequence
(5:5:10:5) on an Al2 O3 coated chamber at 200 °C. Figure 8.3a shows the integrated QMS signals for m/z = 16 and m/z = 44 during the MeCpPtMe3 exposures and the integrated QMS signals for m/z = 48 during the O3 exposures.
The integrated values were normalized and the inset shows the raw QMS data
for the first 15 cycles.
We expect the mechanism for Pt ALD using MeCpPtMe3 and O3 to closely
resemble Pt ALD using MeCpPtMe3 and O2 where combustion and ligand exchange reactions occur during the MeCpPtMe3 exposures generating the reaction products CH4 , CO2 , and H2 O ([27], Chapter 6 [28]). Consequently,
m/z = 16 can be assigned to mainly CH4 and cracking of MeCpPtMe3 during
the MeCpPtMe3 exposure and mainly to cracking of O2 and O3 during the O3
exposure. Furthermore cracking of CO2 and H2 O can contribute to m/z = 16
during both steps. m/z = 44 can be ascribed to CO2 during both steps, and m/z
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Figure 8.3. The integrated QMS signals for (a) m/z = 16 and m/z
= 44 during the MeCpPtMe3 exposures and m/z = 48 during the O3
exposures for 50 cycles of Pt ALD on Al2 O3 at 200 °C; and for (b)
m/z = 44 and m/z = 48 during the O3 exposure for 15 cycles of Al2 O3
ALD on Pt at 200 °C. The integrated QMS signals were normalized
to the range [0 - 1] and the insets shows the raw QMS data (for
clarity only the first 15 cycles are shown for Pt ALD).

= 48 can be ascribed to O3 during the O3 exposure. Figure 8.3a shows that O3
(m/z = 48) is stable for the first three cycles but then quickly decreases within
a few cycles to a negligible level beyond 8 cycles. The reaction products CH4
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and CO2 (m/z = 16 and m/z = 44) during the MeCpPtMe3 exposures show an
overall increase up to around 30 cycles suggesting a slow nucleation. This nucleation behavior corresponds to the late film closure observed in the literature
at around 30-40 cycles [29, 30]. Interestingly, the O3 surface recombination
starts already at the onset of the reaction products increase, suggesting a large
influence of even a very small amount of Pt species on the O3 transmission.
Since Pt ALD can occur at 200 °C using O2 [31], and most of the O3 is lost
due to recombination, most of the growth after the first few cycles probably
occurs by reaction with O2 .
We next explored the effects of O3 recombination on the ALD of a low r
material (Al2 O3 ) on top of a high r material (Pt). After first coating the ALD
reactor with Pt, 15 cycles of Al2 O3 ALD were performed using AlMe3 and O3
with the timing sequence (1:5:10:5) at 200 °C and the O3 concentration and
reaction products were monitored by in-situ QMS. The gaseous reaction products during the O3 exposures for Al2 O3 ALD are mainly CH4 , with smaller
amounts of C2 H4 , CO, and CO2 [32, 33]. Figure 8.3b shows the normalized,
integrated QMS signals for m/z = 44 (CO2 ) and m/z = 48 (O3 ) during the O3
exposures and the inset shows the raw QMS data. The O3 signal was initially
negligible, but returned to a normal level after three cycles. Concurrently, a
pressure drop was observed with the pressure gauge indicating an increase in
the O3 concentration (not shown). Although CO2 is not a major product of
the O3 reaction for Al2 O3 ALD on an Al2 O3 surface, relatively large CO2 signals were observed during the initial Al2 O3 ALD cycles on the Pt surface (Fig.
8.3b). On the same time scale as the O3 QMS signals reappeared, the CO2
QMS signals decreased to a negligible level. The initially higher CO2 levels
can be explained by the higher probability for ligand combustion in the presence of catalytic Pt or possibly by an initially higher probability of forming
formate groups which decompose to produce CO2 [32].
The initial growth of Pt on Al2 O3 and vice versa showed dramatic changes
in O3 transmission in the first few ALD cycles, and these changes in O3 concentration impacted the growth of the materials. Similar transients in O3 concentration and concurrent changes in growth behavior have been observed during the ALD of In2 O3 on Al2 O3 [34]. In general, such behaviors are expected
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for other combinations of materials with high and low r values. These pronounced changes reflect the strong effect that surface composition can have on
the O3 surface recombination probability.

Thickness Uniformity of ALD Films. O3 recombination can lead to a
progressive reduction in O3 concentration along the flow direction in the ALD
reactor and cause thickness nonuniformities. To investigate this phenomenon,
the uniformity of ALD of ZnO using various reactants was compared. ZnO
is typically deposited using H2 O as reactant but ZnO has also been deposited
using O3 as reactant [35]. ZnO was deposited on an array of Si(100) samples
evenly spaced along the flow direction of the ALD reactor over a distance of
~60 cm. After 150 cycles of ZnO ALD, the film thicknesses were measured
using spectroscopic ellipsometry to generate a thickness profile. Thickness
profiles were measured for a variety of different ZnO ALD conditions. These
experiments used the timing sequence (2:10:x:10) where the O3 exposure time,
x, was 5, 10, and 20 s. For comparison, thickness profiles were generated in
which the O3 was replaced with H2 O (2 s exposures) and O2 (5 s exposures).
A deposition temperature of 200 °C was selected for these studies so that the
O3 recombination probability would be relatively high (Table 8.1).
The top part of Fig. 8.4 shows the thickness profiles measured using H2 O
and O2 as reactant. The thickness profile for H2 O is fairly uniform indicating
saturating exposures for both ZnEt2 and H2 O. As expected, virtually no ZnO
was deposited using O2 so that the O2 contribution can be neglected for the
profiles measured using O3 . The uniform profiles and the lack of growth using O2 as reactant indicate that ZnEt2 decomposition is not an issue at these
conditions. The bottom part of Fig. 8.4 shows the thickness profiles measured
using O3 . At reactor position 0, the inlet of the reactor tube, the growth is
roughly halfway saturated after 5 s O3 and between 10 and 20 s O3 the ZnO
growth is nearly saturated. Interestingly, the thickness profile is quite uniform
for the unsaturated growth at 5 s O3 , and is less uniform at 10 s. The thickness
profile becomes more uniform again at 20 s when more regions in the reactor
approach saturation. Furthermore, half of the growth occurs in the first 5 s of
the exposure.
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Figure 8.4. ZnO film thickness as a function of the position in the
reactor where the ZnEt2 and O3 are introduced near 0 cm. The ZnO
films were prepared using 150 cycles of ZnEt2 (2 s) and either H2 O
(2 s), or O2 (5 s) (top graph), or O3 (20, 10, or 5 s) (bottom graph).
The dashed lines result from the plug-flow model simulation for
1400, 700, and 350 particles.

The m/z = 48 QMS signals recorded during the O3 exposures for ALD
ZnO thickness profile experiments are normalized to each other and shown in
Fig. 8.5. Initially, a high signal is seen which decreases with exposure time.
The m/z = 48 signals for the 5, 10, and 20 s O3 exposures overlap suggesting
that the same surface is present at the beginning of the three different exposure times. The high initial signal indicates that at this point in the exposure,
the O3 loss due to reaction or recombination is low. Similarly, the signal decrease with longer exposure times indicates greater O3 loss due to reaction or
recombination at the surface.
The ZnO film thickness profiles in Fig. 8.4 can be analyzed by considering the evolution of surface species during each O3 exposure. The expected
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Figure 8.5. Normalized QMS m/z = 48 signals during the O3 exposures of typical ALD ZnO cycles with O3 exposure times of 5,
10, and 20 s. The O3 exposure times are indicated by the horizontal
black bars.

surface reactions for ZnO ALD using ZnEt2 and O3 are shown below, based
on the reaction mechanism of ZnO ALD using ZnEt2 and H2 O [36], and on
the mechanism of Al2 O3 ALD using AlMe3 and O3 [32]. In these equations,
“(ads)” represents an adsorbed species and “(g)” implies a gas-phase species.
OH (ads) + ZnEt2 (g) → OZnEt (ads) + EtH (g)
OZnEt (ads) + O3 (g) → OZnOH (ads) + EtH (g) + CO2 (g) +H2 O (g)
Note that, this equation is unbalanced; knowledge of the ratio between reaction
products would require additional quantitative measurements. By combining
the results from Figs. 8.4 and 8.5 several observations can be made. During
the first 5 s of the O3 exposures, the O3 concentration remains relatively high
and constant and the ZnO growth is uniform. These results imply that surface losses of O3 due to both surface recombination and ligand elimination are
small so that the ZnO ALD is reaction-limited during this period. After the
first 5 s, the increase in thickness over most of the thickness profile is slow and
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the O3 signal decreases indicating greater O3 losses from surface recombination. This subsequent growth period (10 and 20 s O3 exposure) resembles the
recombination-limited regime described in our earlier work (Chapter 7 [18]).
In the recombination-limited regime, surface recombination decreases the reactant concentration in the gas phase causing slow saturation over the entire
substrate and poor thickness uniformity before reaching saturation. Apparently, the recombination probability on the initial ZnEt-terminated surface is
much lower than on the ZnO or ZnOH surface. This explains why the initial
ZnO growth is rapid and uniform and the O3 concentrations are high. With this
in mind, the evolution of the surface species and the O3 concentration can be
described as follows. Initially there is relatively little O3 loss either by reaction
or recombination on the ethyl covered surface resulting in a uniform, high O3
concentration. As more ZnO or ZnOH surface is generated, more O3 will be
lost due to the faster recombination on these surfaces. At a certain ZnO coverage, O3 surface recombination will significantly deplete the O3 concentration
above the substrates leading to a concentration gradient and thinner ZnO films
downstream in the reactor. Meanwhile, O3 loss in the upstream part of the
reactor will continue to increase due to the increasing ZnO surface coverage.
Finally, the thickness gradient will gradually disappear and approach uniform
saturation (as expected for ALD), but at a very slow rate due to the low O3
concentration.
Plug-Flow Growth Model. The growth behavior described in the previous
section has been simulated using a simple plug-flow model. The plug-flow approximation is reasonable since the system is in viscous flow [20], and the flow
rate in the axial direction (~2 m/s) is much higher than the axial diffusion rate
(~0.02 m/s). Interestingly, at these pressures and flow rates the average number of collisions that a particle makes with the reactor tube walls is estimated
from kinetic gas theory to be only ~25. This relatively low average number
of collisions is due to the high number of gas-phase collisions and the short
residence time of 0.5 s in the 1 m long reactor tube. Reactions and losses due
to gas-phase collisions are neglected in this model. Briefly, the model consists
of a 1D array of numbers, i.e., cells, representing the reactor tube. Since each
gas particle traversing the array interacts which each cell, each cell represents
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a wall collision. Since on average a particle makes 25 collisions, the array
consists of 25 cells. At each cell the particle can react and stick with probability s, or it can recombine with probability r. A linear dependence for s and r
on the ZnO coverage is assumed as typical in Langmuir adsorption. The ZnO
coverage is defined as a local property for an area comprised of a group of Et
ligands or ZnO units and is initially “0” when the area is fully covered with Et
groups and becomes “1” when the saturation is complete, i.e., when the surface
is basically bare ZnO. The value of s decreases with the ZnO coverage, while
the value of r increases with the ZnO coverage. The r values as determined in
the first section would correspond with the end value of r at a ZnO coverage
of “1”.
For the case where s and r depend linearly on the ZnO coverage, reaction-limited, diffusion-limited, and recombination-limited growth (Chapter 7
[18]), can be simulated with this model. Furthermore, the general growth
behavior observed in Fig. 8.4 could be reproduced, i.e., transitioning from
reaction-limited to recombination-limited with a thickness profile change from
uniform to nonuniform. However, for this simple linear dependence of s and
r on the ZnO coverage, no good correspondence between the simulated and
experimental profiles could be obtained. With the inclusion of a more physical representation of the dependence of s and r on ZnO coverage (multiple
ZnO units needed for recombination, partial surface passivation at full coverage, and increased reactivity in the presence of recombination), reasonable
agreement was obtained not only for profile shape but also for the dependence
on exposure time. The dashed lines in Fig. 8.4 show the uniformity profiles
from the plug flow simulation for 1400, 700, and 350 particles. Note that,
the exposures from experiment and simulation have the same ratios, i.e., 4 to
2 to 1. Although passivation might appear counterintuitive compared to the
high r value of ZnO at 200 °C, the r value after passivation is still higher than
10−3 which is the lower limit determined in the first section. Passivation was
also reported in the literature and is suggested to involve peroxide species on
the surface (O2 ∗ in the decomposition mechanism in the introduction) [16],
furthermore zinc peroxide (ZnO2 ) is known to be stable up to 230 °C [37].
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Table 8.2. Aspect ratios for a range of recombination probabilities
r at which α = 0.1 (Eqn. 1). Conformal coating of structures with
these aspect ratios using O3 -based ALD is estimated to be possible
with reasonable cycle times.
Recombination

Aspect Ratio

Probability (r)

at which α = 0.1

0.1

10

0.01

30

0.001

100

10−4

300

10−5

1000

10−6

3000

Conformality of ALD Films. In principle, even for a material with a high
O3 recombination probability, good uniformity and conformality can be obtained by ALD when the reactant exposure is long enough. However, depending on the recombination probability, the saturating exposures for conformal
deposition of a certain aspect ratio can be too long to be practical. Based on
the recombination probabilities determined from the experiments in this study,
the effect of O3 recombination on the conformality that can be achieved by
O3 -based ALD processes can be estimated. These estimates were made on
the basis of a previous simulation study in combination with Eqn. 1 (Chapter
7 [18]). For materials with high r values, most aspect ratios would be in the
recombination-limited regime and result in poor conformality before reaching saturation. The main question would be what aspect ratios can be coated
practically, i.e., using reasonable cycle times, for a given r value. As an order
of magnitude estimate, aspect ratios at which the O3 concentration decreases
by a factor of 10 due to recombination (α = 0.1 in Eqn. 1) are taken as the
maximum because higher aspect ratios would require unreasonably long O3
exposure times. Table 8.2 shows the aspect ratios where α = 0.1 for a range of
r values. Conformal coating by ALD using O3 of materials with these r values
is estimated to be possible with reasonable cycle times for these aspect ratios.
For Al2 O3 (100-200 °C) and ZnO at 100 °C, AR values of 3000 or higher
should be possible. For ZnO at 150 °C, the maximum AR value is around 400,
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and for ZnO at 200 °C and Pt and MnO x at 100 °C, AR values of less than 100
will be practical.
When saturating exposures for conformal and uniform deposition are too
long to be practical, process conditions with a lower recombination probability are sought. Recombination can sometimes be decreased by using a reactant
with negligible recombinative loss instead (e.g., H2 O or O2 ). But in some
cases there are no alternative reactants or the resulting films will lack the desired material properties. Another way to reduce surface recombination for
O3 -based ALD processes is to lower the deposition temperature as we have
demonstrated for ZnO. This method is likely to benefit a variety of ALD materials. However, in the case of In2 O3 ALD using O3 [34], it was found that
the threshold temperature for ALD growth for the specific precursor employed
coincided with the onset of O3 thermal decomposition. So in this case lowering the growth temperature to boost conformality would not be possible. The
possible passivation by peroxide species and the limited lifetime of the peroxide species [15], suggests that in some cases a higher O3 concentration and
higher flux in terms of O3 molecules per unit area and time can decrease the
value of r. Addition of N2 to the source gas of the O3 generator can decrease
the recombination probability in some cases but this N2 addition might also
influence the material properties and growth process [4]. For Fe2 O3 and Pt it
has been reported that the recombination probability decreases with increasing
humidity [17, 38]. Therefore, codosing O3 and H2 O could offer possibilities
to improve uniformity and conformality for certain ALD processes.

Conclusions
A method using high-aspect-ratio capillaries as the inlet to the quadrupole mass spectrometer was developed to determine O3 surface recombination
probabilities over a wide range. The large differences in O3 recombination
probability between Pt and Al2 O3 cause dramatic O3 concentration changes
upon transitioning between the ALD of these two materials, and these concentration changes are reflected in the growth mechanisms for the materials. These
behaviors illustrate the profound effect that surface composition can have on
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O3 recombination. The thickness uniformity of O3 -based ALD was studied using ZnO ALD as a model system. The evolution of the surface state and the O3
concentration in the reactor was explained by a change in growth regime from
reaction- to recombination-limited. Initially there is relatively little loss either
by reaction or recombination on the ethyl covered surface. During growth the
loss due to recombination increases because the ZnO coverage increases. This
behavior could be simulated using a simple plug-flow model. The maximum
aspect ratios are estimated for which conformal coating by ALD using O3 can
be achieved using reasonable cycle times. Overall, O3 recombination depends
greatly on the surface conditions and can have a large influence on film uniformity and conformality in ALD.
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Summary
Atomic Layer Deposition: from Reaction Mechanisms to 3D-integrated
Micro-batteries
One major difficulty in maintaining the size reduction in electronic devices
is the controlled deposition of high-quality thin films with the right film properties. Besides this trend of miniaturization in information processing technology, i.e., the “More-Moore” trend, there has been another trend for non-digital
technology which is designated as “More-than-Moore”. “More-than-Moore”
is the trend towards diversification within electronic devices, in which multiple functionalities are integrated into a single unit of the device. All-solid-state
3D-integrated micro-batteries are a good example of the More-than-Moore approach as they integrate energy storage, which is a traditionally macroscopic
non-semiconductor technology, into a chip-size unit using techniques compatible with semiconductor technology. In all-solid-state 3D-integrated microbatteries, the various battery materials have to be deposited as thin films. Furthermore, to achieve a high capacity per footprint area on the chip surface,
the thin films have to be deposited in high-aspect-ratio structures etched in the
Si substrate. Controlled deposition of high-quality films with the right film
properties is therefore also a challenge in this research field.
A thin-film deposition technique which typically exhibits a high material
quality, a high uniformity, precise growth control, and an excellent conformality is atomic layer deposition (ALD). ALD has the potential to be an enabling
technology for a wide range of applications. To be able to develop new ALD
processes and materials, detailed understanding of the reaction mechanisms
and the ALD process itself are essential. Besides the conventional thermallydriven ALD processes, the usage of energy-enhanced methods is considered,
i.e., plasma-assisted and ozone-based processes. Plasma-assisted ALD can for
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instance facilitate deposition of conductive films. Furthermore, oxygen plasma
and ozone gas are well-suited to grow oxide thin films even at low substrate
temperatures. The reactive reactants used can, however, recombine at surfaces which could complicate deposition in 3D structures. In this thesis new
energy-enhanced ALD processes are developed and further understanding is
obtained on their reaction mechanisms. Also the ability of energy-enhanced
ALD processes to conformally coat 3D structures is investigated. Moreover,
the application of ALD in energy technologies is further explored by focussing
on solid-state 3D-integrated batteries.
The use of ALD in Li-ion battery synthesis is relatively unexplored and
therefore the potential of ALD for Li-ion batteries is reviewed in this work. Not
only the More-than-Moore application of all-solid-state 3D-integrated microbatteries is considered, but also larger-scale Li-ion battery concepts that can
benefit from ALD as well. Nanostructuring is targeted as a solution to achieve
the improvements required for implementing batteries in a wide range of applications. The potential of ALD is discussed for three battery concepts that
can be distinguished, i.e., particle-based electrodes, 3D-structured electrodes,
and 3D solid-state micro-batteries. It is discussed that a large range of materials can be deposited by ALD and recent demonstrations of improvements in
battery technology by ALD are used to exemplify its large potential.
Conformal deposition of conductive materials is needed in a variety of
More-than-Moore applications, e.g., for electrodes and current collectors. TiN
and TaN deposited by plasma-assisted ALD were demonstrated to serve as
Li barrier and anode current collector for micro-batteries and also as Cu diffusion barrier in advanced interconnect technology for 3D-integration. Furthermore, conformal deposition of TiN films by plasma-assisted ALD was
demonstrated. For some electrodes, such as the cathode current collector, a
highly-chemically-stable conductive material is needed. A plasma-assisted
ALD process was developed for the deposition of Pt films with excellent material properties in terms of density and resistivity. By using an additional
H2 -gas reduction-step, the deposition of Pt at low temperatures with good material properties was achieved, which can be of interest for deposition of Pt

Summary

187

on plastics. Furthermore, using longer plasma exposure times, PtO2 could be
deposited which is difficult to obtain by ALD.
Using mass spectrometry, the reaction mechanism of plasma-assisted ALD
of TaN x was investigated. For this process the reaction products released from
the surface during the plasma step were found to interact with the plasma.
Furthermore, the material properties of TaN x are influenced to a large extent
by this interaction. Interaction of ALD reaction products with the plasma is
expected to be of general significance for plasma-assisted ALD processes. The
reaction products of the thermal ALD process for Pt were quantified using insitu gas-phase infrared spectroscopy and a reaction mechanism was proposed.
The film growth was found to be ruled by the surface coverage of dissociatively
chemisorbed oxygen with which the precursor molecules interact.
The capability of plasma-assisted ALD to deposit in 3D structures was investigated using Monte Carlo simulations. It was found that deposition in 3D
structures can be classified in three regimes: i.e., reaction-limited, diffusionlimited, and recombination-limited. For low values of the recombination probability, r, conformal deposition in high-aspect-ratio structures can still be achieved, as also experimentally observed for several metal oxides. For high values
of the recombination probability, r, as appears to be the case for many metals, achieving a reasonable conformality becomes challenging, especially for
aspect ratios >10. Sufficient conformal deposition was demonstrated for both
the TiN and the Pt plasma-assisted ALD processes. For the medium aspect
ratios targeted for the Li-ion micro-batteries, plasma-assisted ALD should be
able to conformally deposit all materials. Similarly the loss of O3 in 3D structures was investigated where the loss of O3 on several materials was tested. To
determine O3 recombination probabilities over a wide range, a method was developed using high-aspect-ratio capillaries at the inlet to a mass spectrometer.
O3 typically has higher loss on materials such as MnO x and Co3 O4 , which can
also be considered as battery materials.
Several material systems were investigated and a considerable amount of
fundamental understanding in ALD was generated. In particular, understanding of energy-enhanced ALD processes and understanding of their ability to
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coat 3D structures conformally are essential for many new application fields in
which these techniques will be required.
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