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Abstract
Currently, alignment issues of top-down fabrication methods are limiting the
production of smaller integrated circuit components for in future computers, mobile
phones, etc. Therefore, self-aligned bottom-up deposition techniques, such as areaselective atomic layer deposition (AS-ALD), are investigated for the production of
these components. AS-ALD aims at the selective deposition of thin films only on
specific area(s) or material(s) of a patterned substrate. Motivated by the extensive
usage of nitrides in the semiconductor industry, area-selective deposition of TiN was
studied in this work. Specifically, the plasma-enhanced ALD (PEALD) process from
tetrakis(dimethylamido)titanium (TDMAT) and Ar/H2 plasma pulses was studied.
For PEALD processes, it is known that foreign species can be introduced on
the substrate due to the dissociation of background species in the plasma. Based
on this knowledge, it was expected that the Ar/H2 plasma could influence the film
nucleation, and thereby limit the possibilities for area-selective deposition. Therefore, the goal of this work was to investigate whether a third step could be added
to the PEALD process (resulting in a three-step process), in order to counteract the
influence of the plasma exposure on film nucleation, and to allow for area-selective
deposition. Based on previous work from this group, it was expected that this could
be achieved by adding an Ar/H2 plasma step with substrate bias.
Firstly, it was investigated what the influence of the regular plasma exposure
is on the nucleation of TiN, and whether this influence could be counteracted by
the addition of the plasma step with substrate bias. This was done by monitoring the TiN nucleation on annealed (1000°C) SiO2 , a substrate with a low density
of functional sites that allow for film nucleation, using ex-situ X-ray photoelectron
spectroscopy (XPS) and in-situ spectroscopic ellipsometry (SE). These measurements
showed that the TiN nucleation is influenced by the formation of functional sites
during the plasma exposure (estimated at ∼0.20 per nm2 per cycle), and that these
sites are most likely oxygen-containing species. Moreover, they confirmed that the
addition of the plasma step with substrate bias significantly reduced the formation
of functional sites (by ∼95%).
Subsequently, the possibilities for area-selective deposition were investigated
by monitoring the TiN nucleation on various substrates. These experiments showed
that the two-step process results in an immediate TiN nucleation on Si with native
oxide, Ru and Co, while the nucleation is delayed for 10 cycles on thermally grown
SiO2 . The discrepancy in nucleation on Si and SiO2 was explained by the different
density of hydroxyl groups that allow for TDMAT adsorption (∼4.6 and ∼0.46 nm-2 ,
respectively). The immediate nucleation on Ru and Co was explained by TDMAT
adsorption that occurs readily on metals. When the plasma step with substrate bias
was added to the process, the immediate nucleation on Si, Ru and Co was preserved,
while the nucleation on SiO2 was delayed by 5 more cycles (15 cycles in total). With
this improved process, area-selective deposition of ∼5 Å TiN could be achieved on
Co, without resulting in deposition on SiO2 .
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1 Introduction
In order to make smaller and faster integrated circuits (ICs) for in computers, mobile
phones, etc., the size of the components that make up the IC has to be reduced. As is
shown in figure 1.1, an IC consists of multiple levels. At the front end of line (FEOL),
the individual devices (such as resistors, capacitors, transistors, etc.) are located,
and at the back end of line (BEOL), these devices are connected by up to 12 levels of
metal connections [1]. Currently, ICs are fabricated by top-down fabrication methods that use lithography and etch steps [2]. However, additional methods have to be
invented for the production of smaller ICs due to alignment issues between the different levels of the IC [3]. Therefore, bottom-up fabrication by area-selective atomic
layer deposition (ALD) is under investigation [3–5]. In this work, area-selective ALD
of TiN is studied. TiN is widely used in the semiconductor industry as diffusion
barrier to prevent the diffusion of atoms from the metal interconnects to the surrounding dielectric [6–9]. Furthermore, TiN is used in field-effect transistors (FETs)
as metal gate for controlling the current that flows through the transistor [10, 11].

A: An IC

1

B: The FEOL

(A) A schematic representation of the different levels of
DepartmentFofIGURE
Applied1.1:
Physics
an integrated circuit (IC) [12] and (B) the typical dimensions in the
front end of line (FEOL) of Samsung’s 14nm node [13].

In this chapter, the challenges with the current production of ICs by top-down fabrication are described, and the ALD method is explained. In addition, the research
goals from this work are introduced.
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The current fabrication of integrated circuits

Currently, integrated circuits are mainly fabricated by top-down fabrication schemes
that involve the removal of material [14]. A schematic representation of the steps that
are involved in these schemes is provided in figure 1.2. First, a film is deposited onto
the already fabricated level of the IC (the substrate), and a resist film is spin-coated
on top of the film. Then, the resist is patterned by a photolithography step, i.e. an
UV light exposure through a mask. This light exposure makes either the exposed or
non-exposed parts of the resist dissolvable in solution, and allows for the removal of
these parts by a developer solution. Then, the film that is not covered by resist can
be removed by an etch. After this etch, the resist is stripped in order to obtain the
desired structure. An edge placement error (EPE) between the deposited structure
and the underlying level is obtained when, for example, the mask was not correctly
aligned with the substrate, or when too much resist material is removed during the
light exposure [15].
1. Substrate

2. Film deposition

3. Resist deposition

Resist
Film

5. Resist development

6. Film etching

4. Resist exposure

Alignment

7. Resist stripping
-> desired structure

Edge placement
Error

F IGURE 1.2: A schematic representation of the steps that are involved
in the production of a structure by top-down fabrication.

As is shown in figure 1.1, the current IC consists of devices with dimensions of less
than 80 nm that are connected by a maximum of 12 wiring levels. Therefore, the EPE
has to be small, otherwise the IC will not function properly. For the current ICs, the
requirements for the EPE can be met by photolithography. However, when the size
of the IC decreases, the requirements for the EPE become stricter. For the smallest
structures of these devices, i.e. the fins with a width of ∼8 nm [16], it is not costeffective to meet these requirement with photolithography. Therefore, area-selective
ALD is investigated for the fabrication of smaller ICs [3]. As will be discussed in the
next section, area-selective ALD allows for the film deposition on only the intended
part(s) of the substrate, and thereby eliminates alignment issues.
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Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a technique for the deposition of thin films in a
layer-by-layer fashion [17, 18]. These layers are deposited by repeating a so called
’ALD cycle’. A schematic representation of an ALD cycle is shown in figure 1.3.

F IGURE 1.3: A schematic representation of the atomic layer deposition (ALD) cycle [17]: The cycle comprises two half-cycles that contain two steps. In the first half cycle, the precursor is dosed in saturation and the reactor is purged. In the second half-cycle, the coreactant is dosed in saturation and the reactor is purged.

The ALD cycle consists of two parts, i.e. half-cycles, that each contain two steps.
In the first step of the first half-cycle, a sub-monolayer of material is deposited by
exposing the substrate to a precursor. This precursor is a gas-phase molecule that
typically consists of a metal atom with chemical functional groups that are termed
’ligands’. The precursor is designed in such a way that it does not react with itself, while it does react with the groups on the substrate’s surface, for example with
hydroxyl (OH) groups. During the reaction between the precursor and a surface
group, the metal atom binds to the surface and one or more of the ligands are removed. When sufficient precursor is dosed, these reactions occur until saturation is
reached, i.e. until all the surface sites are occupied. This type of reaction is called a
’self-limiting’ reaction. Then, at the end of the first half-cycle, the reaction products
and excess of precursor molecules are removed from the reactor with a purge step.
This is done in order to prevent gas-phase reactions between the precursor from the
first and second half-cycle. In the second half-cycle, the substrate is exposed to a
second precursor, the co-reactant, in order to prepare the surface for the deposition
of another monolayer of material. The co-reactant is a gas-phase molecule that typically does not contain any metal atoms (for example, H2 O, NH3 or O2 plasma), and
that replaces the remaining ligands from the first precursor with new surface groups,
such as OH groups, that allow for adsorption of the first precursor. When sufficient
co-reactant is dosed, also these reactions occur until saturation is reached. Then, the
reactor is once again purged in order to remove the reactions products and excess
of co-reactant molecules. Now, new groups that allow for the adsorption of the first
precursor are present on the surface, and the ALD cycle can be repeated in order to
deposit more material.
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F IGURE 1.4: The merits of ALD [17]: ALD can be used for the deposition of uniform and conformal films. Furthermore, it allows for an
accurate control over the thickness of the film.

By managing the number of ALD cycles, the thickness of the deposited film can be
controlled with (sub-)nanometer precision [19]. As is shown in figure 1.4, another
advantage of ALD is that it allows for the deposition of uniform and conformal films
when the precursors are dosed in saturation. Moreover, plasma’s can be used in
so-called plasma-enhanced ALD (PEALD) to allow for the deposition of films in a
parameter space that cannot be obtained by regular ALD. When an ALD process
allows for the deposition of the film only on the intended material of a patterned
substrate, it is termed an area-selective ALD (AS-ALD) process. In the next subsections, PEALD and AS-ALD are introduced.

1.2.1

Plasma-enhanced atomic layer deposition (PEALD)

F IGURE 1.5: The ion-surface interactions as a function of the ion flux
density and ion energy [20]: By controlling the ion energy, the ionsurface interactions can be altered.

In plasma-enhanced atomic layer deposition (PEALD), a plasma is used as the coreactant. A plasma is an ionized gas that is created due to energetic collisions between gas-phase species and electrons that are accelerated, for example in an electric
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field. Due to these collisions, the gas-phase species dissociate and/or become ionized [21]. This leads to the formation of photons and reactive species such as ions,
electrons and radicals that can be used to remove and/or deposit material.
As is shown in figure 1.5, an advantage of PEALD over thermal ALD, i.e. regular ALD, is that the ion-surface interactions - and thereby the material properties of
the deposited film - can be altered by changing the ion energy. In addition, PEALD
has as advantage that it can be used at a lower substrate temperature. For example,
van Hemmen et al. showed that for the typical ALD process, i.e. the ALD of Al2 O3 ,
a maximum growth per cycle of ∼1 Å/cycle was obtained at 200°C for the thermal
process, while a film with the same quality and a growth per cycle of 1.4 Å/cycle
could be deposited at 100°C with the plasma-enhanced process [22]. It should be
noted that PEALD will have to be used over thermal ALD for the production of devices that have a limited thermal stability, such as ICs in the semiconductor industry
[23].

1.2.2

Area-selective atomic layer deposition (AS-ALD)

In area-selective atomic layer deposition, a structure is fabricated in a bottom-up
fashion by depositing the film only on the desired material of a patterned substrate,
i.e. the growth area, as is shown in figure 1.6 [3–5]. Therefore, it is not required to
transfer a pattern prior to every deposition process, and the corresponding edgeplacement errors are eliminated. Moreover, fewer steps are involved in the production process. These advantages make AS-ALD better qualified for the fabrication of
smaller ICs than photolithography. However, it should be noted that photolithography is still required for the fabrication of the patterned substrate.
2. Area-selective ALD

1. Patterned substrate
Alignment
Growth area

Non-growth area

3. More ALD cycles
-> desired structure

Film

F IGURE 1.6: A schematic representation of area-selective atomic layer
deposition: The film is only deposited on the desired material, i.e. the
growth area, and not on the other material, i.e. the non-growth area.

AS-ALD is obtained when the growth on the non-growth area, i.e. the material on
which film growth is undesired, is delayed with respect to the growth on the desired material, i.e. the growth area. This can be achieved by exploiting differences
in surface chemistry on a patterned substrate: the growth area should have a high
density of functional sites, i.e. sites on the substrate that allow for adsorption of the
ALD precursor, while the non-growth area should have a low density of functional
sites. The density of functional sites determines the nucleation behavior of the film,
i.e. whether the initial film growth is accelerated, constant, or delayed. It should be
noted that in the ALD community, the term ’nucleation’ refers to the initial growth
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Initially: AS-ALD
Growth area
Non-growth area
Linear fit

Deposited
film

ns

tG
tan

PC

Co
Non-growth area

After the nucleation delay: Deposition
on the growth and non-growth area
Nuclei

AS-ALD

Thickness

Growth area

Deposition on nongrowth area

PC

tG
tan

ns

Co

Nucleation delay

Deposited
film

Growth area

Non-growth area

0

0

ALD cycle

F IGURE 1.7: A schematic representation of the film nucleation during
area-selective atomic layer deposition (AS-ALD) on a patterned substrate: The nucleation starts immediately with a constant growth per
cycle (GPC) on the growth-area, and is delayed on the non-growth
area. The window for selective deposition is determined by the nucleation delay on the non-growth area.

before film closure, and not to the formation of nuclei. When the growth area contains a sufficient density of functional sites, the nucleation starts immediately with a
constant growth per cycle (GPC), as is shown in figure 1.7. Dependent on the density
of functional sites on the non-growth area, the nucleation on the non-growth area is
delayed for a certain number of ALD cycles. This number is defined as the ’nucleation delay’. The nucleation delay on the non-growth area (and growth area, if any)
determines the window for selective deposition, i.e. the number of ALD cycles for
which film nucleation occurs on the growth area, without resulting in nucleation on
the non-growth area [24].
1. Patterned substrate
Growth area

Non-growth area

2. Area-deactivation
by SAMs

3. AS-ALD

SAM

Film

F IGURE 1.8: A schematic representation of area-selective atomic layer
deposition (AS-ALD) by area deactivation with self-assembled monolayers (SAMs): Firstly, the non-growth are is deactivated with SAMs.
Then, the film is deposited by ALD. Due to the SAMs, the film nucleation on the non-growth area is blocked, and AS-ALD is achieved.

In order to prolong the window for selective deposition, the non-growth area can be
deactivated with molecules, such as self-assembled monolayers (SAMs), that block
the adsorption of the ALD precursor [25]. This method is depicted in figure 1.8.
First, prior to the deposition, the patterned substrate is exposed to SAMs that selectively adsorb only on the non-growth area. Then, the regular ALD cycle is used
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for depositing the film. Due to the SAMs, the precursor is not able to adsorb on the
non-growth area, and the film nucleation is delayed. On the growth area, functional
sites do allow for precursor adsorption, and material is deposited. For as long as
the nucleation on the non-growth area is delayed, AS-ALD is obtained. However,
eventually, defects will allow for film nucleation on the non-growth area [26].

1.2.3

Area-selective deposition using PEALD processes

1. Patterned substrate
PEALD

Growth
area

Non-growth
area

2. Introduction of foreign
species on non-growth area A
Additional
ALD cycles:
H2 O

Deposited
film

Foreign
species
Reactivated
on non-growth
nonarea
growth

3. Deposition on the
growth area and nongrowth area

Deposited
film

Deposited
film

B
Correction
step
3. Removal of foreign species
4. AS-ALD
on non-growth area Additional ALD cycles
with correction step:

Deposited
film

Non-growth
area

Deposited
film

Non-growth
area

F IGURE 1.9: A schematic representation of (A) a plasma-enhanced
atomic layer deposition (PEALD) process that leads to film nucleation
on both the growth and non-growth area due to the introduction of
foreign species on the non-growth area during the plasma exposure
and (B) of the same PEALD process with the addition of a correction
that step that leads to area-selective ALD (AS-ALD).

In this subsection, area-selective deposition with PEALD processes is described. For
PEALD processes, it is known that foreign species can be introduced in the film during the plasma co-reactant step. As is reported by Knoops et al., this can be explained
by the dissociation of background species and reaction products in the plasma [27].
For example, background species such as water (H2 O) might be dissociated and lead
to oxygen impurities, while reaction products such as butyl ligands (C4 H9 R) can be
dissociated and lead to carbon impurities. In addition, it is known that substrate
biasing can be applied during PEALD processes in order to reduce the impurity
content in the film. For example, for the PEALD of TiN, Faraz et al. reported that the
oxygen content in the film could be reduced from 28 to 2 at.% when the energy of the
plasma ions was increased with substrate biasing [28]. Furthermore, similar results
were reported by Karwal et al. for the PEALD of HfN [29]. More information about
substrate biasing and the work from Karwal et al. and Faraz et al. can be found in
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chapter 2.
When PEALD processes are used for area-selective deposition, the foreign species
are not only introduced on the growing film, but also on the non-growth area. As is
shown in figure 1.9A, this can be detrimental for the selective deposition only on the
growth area, because the foreign species might influence the nucleation behavior of
TiN, and reduce the nucleation delay on the non-growth area. Therefore, as is shown
in figure 1.9B, the window for selective deposition might be prolonged when a correction step is used for removing the foreign species on the non-growth area. Based
on the previously mentioned work from Faraz et al. [28] and Karwal et al. [29], it is
expected that this can be achieved by performing a plasma step with substrate bias.

1.3

The goal of this work

The goal of this work is to investigate whether a plasma step with substrate bias can
be added to the PEALD process for TiN, in order to counteract the influence of the
plasma co-reactant on the nucleation behavior of TiN, and to allow for area-selective
deposition. To achieve this goal, firstly, it has to be understood what the influence of
the plasma co-reactant is on the nucleation behavior of TiN, and whether this influence can be counteracted by the addition of the plasma step with substrate. Then, it
has to be investigated whether area-selective deposition can be obtained by adding
the plasma step with substrate bias. Therefore, the research questions from this work
are:
1. What is the influence of the plasma co-reactant on the nucleation behavior of TiN?
2. Can a plasma step with substrate bias be added to the PEALD process (giving a threestep process), in order to counteract the influence of the plasma co-reactant on the nucleation
behavior of TiN?
3. Does this three-step process result in differences in the nucleation behavior of TiN on
various substrates, and can these differences be exploited for achieving AS-ALD?
The deposition recipe from Faraz et al. is used in this work. This recipe comprises
an argon/hydrogen (Ar/H2 ) plasma exposure as pretreatment prior to the deposition in order to remove hydrocarbons from the substrate, and an AB-type ALD cycle
from tetrakis(dimethylamido)titanium (TDMAT) and Ar/H2 plasma pulses in order
to deposit the film. As third (C) step, an Ar/H2 plasma exposure with substrate bias
is performed after the AB-type ALD cycle [28].
In order to answer the first two research questions, in-situ spectroscopic ellipsometry (SE) and ex-situ X-ray photoelectron spectroscopy (XPS) are used to monitor the
TiN nucleation for the AB and ABC deposition process on SiO2 , a substrate with a
low density of functional sites. Subsequently, the nucleation model from Avrami is
used to fit the TiN thickness as obtained from SE [30]. In order to answer the third
research question, the previously mentioned experiments are repeated on various
substrates with a different surface chemistry. These substrates are: the semiconductor Si, the dielectric SiO2 and the potential interconnect materials Ru and Co [2].
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In chapter 2, the theory behind substrate biasing is explained, and the work from
Faraz et al. [28] and Karwal et al. [29] is introduced. Furthermore, the nucleation
model from Avrami is derived [30]. In chapter 3, the XPS measurement technique is
explained, and the reactor, deposition recipes and sample preparation are described.
The SE measurement technique and SE model are described in chapter 4. In chapter 5, the first two research questions are addressed by studying the TiN nucleation
on SiO2 . The third research question is answered in chapter 6 by comparing the TiN
nucleation on various substrates. Chapter 7 provides a summary of the report and
an outlook for future research.
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2 Theory: PEALD with substrate
bias and film nucleation
In this chapter, the theory behind PEALD with substrate bias and the nucleation
model from Avrami are introduced. As was discussed in chapter 1, substrate biasing is applied during the PEALD of TiN in order to counteract the formation of
foreign species on the non-growth area. The nucleation model from Avrami is used
for fitting the number of functional sites that is formed during the AB and ABC-type
deposition process.
In section 2.1, PEALD with substrate bias is introduced. In section 2.2, the nucleation model from Avrami is derived.

2.1

PEALD with substrate bias

In this section, PEALD with substrate bias is introduced. The theory behind substrate biasing is explained in subsection 2.1.1, and the work from Faraz et al. and
Karwal et al. is described in subsection 2.1.2. In subsection 2.1.3, the removal of
material during PEALD with substrate bias is discussed.

2.1.1

Plasma’s and substrate biasing

The application of a bias voltage to the substrate is termed ‘substrate biasing’ [28,
31]. By applying substrate biasing, the potential difference across the sheath region,
i.e. the region between the substrate and plasma, increases, and thereby the energy
of the plasma ions that impinge onto the substrate. In this subsection, the formation of the plasma sheath is explained, and the theory behind substrate biasing is
introduced.
The formation of the plasma sheath
When a plasma is ignited, more electrons than ions are lost to the walls and substrate stage due to the difference in mobility between light electrons and heavy ions.
Therefore, the plasma becomes slightly positively charged with respect to the substrate stage, and the electron flux towards the stage decreases and the ion flux increases. This process continues until a plasma potential that allows for an equal
electron and ion flux is obtained. At this point, the plasma potential is higher than
the potential of the substrate stage, and as is shown in figure 2.1, a thin sheath region
that bridges this potential difference is formed [31]. Typically, the sheath region has
a thickness of about 10-4 till 10-2 m [7]. This can be explained by the effective shielding of charge in a plasma: due to the high density of charged species in a plasma,
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any charged particle will be shielded by oppositely charged species, and significant
potential variations - such as in the sheath - can only occur on small length scales.
The length scale at which significant potential variations are allowed in a plasma is
termed the Debye length. The sheath region is usually a few Debye lengths thick.

Plasma

Sheath

Ion bombardment
F IGURE 2.1: A schematic representation of the plasma, the sheath and
the substrate. Furthermore, the ion bombardment is indicated [32].

When an ion from the plasma enters the sheath region, it is accelerated by the potential difference across the sheath, and impinges onto the substrate. This is called
the ’ion bombardment’. For sufficiently low pressures, the ion mean free path is
larger than the sheath thickness, and the energy E of the bombarding ions is given
by equation 2.1 [33]:
E = q(∆Vsheath ) = q(Vplasma − Vsubstrate ),

(2.1)

where q is the charge of the ion, ∆Vsheath is the potential difference across the sheath
and Vplasma and Vsubstrate are the potentials of respectively the plasma and the substrate.
Substrate biasing
As given by equation 2.1, the energy of the ions that impinge onto the substrate can
be increased by decreasing the potential of the substrate. This can be achieved with
substrate biasing, i.e. by applying an oscillating bias voltage to the substrate stage.
It should be noted that an oscillating bias voltage has to be used, because the plasma
is very effective in shielding static charge. In this work, a sinusoidal bias voltage is
used because of its simplicity.
Initially, the application of the sinusoidal voltage causes more electrons than ions
to reach the substrate stage, just as in the case of the formation of the plasma sheath
(see subsection 2.1.1). Therefore, the substrate (not the substrate stage) charges negatively and the time-averaged substrate potential decreases until a potential is obtained that allows for an equal electron and ion flux, as is shown in figure 2.2A. Due
to the negative time-averaged substrate potential, the energy of the ions that impinge
onto the substrate is increased. In addition, as is shown in figure 2.2B, the energy
distribution of the sheath ions becomes bimodal. This can be explained by ions that
enter the sheath region at a different time during the oscillation, and - therefore -
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at a different substrate potential: due to the different time of entering, the ions are
accelerated by a different substrate potential, and gain a different energy. It should
be noted that the results that are shown in figure 2.2B were obtained for the same
plasma conditions as used in this work and by Faraz et al. [28].

B

equal area

0
Average potential

Current density

Substrate potential

A

Time

F IGURE 2.2: (A) A representation of the substrate potential and the
current density away from the substrate for a sinusoidal bias voltage,
and (B) the ion energy distribution as a function of the ion energy
for different time-averaged potentials of the substrate stage [32]: By
applying a sinusoidal bias voltage to the substrate stage, the timeaveraged substrate potential decreases until a potential is obtained
that allows for an equal electron and ion current. Due to the negative time-averaged potential, the energy of the ions that impinge onto
the substrate increases, and the ion-energy distribution becomes bimodal.

2.1.2

The application of substrate biasing during the PEALD of TiN and
HfNx

In the work from Faraz et al. and Karwal et al., it was investigated how the materials properties of the deposited film, such as the stoichiometry, oxygen impurity
content and resistivity, are influenced by the application of substrate biasing during
the PEALD process [28, 29]. In the work from Faraz et al, TiN films were deposited
by applying substrate biasing during the last half of the Ar/H2 plasma co-reactant
[28], while in the work from Karwal et al., HfNx films were deposited by applying
substrate biasing during the full H2 plasma co-reactant. An overview of the results
that they obtained is presented in table 2.1.
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TABLE 2.1: The stoichiometry, oxygen impurity content and resistivity of respectively TiN and HfNx films that are deposited by PEALD
with different substrate bias voltages, as reported by Faraz et al. [28]
and Karwal et al. [29].

Material

Average substrate
potential (V)

Stoichiometry
(N/metal atom)

Oxygen impurity
content (At. %)

Resistivity
(mΩcm)

TiN

0
-130
-187
-255

0.63 ± 0.06
0.80 ± 0.03
0.87 ± 0.03
1.0 ± 0.03

28 ± 5
3±2
4±2
2±2

1.92
0.130
0.140
0.201

HfNx

0
-130
-187

0.86 ± 0.05
1.0 ± 0.07
0.98 ± 0.06

20.1 ± 0.7
< 2.0
< 2.0

900
3.3
10

From table 2.1, it can be seen that non-stoichiometric TiN and HfN films with a high
resistivity and oxygen impurity content were deposited during the PEALD process
without substrate bias, while (almost) stoichiometric films with a higher conductivity and lower oxygen impurity content could be deposited when substrate biasing
was applied during the deposition process. This result was explained by the removal
of adsorbed oxygen-containing species during the plasma exposure with substrate
bias. As will be discussed in the next subsection, the specific removal of only oxygen
might be explained by preferential sputtering.

2.1.3

The removal of material during PEALD with substrate bias

In this section, the removal of material by sputtering is introduced, and the preferential sputtering of species during the PEALD of TiN with substrate bias is discussed.
Sputtering

F IGURE 2.3: A schematic representation of the sputtering technique
[34]: Energetic ions are used in order to sputter atoms from a material in a collision cascade. The incident ion can be scattered or be
implanted.
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Sputtering is a technique for the removal of material from a surface by exposing it
to energetic ions, as is shown in figure 2.3 [35]. When an energetic ion hits the surface of a material, it can either be scattered back, or penetrate into the material. If
it penetrates into the material, it can again be scattered back, be implanted, or completely penetrate the material. During the penetration, the ion will lose its energy
due to collisions with atoms. The maximum energy E that can be transferred during a head-on collision between an ion with mass M1 and an atom with mass M2 is
given by equation 2.2 [35]:
E=

4M1 M2
sin2 (θc /2) E0 ,
( M1 + M2 )2

(2.2)

where θc is the scattering angle and E0 is the initial ion energy.
This energy can be used to excite the atom and/or to overcome the binding energy
of the atom. When a sufficient amount of energy is transferred in order to overcome
the binding energy of the atom, the atom can leave the material by itself, or chemically react with the ion and form a volatile product that leaves the material. This
process for removing the atom is called chemical sputtering when the atom leaves
the material as a volatile product, or physical sputtering when the atom leaves the
material by itself. In addition, when the binding energy of the atom is overcome,
it can collide with other atoms and excite or accelerate them in a so-called ’collision
cascade’. When the energy that is transferred to these atoms is sufficient to overcome
their binding energy, also these atoms can leave the material. This allows for a faster
sputtering process.
Preferential sputtering during PEALD of TiN with substrate bias
For the specific case of sputtering during the PEALD process for TiN as characterized
by Faraz et al., the relevant target atoms are: O (mass 16 u), Ti (mass 48 u) and N
(mass 14 u), and the relevant ions are: Ar (mass 40 u) and H (mass 1 u). In order to
determine whether the incident ion has sufficient energy to sputter the target atom,
the simplest case of sputtering is considered: the subsequent backscattering of an
incident ion on a nitrogen atom and a target atom, resulting in sputtering of the
target atom, as is shown in figure 2.4. An overview of the maximum percentage
of energy (Etrans f er(%) ) that can be transferred from an incident ion to a target atom
during backscattering of the incident ion (θc =180°) is shown in table 2.2.
TABLE 2.2: The maximum energy Etrans f er(%) that can be transferred
between an incident ion and target atom during backscattering of the
incident ion.

Target atom

Mass (u)

Transferred energy during backscattering (%)
For incident Ar
For incident H

O

16

0.81

0.22

Ti

48

0.99

0.08

N

14

0.77

0.25
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F IGURE 2.4: A schematic representation of the simplest case of sputtering [34]: (1) The incident ion is first backscattered on a nitrogen (N)
atom, and subsequently (2) on a target atom, resulting in (3) sputtering of the target atom.

The energy Etarget that is transferred to the target atom in this simplest case is given
by equation 2.3 [36]:
Etarget = Eion ∗ (1 − Etrans f er1(%) ) ∗ Etrans f er2(%) ,

(2.3)

where Eion is the energy of the incident ion, Etrans f er1(%) is the percentage of energy
that is transferred during the first backscattering and Etrans f er2(%) is the of percentage
energy that is transferred during the second backscattering.
The resulting energy Etarget that is transferred to the target atom for the ion energies Eion corresponding to 0 and -130V (∼20 and ∼160 eV, see figure 2.2) are shown
in table 2.3.
TABLE 2.3: The energy Etrans f er that is transferred to the target atom
for different incident ions with a different energy and the simplest
case of sputtering.

Target atom

Bias voltage (V)

Etarget (eV)
Incident Ar Incident H

O

0
-130

3.7
29.6

3.3
26.4

Ti

0
-130

4.6
37

1.2
9.6

N

0
-130

3.5
28

3.8
30.4

From table 2.3, it can be seen that for a bias voltage of 0 V, the energy that is transferred with any of the incident ions (Ar or H) to any of the target atoms (O, Ti or N)
is not sufficient to break the Ti-N bond (4.81 eV) or Ti-O bond (6.86) [28]. Therefore,
it can be concluded that for 0 V bias voltage none of the target atoms are sputtered.
However, for a bias voltage of -130 V, more than sufficient energy is transferred to
break the Ti-N and Ti-O bonds with any of the incident ions, with the exception that
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an incident H atom can transfer only just sufficient energy (9.6 eV) to Ti for breaking
the Ti-N bond. From this result, it can be concluded that for a bias voltage of -130
V, Ar is able to sputter all target atoms (Ti, N and O) without any preference, while
H is also able to sputter all target atoms, but preferentially O and N. As is shown in
equation 2.2, the preferential sputtering of O and N over Ti can be explained by the
much higher mass of Ti with respect to H.
From these results, it can be concluded that O and N will be sputtered preferentially over Ti during the PEALD of TiN with a -130 V substrate bias. However, the
experimental data from Faraz et al. (see subsection 2.1.2) shows that mainly O is
removed. This might be explained by the chemical sputtering of oxygen (H2 O formation) over nitrogen (NH3 formation) [29, 37], and/or by the difference in concentration between oxygen and nitrogen atoms: oxygen is present as background
species in the reactor, while the TDMAT precursor contains nitrogen. Therefore, it is
more likely that any sputtered atom will be replaced by a nitrogen atom than by an
oxygen atom.

2.2

The nucleation model from Avrami

As was mentioned in chapter 1, functional sites might be present on the starting surface, or they can be formed during the (plasma-enhanced) deposition. In order to be
able to compare AS-ALD processes, Parsons made a model that allows for the fitting
of the number of functional sites that are present on the starting surface and created
during the deposition [38]. It should be noted that the model from Parsons is based
on the work of Avrami [30]. Parsons model will be used in this work in order to
quantify the number of functional sites that are formed and/or already present on
the starting surface during PEALD of TiN with and without substrate bias. A short
derivation of this model is provided below.

Model derivation [38]
b functional sites per unit area are randomly distributed
The model assumes that N
across the starting surface, and that N functional sites per unit area are created at
random locations on the surface per ALD cycle. Based on the work of Avrami, it is
assumed that these functional sites grow with a growth per cycle, G, in all directions
[30]. This leads to the formation of hemispherical nuclei with a diameter of 2G (t−τ ),
where t is the time (or the number of ALD cycles) and τ is the time at which the
nuclei is formed on the substrate. After a time t, the area that is covered by these
nuclei, Aext , is given by equation 2.4:
•

•

•

"
•

2 2

b+
Aext (t) = A0 π G t N

Z t
0

•

2

#
•

G (t − τ )2 Ndτ ,

(2.4)

where A0 is the surface area of the substrate.
However, this equation does not take into account that after a certain time t, the
nuclei start to overlap and/or the whole substrate is covered by nuclei. Therefore,
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Aext is larger than the actual area of the substrate that is covered by nuclei, A f ilm ,
and a correction factor should be introduced. This correction factor is given by the
Avrami equation [30], i.e. equation 2.5:


A f ilm
Aext
.
= 1 − exp −
A0
A0

(2.5)

The volume of film that is deposited per cycle on these nuclei is given by the product
of the growth per cycle (G) with the area of the nuclei that is exposed to precursor
(A f ilm ). Therefore, the volume after a certain number time is given by the integration
of the volumes that are deposited per cycle. Initially, the nuclei are hemispherical
and the area of a nucleus is given by 2πr2 , where r is the radius of the nucleus. This
area (2πr2 ) is twice the circular area that the nucleus covers on the substrate (πr2 ).
However, the surface area of the nuclei flattens and equals the substrate area when
the nuclei start to overlap. Therefore, in approximation, the volume of the nuclei, V,
after a time t is given by equation 2.6:


Rt
A f ilm
V (t) = G 0 2 − A0 A f ilm dt
(2.6)
Rt

2
b 2 + Nt3 /3) dt.
= A0 G 0 1 − exp −2π G ( Nt
•

•

•

•

•

The approximate thickness of the film, T f ilm , can then be calculated by dividing the
volume of the nuclei by the area of the substrate. This is shown in equation 2.7:
b N) = V = G
T f ilm (t, G, N,
A0
•

•

•

Z t
0


2
b 2 + Nt3 /3) dt.
1 − exp −2π G ( Nt
•

•

(2.7)

It should be noted that Parsons also made a more complex model that fits the film
thickness more accurately [38]. This model is based on the calculation of the volumes of the individual nuclei. However, due to the good agreement between the
approximate model and the data from this work, the approximate model is used.
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3 Experimental details
In this chapter, the experimental techniques and the corresponding ALD reactor, deposition recipes, samples and data acquisition are described. In section 3.1, the X-ray
photoelectron spectroscopy technique is explained, and in section 3.2, the Fourier
transform infrared transmission spectroscopy technique is described. It should be
noted that a third measurement technique, spectroscopy ellipsometry, is explained
in chapter 4.

3.1

X-ray photoelectron spectroscopy

In this section, the X-ray photoelectron spectroscopy (XPS) technique is described.
The technique itself is explained in subsection 3.1.1, and the corresponding ALD
reactor, deposition recipes, samples and data acquisition are described in subsections 3.1.2, 3.1.3, 3.1.4 and 3.1.5, respectively.

3.1.1

The basics

X-ray photoelectron spectroscopy (XPS) is a technique that can be used to determine
the atomic percentage and chemical environment of the elements that are present in
approximately the top 10 nm of a substrate (dependent on the substrate material)
[39]. An illustration of the technique is shown in figure 3.1. The technique uses Xrays to eject electrons from a material, and by measuring the number and kinetic
energy of the ejected electrons, the atomic percentage and chemical environment of
the elements that are present at the surface can be determined.
The kinetic energy of the ejected electrons is measured in order to calculate the binding energy of the electrons in the atom. This binding energy EB is given by equation 3.1 [39]:
EB = hν − Ek − Φsp ,
(3.1)
where hν is the energy of the incident X-ray in eV, Ek is the kinetic energy of the
ejected electron in eV and Φsp is a constant that represents the work function of the
spectrometer that is used in eV.
The electron binding energy can be used to identify an element, because each element has a different binding energy. Elements that have multiple electron orbitals
that are - at least partly - filled with electrons, can be identified by multiple electron
binding energies. In addition, the chemical environment of the element can be determined from the binding energy, because the binding energy is slightly influenced
by the chemical environments. For example, the Ti2p peak from titanium is at an
energy of 454.9 eV when the titanium is bonded to nitrogen, while it is at an energy
of 458.5 eV when it is bonded to oxygen [41].
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F IGURE 3.1: An illustration of the X-ray photoelectron spectroscopy
(XPS) technique [40]: The atomic percentage of the materials that are
present on a surface can be determined by measuring the number
and energy of the electrons that are ejected from the surface due to an
X-ray exposure.

In order to determine the atomic percentages of the elements on the surface, not
only the kinetic energy, but also the number of electrons with that specific energy is
measured. The atomic density of an element is given by equation 3.2 [42]:
n = I/S = I/(n f σλAK ),

(3.2)

where n is the atom density of the specific element in cm-3 , I is the number of electrons with the specific energy that reach the detector every second, S is the atomic
sensitivity factor in cm3 s-1 , f is the X-ray flux in photons cm-2 s-1 , σ is the cross section for ionization of the specific atomic orbital in cm2 , λ is the electron mean free
path in the sample in cm, A is the area of the sample under detection in cm2 and K is
an efficiency factor that takes into account the detection of the ejected electrons, the
energy of the electrons and the angle between the incident photon and the detector.

3.1.2

The ALD reactor: Flexal2

The ALD reactor that is used for preparing the XPS samples is an Oxford Instruments FlexAl reactor that is named Flexal2. A schematic overview of the this reactor
is shown in figure 3.2. The reactor consists of a vacuum vessel with a heated (200°C)
substrate stage inside. Connected to the vessel are: a turbo molecular that is backed
up by a roughing pump, a spectroscopic ellipsometer, six precursor dosage lines
and an inductively coupled plasma (ICP) source. The pressure in the chamber can
be controlled by a butterfly valve that is located between the chamber and the pump.
The base pressure is ∼10-6 mBar. The ellipsometer allows for the in-situ characterization of the TiN film. The SE windows are made from fused silica, and deposition
on the windows is prevented by gate valves between the chamber and the SE. The
precursor lines allow for the transport of the TDMAT precursor from the bubbler to
the reaction chamber, and the ICP source provides the Ar/H2 plasma co-reactant. To
increase the vapor pressure of the precursor, the TDMAT bubbler is heated to 60°C.
In order to prevent condensation of the precursor, the precursor lines and reactor
walls are heated to 80 and 150°C, respectively. The ICP source is used to strike a
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F IGURE 3.2: A schematic overview of the Oxford Instruments FlexAl
reactor [43]: The reactor consists of a heated substrate stage inside a
vacuum vessel that is connected to a turbo molecular pump, a spectroscopic ellipsometer, precursor dosage lines and an inductively coupled plasma source.

plasma and consists of an alumina tube, a copper coil and a RF (13.56 MHZ) power
supply with an automatic matching network that ensures efficient power transfer
to the plasma. Another RF power supply with matching network is connected to
the substrate stage to allow for control over the plasma ion energy by biasing the
substrate. A schematic overview of the equivalent electrical circuit for the matching
network and reactor is shown in figure 3.3.

Before the start of any of the experiments from this work, the reactor is conditioned
with 400 ALD cycles of TiN. The regular deposition recipe is used for the conditioning. This recipe is described in the following section.
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F IGURE 3.3: A schematic overview of the equivalent electrical circuit for the matching network and the FlexAl reactor [31]. Indicated
are: the RF power supply, the coil Lb , the switch, the currents Is and
Iw , and the capacitances Cb1 , Cb2 , Css , Csw and C ps . By changing the
values for Cb1 and Cb2 , power can be transferred efficiently to the substrate stage.

3.1.3

The deposition recipes

The regular TiN deposition recipe does not involve substrate biasing, and is characterized by Faraz et al. [28]. In addition, two modified versions of this recipe that
do involve substrate biasing are used. These three recipes are described below, and
a schematic overview of the recipes is provided in figure 3.4. The temperature of
the substrate stage that is used for the depositions was chosen based on the work
of Caubet et al. [44]. Although Caubet et al. obtained good material properties
at a temperature of 150°C, the substrate stage temperature was set to 200°C in this
work, because the temperature of the substrate is usually lower than the temperature
of the substrate stage due to poor thermal contact in the vacuum system from this
work [45]. In addition, as is also shown by Caubet et al., a slightly higher deposition
temperature (of 170°C) does not reduce the quality of the film [44].
Regular recipe: plasma pretreatment and PEALD
The regular TiN deposition recipe that is characterized by Faraz et al. consists of a
pretreatment prior to the deposition, and a two-step (AB) ALD process [28]:
The plasma pretreatment
Prior to the TiN ALD, the substrate is exposed to an Ar/H2 (10:40 sccm) plasma
for 3 minutes in order to remove hydrocarbons from the surface [46, 47]. The
plasma pressure is 6 mTorr and the ICP power is 100 W.
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Recipe 1 (the regular recipe): plasma pretreatment + PEALD
Pretreatment
TDMAT

Precursor

Co-reactant

A

Ar/H2 plasma

B

Substrate
bias (-187V)
ALD cycle

0

Comparison: the influence
of substrate biasing during
the plasma co-reactant

Recipe 2: plasma pretreatment + PEALD with bias
Pretreatment
TDMAT

Precursor

Co-reactant

A

Ar/H2 plasma

B

Substrate
bias (-187V)

C
ALD cycle

0

Comparison: the influence
of substrate biasing during
the plasma pretreatment

Recipe 3: plasma pretreatment with bias + PEALD with bias
Pretreatment
TDMAT

Precursor

Co-reactant

A

Ar/H2 plasma

B

Substrate
bias (-187V)

C
0

ALD cycle

F IGURE 3.4: An overview of the different recipes that are used for the
TiN depositions: The regular recipe does not involve substrate biasing, while substrate biasing is applied during the plasma co-reactant
half-cycle in recipe 2, and during both the plasma pretreatment and
the plasma co-reactant in recipe 3. By comparing the regular recipe
with recipe 2, the influence of substrate biasing during the plasma
co-reactant is shown. By comparing recipes 2 and 3, the influence of
substrate biasing during the plasma pretreatment is shown.

A. The precursor half-cycle
The precursor dosage: The precursor that is used is tetrakis(dimethylamido)titanium
(TDMAT). This precursor is bubbled with 100 sccm argon for 200 ms at 80
mTorr. Furthermore, an argon flow of 200 sccm through the ICP source is used
in order to prevent deposition in the ICP. A schematic representation of the
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TDMAT precursor is provided in figure 3.5. The advantage of this precursor
over halogen precursors is that it can be used at lower temperatures and that it
does not lead to corrosion and halogen contamination [8, 48]. In addition, it reacts faster than tetrakis(diethylamido)titanium (TDEAT) [44]. It was decided to
bubble the TDMAT to allow for a faster delivery of precursor, and for a longer
precursor residence time due to a higher chamber pressure.
The precursor purge: After the precursor dosage the reactor is purged for 3 seconds with 250 sccm argon in order to remove the reaction products and excess
of precursor molecules.

F IGURE 3.5: A schematic representation of the tetrakis(dimethylamido)titanium (TDMAT) precursor.

B. The co-reactant half-cycle
The co-reactant dosage: The co-reactant dosage comprises an exposure of 10 seconds with the same Ar/H2 plasma as is used during the pretreatment. The
advantage of a plasma co-reactant is that it can be used at a lower substrate
temperature [22]. The advantage of a H2 plasma is that it can be used to remove
hydrocarbons from the surface [46, 47, 49]. The Ar was added to the plasma in
order to allow for plasma ignition at a lower pressure by stabilizing the plasma
[50, 51]. In addition, the heavy Ar ions allow for more efficient energy transfer to the substrate and contribute towards removing impurities [49]. An ICP
power of 100 W is used, because the FlexAl system that is used in this work
provides the highest mean ion energy at this power [52].
The co-reactant purge: After the co-reactant dosage the reactor is purged for 4
seconds with 350 sccm argon.
Recipe 2: plasma pretreatment and PEALD with bias
This recipe is the same as the regular recipe, with the exception that a third (C) step
is added to the ALD cycle. This step comprises the application of an average bias
voltage of -187 V (20 W) during the second-half of the co-reactant dosage. It was
chosen to use a bias voltage of -187 V, because for this bias voltage the TiN film is
almost stoichiometric, has a low oxygen impurity content and a low resistivity [28]
(see subsection 2.1.2).
Recipe 3: plasma pretreatment with bias and PEALD with bias
This recipe is the same as the regular recipe, with the exception that an average bias
voltage of -187 V is applied during the plasma pretreatment, and that the above
defined C step is added to the ALD cycle.
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The sample preparation

The following substrates are used are for the XPS measurements: Si with a thin
(∼1 nm) native oxide layer, thermally grown SiO2 , annealed SiO2 , Ru and Co. The
preparation of these substrates is described below.
Si with native oxide
The Si with native oxide substrate is a prime grade silicon wafer from Siegert Wafer
[53]. This wafer is 525 ± 20 µm thick and N type doped with phosphorus. Furthermore, it has a resistivity of 10-20 Ohm cm and a <100> crystal orientation.
Thermally grown SiO2
The SiO2 substrate is from Siegert Wafer and consists of a Si wafer (see above) with
4500 ± 250 Å thermally grown SiO2 [53].
Annealed SiO2
It should be noted that for this substrate, the plasma pretreatment from any of the
deposition recipes was not performed.
The annealed SiO2 substrate is obtained by annealing an SiO2 substrate (see above)
at 1000°C prior to the deposition. The following procedure is followed for the anneal: First, the substrates are placed into a furnace and the temperature is set to
1000°C. Then, once a temperature of 1000°C is reached after roughly one hour, the
samples are heated for 16 hours in air. Subsequently, the samples are cooled down
in a nitrogen flow until a temperature below 100°C is reached in order to prevent rehydroxylation [54, 55]. This takes about 8 hours. After the cooldown, the substrates
are stored in air and used within one day.
In order to get to know the influence of any possible overnight rehydroxilation, reference samples were measured directly and two days after the anneal. These measurements are shown in appendix A, and their similarity showed that any influence
of overnight rehydroxilation can be neglected.
Ruthenium
The Ru substrate consists of ∼25 nm of Ru on a SiO2 substrate (see above). The Ru
layer is deposited at 275°C by ALD from (ethylbenzene)(1,3-cyclohexadiene)ruthenium
as precursor and O2 as co-reactant [56].
Cobalt
The Co substrate consists of ∼15 nm of Co on a SiO2 substrate (see above). The Co
layer is deposited at 400°C by ALD from bis(cyclopentadienyl)cobalt as precursor
and NH3 plasma as co-reactant [57].
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The data acquisition

The ex-situ X-ray photoelectron spectrometer is a Thermo Scientific K-Alpha spectrometer. This spectrometer is used with an X-ray spot diameter of 400 µm and a
photoelectrons collection angle of 90° with respect to the substrate surface. Moreover, a flood gun is used to prevent charging of the substrate.
The XPS analysis software is also from Thermo Fisher Scientific [58]. The following settings are used within the software: the Quant library is used for the identification of the XPS peaks, and the electron inelastic mean free path as calculated by
the ’TPP-2M IM’ equation is used as correction method for the electron energy [59].
This software provides three options for determining the atomic percentage of the
surface elements: (1) a slow survey spectrum with a low resolution allows for the
automatic analysis of the atomic percentages of all the elements on the surface, (2) a
fast snapshot with a low resolution can be fitted manually to determine the atomic
percentage of one element, or (3) a slow narrow scan with a high resolution can be
fitted manually to determine the atomic percentage and chemical environment of
one element. In this work, the automatic survey spectrum is used to determine the
atomic percentage of all the elements (N, O and C), except for atomic percentage of
Ti. The survey spectrum cannot be used for Ti, because the Ti2p peak from the TiN
layer overlaps with the Ru3p peak from the Ru substrate. Therefore, a narrow scan
from the second most sensitive peak of Ti, i.e. the Ti2s peak, is used for determining the atomic percentage of Ti. The sensitivity factor for this peak is 3.24, while
the sensitivity factor for the Ti2p peak is 7.91. In order to investigate the influence
of the lower sensitivity factor of the Ti2s peak, a comparison between the Ti2s peak
from a narrow scan and the Ti2p peak from a survey spectrum during TiN ALD on
multiple substrates is made in figure 3.6. Deposition recipe 2 and an aluminum oxide reactor conditioning were used for these measurements. This conditioning was
used, because, as will be discussed in appendix B, it is the most effective for counteracting the nitridation of the silicon substrate. Furthermore, it should be noted
that the Ru substrate is included in the Ti2s measurement, while it is excluded in
the Ti2p measurement due to the overlap of the Ru3p with the Ti2p peak. The fits
for the Ti2s peak from this measurements and the other measurements are shown in
appendix C.
From figure 3.6, it can be seen that the Ti2s peak does not show any Ti on SiO2
and SiN for the first 10 ALD cycles, while the Ti2p peak already shows Ti on these
substrates after 5 ALD cycles. This result shows that the Ti2p peak is more sensitive
than the Ti2s peak, and that small amounts of Ti might not be detected when the
Ti2s peak is used instead of the Ti2p peak. However, this figure also shows that the
difference in nucleation behavior between the substrates is similar for the Ti2s and
Ti2p peak: a fast nucleation is observed on Al2 O3 , HfN, Pt and Co, while a slower
nucleation is observed on Si with native oxide, SiO2 and SiN. From this result, it
can be concluded that the Ti2s peak can be used to compare the nucleation behavior
between substrates, even though it is less sensitive than the Ti2p peak. However, in
this case it should be remembered that small amounts of Ti might not be detected
due to the lower sensitivity factor of the Ti2s peak.
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F IGURE 3.6: (A) The Ti2s peak area from a narrow scan and (B) Ti2p
peak area from a survey spectrum as measured by XPS during TiN
ALD on multiple substrates: The Ti2s peak shows less counts than
the Ti2p peak, but the differences in the nucleation behavior on the
substrates is similar for both peaks.

3.2

Fourier transform infrared transmission spectroscopy

In this section, the Fourier transform infrared (FTIR) transmission spectroscopy technique is described. The technique itself is explained in subsection 3.2.1, and the
corresponding ALD reactor, deposition recipes, samples and data acquisition are
described in subsections 3.2.2, 3.2.3 and 3.2.4, respectively.

3.2.1

The basics

FTIR transmission spectroscopy is an non-intrusive optical technique that can be
used to identify molecules [60]. An illustration of the technique is shown in figure 3.7. It is based on the absorption of infrared light that allows for a vibrational
excitation of the molecule: when an infrared light beam is send through a sample,
only the specific frequencies of the light that match with a specific vibration, i.e. energy transition, of the molecule will be absorbed. By measuring the frequencies of
the light that are absorbed, the molecule can be identified.
In order to determine which frequencies of the light are absorbed by the sample,
the intensity at a specific frequency of the infrared light beam is measured twice:
firstly, the background intensity I0 is measured without the sample or deposited
film. Then, the film is deposited or the sample is moved into the infrared beam and
the transmitted intensity I is measured. Due to the absorption of light by the sample,
the transmitted intensity is lower than the background intensity. The intensity of the
transmitted beam at a specific frequency ν is given by equation 3.3 [60]:
I (ν) = I0 (ν)e−nσ(ν)l ,

(3.3)
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F IGURE 3.7: An illustration of the FTIR technique: The absorption of
a sample is determined by measuring the intensity of an infrared (IR)
beam without the sample (the background intensity I0 ) and with the
sample (the transmitted intensity I). By calculating the absorbance A
of the sample, the sample can be identified.

where n is the density of the absorbing molecules, σ is the absorption cross section
and l is the length of the path through the absorbing material.
It should be noted that an interferometer is used to speed up these measurements
by measuring multiple frequencies at a time [61]. The working principle of the interferometer is described in subsection 3.2.4.
Then, the absorbance of the sample is calculated in order to identify the molecules
within the sample. The absorbance A of a sample is given by equation by equation 3.4 [60]:


I0 (ν)
A(ν) = Log
I (ν)



= − Log

 I (ν) 

= − Log T (ν) ,
I0 (ν)

(3.4)

where T is the transmittance.
The absorbance spectrum that is obtained in this way is characteristic for a specific
molecule, and can - therefore - be used to identify the molecules within the sample.
However, it should be noted that the absorbance does not only depend on the transmitted intensity, but also on the background intensity. Therefore, also the choice of
background determines which information appears in the spectrum. In this work,
two different backgrounds are used in order to specifically focus only onto what is
investigated. The choice of background is described in the corresponding results
section.

3.2.2

The ALD reactor: ALDi

The ALD reactor that is used for the FTIR measurements is a home-built reactor
that is named ALDi. This reactor is similar to the Flexal2 reactor that is used for
preparing the XPS samples (see subsection 3.1.2). A schematic representation of the
ALDi reactor is provided in figure 3.8. The most important differences between this
reactor and the Flexal2 reactor are:
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F IGURE 3.8: A schematic overview of the home-built ALDi reactor
[62]: The reactor consists of a vertically placed substrate (powder
sample) inside a vacuum vessel that is connected to the same tools
as the Flexal2 setup (see figure 3.2). In addition, it is connected to an
infrared (IR) source and detector through gate valves and KBr windows.

1. The equipment that is attached to the reactor.
In addition to a spectroscopic ellipsometer and detector, an infrared source and detector are connected to the ALDi reactor through gate valves and KBr windows.
This allows for in-situ Fourier transform infrared (FTIR) transmission spectroscopy
measurements.

F IGURE 3.9: An illustration of the Prevac manipulator [63]. Indicated
are: (A) The sample in the sample mount, (B) the flange that seals the
reactor and (C) the handwheels that allow for movement and rotation
of the sample.

Chapter 3. Experimental details

30

2. The heated substrate stage.
In order to allow for FTIR measurements, the heated substrate stage is replaced by
the Prevac manipulator that is shown in figure 3.9. This manipulator is used to keep
the substrate in a vertical position, and to resistive heat it to 200°C.
3. The temperature of the reactor walls.
The reactor walls in the ALDi setup are heated to 100°C instead of 150°C. This temperature is used due to a different reactor design.

3.2.3

The deposition recipes and the sample preparation

In this subsection, the deposition recipes and sample preparation for the FTIR measurements are described. It should be noted that for these measurements, the TDMAT precursor is transported by a vapour-drawn process, i.e. by diffusion from
the heated bubbler to the vacuum chamber. For this type of transport, the amount of
precursor that is transported depends on the vapour pressure in the bubbler. During
dosing, the amount of TDMAT that is dosed decreases due to the decreasing vapour
pressure in the bubbler. Therefore, the TDMAT precursor is in this work dosed in
pulses: after dosing TDMAT for 1 second, the bubbler is closed for 5 seconds to allow
for a buildup in vapour pressure. In addition, it should be noted that the pressure
build up time is not included in the total dosage times that are mentioned in this
section, e.g. a total dosage time of 10 seconds means that 10 consecutively cycles of
1 second TDMAT dosage and 5 seconds pressure buildup are used.
The recipe and substrate for measuring gas-phase TDMAT
For this measurement, only TDMAT is dosed, and a substrate and co-reactant are not
used. The TDMAT is dosed for 150 seconds and kept inside the reactor by closing
the gate valve between the chamber and the turbo pump. Before the measurement,
the reactor is conditioned with Al2 O3 .
The recipe and substrate for measuring TDMAT adsorption on silicon dioxide
For this measurement, TDMAT is dosed for 10 seconds and the co-reactant is not
used. A SiO2 powder is used as substrate, because it has a much larger surface
area than a silicon wafer, and - therefore - allows for more precursor adsorption
and a stronger FTIR signal. This substrate is prepared by pressing a non-porous
SiO2 powder in a tungsten gauze of about 2x1 cm. The SiO2 powder that is used
is AEROSIL OX 50 [64], and the gauze that is used is a woven Alfa Aesár gauze
with an opening width of 0.2 mm and a wire diameter of 0.05 mm [65]. Prior to this
measurement, the reactor is conditioned with TiN.

3.2.4

The data acquisition

The in-situ FTIR detector that is used in this work is a nitrogen cooled mercury cadmium tellurium (MCT) detector, and the in-situ spectrometer that is used is a Bruker
Optics Vector 22 spectrometer. This spectrometer consists of a purge box with an infrared Globar that has a range of 10.000 till 50 cm-1 , a Michelson interferometer, and
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an infrared detector. A schematic illustration of the spectrometer, the MCT detector,
and the beam path between them is shown in figure 3.10. In this work, the spectrometer is used with the following settings: 250 averages and a resolution of 4 cm-1 .

F IGURE 3.10: A schematic illustration of the Fourier transform infrared (FTIR) detector, spectrometer and the optical path between
them [62]: The light is created with the mid-infrared (MIR) source and
focused onto the interferometer. From the interferometer, the light is
either focused onto an ex-situ or in-situ detector.

The interferometer from the spectrometer allows for a drastic decrease in measurement time by simultaneously measuring the intensity of the light beam at multiple
wavelengths. Its working principle is as follows (see figure 3.10) [61]: The infrared
beam from the infrared Globar is split into two with a beam splitter. These two
beams are then reflected back towards the beam splitter with a fixed and movable
mirror, respectively. This leads to the splitting of these beams into a total of four
beams. Two of these beams, one from the movable mirror and one from the fixed
mirror, are lost to the IR source, while the other two are focused onto an internal
or external detector with a flip-able mirror. Depending on the position of the movable mirror, these two beams constructively and destructively interfere at certain
wavelengths. Therefore, a specific intensity is detected for a certain position of the
movable mirror. During a FTIR measurement, the intensity of the IR beam is measured for different positions of the movable mirror. From this data, the spectrally
resolved intensity can be calculated by using a Fourier transform.
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4 Spectroscopic ellipsometry for
monitoring the thickness of thin
TiN films
This chapter describes the spectroscopic ellipsometry (SE) technique. In this work,
SE is used to monitor the thickness of thin TiN films in order to determine the delay
in nucleation of the film. This chapter is divided in the following four parts: the
basic SE theory is explained in section 4.1, and the ALD reactor, deposition recipes
and sample preparation are described in section 4.2. The data acquisition and SE
models from this work are described in sections 4.3 and 4.4, respectively.

4.1

The basics

Spectroscopic ellipsometry (SE) is an optical technique that can be used to determine
the dielectric function(s) and thickness(es) of a (stack of) film(s) [66]. An illustration
of this technique is shown in figure 4.1. It is based on the change in polarization direction of linearly polarized light upon reflection by a film. When light is reflected by
a film with a known dielectric function, the change in amplitude ratio Ψ and phase
shift ∆ between the perpendicular (Ers ) and parallel (Erp ) polarized components of
the light can be calculated from the Fresnel equations [67]. This technique, however,
uses this principle the other way around: based on a measurement of the change
in polarization direction, a model fits the dielectric function(s) and thickness(es) of
the film(s). Therefore, the model influences the interpretation of the data, and an
appropriate model should be used.

F IGURE 4.1: An illustration of the spectroscopic ellipsometry (SE)
technique [66]: The change in light polarization upon reflection on
a film is measured in order to model the dielectric function and thickness of the film.
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The ALD reactor, the deposition recipes and the sample
preparation

For the SE measurements, the same ALD reactor, deposition recipes and samples as
used for the XPS measurements are used (see section 3.1).

4.3

The data acquisition

The in-situ spectroscopic ellipsometer that is used in this work is a J.A. Woollam
M2000D ellipsometer. This ellipsometer has a photon energy range of 1.3-5 eV and
is mounted at an angle of 70° (see figure 3.2). The in-situ SE measurements are performed after the pretreatment in order to fit the substrate and before every plasma
dosage in order to fit the TiN thickness. This is shown in figure 4.2. The SE measurements are performed before the plasma dosage, because after the plasma dosage
reactive surface sites remain. This could lead to unwanted reactions during the SE
measurement.

ALD cycle

SE measurement
𝐓𝐡𝐞 𝐓𝐃𝐌𝐀𝐓 𝐝𝐨𝐬𝐚𝐠𝐞
{
SE measurement
𝐓𝐡𝐞 𝐩𝐥𝐚𝐬𝐦𝐚 𝐝𝐨𝐬𝐚𝐠𝐞

ALD cycle

Time

The plasma pretreatment

𝐓𝐡𝐞 𝐓𝐃𝐌𝐀𝐓 𝐝𝐨𝐬𝐚𝐠𝐞
SE measurement
{
𝐓𝐡𝐞 𝐩𝐥𝐚𝐬𝐦𝐚 𝐝𝐨𝐬𝐚𝐠𝐞

F IGURE 4.2: An illustration of the timing of the spectroscopic ellipsometry (SE) measurements: The SE measurements are performed
after the plasma pretreatment and before every plasma dosage.

4.4

The models for this work

This section describes the different SE models that are used in this work. In subsection 4.4.1 the models for the substrates are described and in subsection 4.4.2 the
models for TiN layer are described. The application of the models is described in
subsection 4.4.3.

4.4.1

The substrates

An SE model is defined for each of the different substrates that are used for the TiN
depositions. A schematic representation of these models is shown in figure 4.3. The
models for the Si and SiO2 substrate consist of a Si wafer with a thin and thick SiO2
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layer from literature, respectively [68]. The Co and Ru substrates consist of a Si wafer
with a thick SiO2 layer and another layer from literature on top that is representative for either Co or Ru [69, 70]. In order to make these models as representative
as possible for the substrates from this work, parameter values from literature are
used as the starting values for the models, and then these values are fitted for the
measurements from this work. First, the thicknesses of the layers are fitted for the
measurement after the pretreatment. Then, the thickness is fixed and the optical
properties are fitted with a B-spline [71].
Ru

Co

SiO2

SiO2

SiO2

SiO2

Silicon wafer

Silicon wafer

Silicon wafer

Silicon wafer

Silicon with
native oxide

Silicon dioxide

Ruthenium

Cobalt

F IGURE 4.3: An illustration of the layers that are used in the spectroscopic ellipsometry models for the different substrates.

After the substrates are fitted, a layer that is representative for TiN that is deposited
with or without substrate biasing is added. The thickness of this layer is fitted as a
function of the number of ALD cycles. It should be noted that preferably the same
model is used in order to compare the TiN films that are deposited with or without substrate bias, because the model may influence the interpretation of the data.
However, this is not possible in this work, because the substrate biasing substantially influences the impurity content and - thereby - the material properties of the
deposited TiN, i.e. the oxygen impurity content in the film is reduced from 28 to 4
at.% due to the application of substrate biasing [28]. Therefore, a TiN and TiOx Ny
model is defined for the TiN film that is deposited with and without substrate bias,
respectively. These models are described in the next subsection. In order to be able to
correctly compare these different models, subsection 4.4.3 investigates the influence
of the choice of the model on the interpretation of the data.

4.4.2

The TiN layer

This subsection describes the SE models that are used in order to represent the TiN
and TiOx Ny layer that is deposited with and without substrate bias, respectively.
First, the modeling of the dielectric function of TiN is described, followed by a description of the optimization process of the model. Then, the optimized models are
presented and verified.
The dielectric function of TiN/TiOx Ny
In order to model the dielectric function of TiN/TiOx Ny , the influence of light absorption due to free and bound electrons should be included. This can be done with
mathematical functions named oscillators. The oscillators that are used in this work
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are briefly described below.
The Drude oscillator [72]
The Drude oscillator is used to describe the absorption of radiation by free electrons: due to the electromagnetic field of the radiation, the free electrons start
to oscillate around the positive ions at the plasma frequency. This absorption
contributes to the complex dielectric function ε of the film as is given by equation 4.1:
ω 2p
ε(ω ) = ε ∞ −
,
(4.1)
−ω 2 + iΓd ω
where ε ∞ is a constant that represents the dielectric function at high frequencies, ω p is the plasma frequency in Hz, ω is the frequency of the radiation in Hz
and Γd is the Drude scattering frequency in Hz. It should be noted that these
parameters can also be used to calculate the scattering time t: t = Γ1d , and the
resistivy ρ of the film [73]: ρ =

Γd
,
ε 0 ω 2p

where ε 0 is the vacuum permittivity.

The Lorentz oscillator [74]
The Lorentz oscillator is used to describe radiation absorption by bound electrons: at specific resonant frequencies, the bound electrons start to vibrate like a
mass-spring system. This absorption contributes to the complex dielectric function of the film as given by equation 4.2:
ε(ω ) = ε ∞ +

f l ω02
,
ω02 − ω 2 + iγl ω

(4.2)

where f l is the amplitude of the vibration, ω0 is the resonant frequency in Hz
and γl is the Lorentz broadening factor in Hz.
The Tauc-Lorentz oscillator [75]
The Tauc-Lorentz oscillator is based on the same principle as the Lorentz oscillator, with the exception that the absorption of radiation below the optical
bandgap is fixed to zero. This oscillator describes the imaginary part ε 2 of the
complex dielectric function of a film as given by equation 4.3:

 1 × f tl E0 γtl (E−Eg )2 for E > E
g
E
( E2 − E02 )2 +γtl2 E2
ε 2 ( E) =
(4.3)
 0 for E ≤ E
g

where E is the energy of the radiation in eV, f tl is the amplitude factor in eV, E0
is the energy of the resonant Lorentz oscillation in eV, Eg is the bandgap energy
in eV and γtl is the broadening factor in eV. It should be noted that the real part
of the complex dielectric function can be calculated from the imaginary part by
using the Kramers-Kronig relations.
TiN is usually modeled with one Drude and two Lorentz oscillators to account for its
conductivity and its interband transitions [76], while TiO2 is usually modeled with
two Tauc-Lorentz oscillators to account for its defect states and its bandgap [77].
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From the electronic band structure of TiN [78], it can be observed that the material
has four interband transitions (at 1.0, 2.3, 3.9 and 5.6 eV respectively), while it is
usually modeled with only two Lorentz oscillators. As is shown in figure 4.4, this
can be explained by the strength of the interband transitions: those at 3.9 and 5.6 eV
are strong transitions that have to be modeled, while the other transitions are weak
and can, therefore, be neglected. From this figure, it can also be seen that the Fermi
level is present in the conduction band. This means that TiN is a conductor that has
to be modeled with a Drude oscillator. Therefore, this work uses one Drude and two
Lorentz oscillators in the model for TiN that is deposited with substrate biasing. For
the TiOx Ny that is deposited without substrate biasing, one Drude, one Lorentz and
one Tauc-Lorentz oscillator are used, because this TiN has a high (28 at.%) oxygen
impurity content and, therefore, might have a bandgap. Karwal et al., also used
a Tauc-Lorentz oscillator instead of a Lorentz oscillator to account for the oxygen
impurities in conductive HfNx [79].

F IGURE 4.4: The electron density of states of TiN [76]. The Fermi level
at zero energy is marked with a black line and the interband transitions E01 and E02 around 3.5 and 5.5 eV are marked with magenta and
purple lines, respectively.

The model optimization
The TiN models from this work are optimized by an iterative process of changing
the values for the parameters of the oscillators. This was done in order to reduce the
error between the measured and calculated change in polarization direction for the
last measurement point (after 100 ALD cycles) on all the substrates. This error is the
mean-squared error (MSE) that is given by equation 4.4 [80, 81]:
v
" exp
#
u
 exp
mod 2
mod 2
N
u
∆
Ψ
−
Ψ
−
∆
1
i
i
i
i
MSE = t
+
,
(4.4)
exp
exp
2N − M i∑
σΨ,i
σ∆,i
=1
where N is the number of measured wavelengths, M is the number of fit parameters
exp
and σi is the standard deviation of the experimental data at a certain wavelength.
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The models are optimized for the last measurement point (after 100 ALD cycles),
because the constant GPC that is obtained at this point can be compared with literature in order to check the model. In this work, the same conditions as used by Faraz
et al. [28] are used for the depositions, and as is shown in table 4.1, there is also a
good agreement between the GPC values from this work and Faraz et al. [28].
TABLE 4.1: The growth per cycle (GPC) of the titanium nitride films
from this work and Faraz et al. [28].

Reference

GPC of TiOx Ny
(Å/cycle)

GPC of
(Å/cycle)

This work

0.45 ± 0.02

0.31 ± 0.02

Faraz et al.
[28]

0.47 ± 0.02

0.34 ± 0.02

TiN

In addition, the models from this work are optimized for all the substrates, because
the same model is used to compare the corresponding TiN depositions on the different substrates. In principle, the same model should be used, because the model may
influence the interpretation of the data (see section 4.1).
The model for PEALD of TiOx Ny
The optimized model for the TiOx Ny that is deposited without substrate bias is
shown in table 4.2. In this table, also a comparison with the TiN model from Langereis et al. [73] and with the TiO2 model from Kim et al. [77] is made. The dielectric
function of this model is shown in figure 4.5. This figure also shows the contributions of the different oscillators to the dielectric function.

F IGURE 4.5: The dielectric function of the model for the TiOx Ny that
is deposited without substrate bias. The contributions of the Drude,
Tauc-Lorentz (TL) and Lorentz oscillator are indicated.
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TABLE 4.2: The values for the parameters of the SE models for
TiOx Ny , TiN and TiO2 from this work, the work of Langereis et al. [73]
and the work of Kim et al. [77]. A parameter is marked as N.A. (not
applicable) when that parameter is not present in the corresponding
oscillator.

Parameter

TiN
- Langereis et al.
[73]

TiOx Ny
- This work

TiO2
- Kim et al. [77]

Film thickness (Å)

120

40

300

e∞

3.0

3.1

1.6

Drude

Drude

N.A.

Resistivity
(Ohm·cm)

0.00013

0.00040

N.A.

Scattering time (fs)

0.77

0.65

N.A.

Lorentz 1

Tauc-Lorentz 1

Tauc-Lorentz 1

Amplitude

0.8

90

143

Broadening

1.6

1

1.3

Energy (eV)

3.8

3.3

4.1

Bandgap (eV)

N.A.

0.8

3.3

Lorentz 2

Lorentz 2

Tauc-Lorentz 2

Amplitude

3.5

4.6

14

Broadening

2.3

2.7

4.6

Energy (eV)

5.6

5.6

8.3

Bandgap (eV)

N.A.

N.A.

0.9

From table 4.2, it can be seen that there is a good agreement between the values of
the TiOx Ny model from this work and the TiN model from Langereis et al. [73], except for the values of the amplitude, energy and bandgap of the first (Tauc-)Lorentz
oscillator. This might be explained by the high (28 at.%) oxygen impurity content
in the film. Therefore, a comparison with the SE model for TiO2 from Kim et al.
[77] is made. As is shown in that model, the higher amplitude and bandgap of the
Tauc-Lorentz oscillator can indeed be explained by the oxygen impurity content in
the film. These impurities might also cause the difference in resistivity between the
film from this work and that of Langereis. It is expected that the lower value for the
bandgap of the Tauc-Lorentz oscillator can be explained by defects in titanium dioxide that can cause sub-bandgap absorption [82, 83]. It should be noted that these
defects are also present in the work from Kim et al. In that work, however, a second
Tauc-Lorentz oscillator is used, and the sub-bandgap absorption is modeled by the
bandgap of this oscillator.
Verification of the model for PEALD of TiOx Ny
In order to verify the SE model for the TiOx Ny that is deposited without substrate
bias, the method of direct numerical inversion is used [84]. This method assumes
that the substrates are modeled accurately, and calculates the dielectric function of
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the deposited film directly from the measured Ψ and ∆ for an estimated film thickness. In this way, a dielectric function is obtained that will only be smooth when the
estimated film thickness equaled the actual film thickness. Therefore, the smoothness of the obtained dielectric function can be used to check whether the estimated
film thickness is correct.
The dielectric function that is obtained by the method of direct numerical inversion
is shown in figure 4.6. The last data point from the deposition on SiO2 for the regular
deposition recipe is used for this method. For reference, this figure also shows the
dielectric function that is obtained from the SE model.

F IGURE 4.6: The dielectric function of the TiOx Ny that is deposited
without substrate bias from (A) the method of direct numerical inversion and (B) the SE model.

From figure 4.6A, it can be seen that e1 and e2 show an abrupt change around 1.5
eV for a film thickness of 37 Å, while they are smooth for film thicknesses of 40
and 43 Å. This means that the estimated film thickness of 37 Å is incorrect, and that
the actual film is thicker. This is in good agreement with the film thickness of 40
Å that is obtained from the SE model. As is shown in figure 4.6B, there is also a
good agreement between the dielectric function that is obtained with both methods
for this film thickness. Therefore, it can be concluded that the SE model accurately
represents the TiOx Ny layer.

Chapter 4. Spectroscopic ellipsometry for monitoring the thickness of thin TiN
films

41

The model for PEALD of TiN with substrate bias
The optimized model for TiN that is deposited with substrate bias is shown in table 4.3. In this table also a comparison with the TiN model from Langereis et al. [73]
is made. The dielectric function of the model from this work is shown in figure 4.7.
This figure also shows the contributions of the different oscillators to the dielectric
function. It should be noted that the model from this work is only valid for films
with a thickness around 20 Å, due to the change in material properties with film
thickness [73, 85].
TABLE 4.3: The values for the parameters of the SE models for TiN
from this work and the work of Langereis et al. [73].

Parameter

TiN
- Langereis et al. [73]

TiN
- This work

Film thickness (Å)

120

23

e∞

3.0

3.1
Drude

Drude

Resistivity
(Ohm·cm)

0.00013

0.00023

Scattering time (fs)

0.77

0.43
Lorentz 1

Lorentz 1

Amplitude

3.5

6.0

Broadening

2.3

4.2

Energy (eV)

5.6

6.3
Lorentz 2

Lorentz 2

Amplitude

0.8

0.1

Broadening

1.6

1.0

Energy (eV)

3.8

4.0

From table 4.3, it can be seen that there is a good agreement between the values of
the TiN model from this work and that of Langereis et al. [73]. The biggest difference between the two TiN films is the thickness: the films in this work are about 20
Å thick, while the film from Langereis is 120 Å thick. This difference has important
consequences for the parameter values of the TiN models. Both Langereis et al. [73]
and Yang et al. [85] report that the resistivity of the TiN film increases and the electron scattering time decreases for thinner films. Also table 4.3 shows this: the 120Å
thick film from Langereis has a lower resistivity and longer scattering time than the
23 Å thick film from this work. Langereis et al. also reports that the Lorentz oscillators shift to higher energies for thinner TiN films [73]. This can also be observed in
table 4.3. Two other differences between the values from this work and Langereis are
the values for the amplitude and broadening of the Lorentz oscillators. This might
be explained by differences in the TiN film, such as the grain size and chloride (Cl)
impurity content, that can arise due to the use of another temperature and precursor than those used in this work (in this work, 200°C and TDMAT are used, while
Langereis’s uses 400°C and titanium chloride).
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F IGURE 4.7: The dielectric function of the model for TiN that is deposited with substrate bias. The contributions of the Drude and
Lorentz oscillators are indicated.

Verification of the model for PEALD of TiN with substrate bias
In order to verify the SE model for the TiN layer that is deposited with substrate
bias, the method of direct numerical inversion is once again used [84]. The dielectric function that is obtained from this method is shown in figure 4.8. The last data
point from the deposition on SiO2 for deposition recipe 3 is used for the direct numerical inversion. For reference, this figure also shows the dielectric function that is
obtained from the SE model.
From figure 4.8A, it can be seen that e1 shows an abrupt change around 4.0 eV for a
film thickness of 19Å, and that e2 shows a small oscillatory behavior for this energy
and film thickness. It also can be seen that e1 shows an abrupt change around 1.5 eV
for a film thickness of 27 Å, while for a film thickness of 23 Å no strange behavior is
observed. This means that the actual film is about 23 Å thick. This is in good agreement with the film thickness of 23 Å that is obtained from the SE model. As is shown
in figure 4.8B, there is also a good agreement between the dielectric function that is
obtained with both methods for this film thickness. Therefore, it can be concluded
that the SE model accurately represents the TiN layer.
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F IGURE 4.8: The dielectric function of TiN that is deposited with substrate bias from (A) the method of direct numerical inversion and (B)
the SE model.

4.4.3

The application of the models

In this subsection, the application of the TiN models is described. First, the method
that is used to determine the nucleation delay is described. Then, the influence of
the models on the interpretation of the data is discussed.
The method that is used to determine the nucleation delay
In order to compare the nucleation delay for different depositions, the nucleation
delay is in this work defined as the intersection of the horizontal axis (film thickness
= 0) with a straight line that is fitted through the last 30 SE data points. The last
30 measurements points are used, because for all the depositions from this work a
constant GPC is obtained for these data points. An example of this method is shown
in figure 4.9. In this figure, the deposition on SiO2 for deposition recipe 2 is shown.
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F IGURE 4.9: An example of the method that is used to determine the
nucleation delay from the spectroscopic ellipsometry (SE) data: The
nucleation delay is considered to be the intersection of the horizontal
axis (y=0) with a straight line that is fitted through the last 30 SE data
points.

From figure 4.9, it can be seen that a constant GPC is obtained in the last 30 ALD
cycles, and that the straight line that is fitted through these data points intersects
with the horizontal axis after 16 cycles. This means that the nucleation delay for this
example is determined to be 16 cycles.
The influence of the TiN model on the nucleation delay
As mentioned in subsection 4.4.1, any influence of the TiN and TiOx Ny model on
the interpretation of the SE data has to be identified in order to correctly compare
the data for the TiN films that are deposited with and without substrate bias, respectively. Therefore, figure 4.10 compares the influence of these models on the
nucleation delay. In this figure, the SE data from the deposition on Si and SiO2 for
the regular deposition recipe is used. It should be noted that for the other data sets
similar results are obtained.
From figure 4.10A, it can be seen that a GPC of 0.45 Å/cycle and a nucleation delay
of 10 ALD cycles are obtained when the SE data is fitted with the TiOx Ny model.
From figure 4.10B, it can be seen that a GPC of 0.35 Å/cycle and a nucleation delay
of 10 cycles are obtained when this data is fitted with the TiN model. This means
that the model does influence the GPC and that it does not influence the nucleation
delay. However, from literature it is known that the GPC also should be different
for both SE models, and that the obtained GPC is correct [28]. This means that the
GPC from both models can be compared. The nucleation delay from both models
can also be compared, because the nucleation delay is not influenced by the choice
of model.

Chapter 4. Spectroscopic ellipsometry for monitoring the thickness of thin TiN
films

F IGURE 4.10: The SE data for the deposition from the regular recipe
on Si and SiO2 fitted with (A) the TiOx Ny model and (B) the TiN
model: The model does influence the growth per cycle (GPC), but
it does not influence the nucleation delay.
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5 Case study: The nucleation
behavior of TiN during PEALD on
silicon dioxide
From literature, it is known that TDMAT can adsorb onto functional sites, e.g. hydroxyl (OH) groups, that are present at the substrate’s surface [86]. This chapter
provides a short case study about TDMAT adsorption on surface sites, and the influence of hydroxyl groups on the nucleation behavior of TiN. In addition, it provides
a study about the influence of substrate biasing on the nucleation behavior of TiN.
These studies are performed on SiO2 , because the surface hydroxyl group density
is well documented for this substrate [54, 87]. A comprehensive description of the
deposition recipes and substrates can be found in chapters 3 and 4.
In section 5.1, FTIR is used to investigate TDMAT adsorption on surface sites, and SE
and XPS are used to study the nucleation behavior of TiN on substrates with respectively a high and low surface density of hydroxyl groups. In section 5.2, the influence of substrate biasing on the nucleation behavior of TiN is studied by comparing
depositions from three different recipes. In brief, these recipes are: (1) the regular
recipe that consists of a plasma or anneal pretreatment and the AB-type ALD cycle,
(2) recipe 2 that consists of a plasma or anneal pretreatment and the ABC-type ALD
cycle, and (3) recipe 3 that consists of a plasma pretreatment with substrate bias and
the ABC-type ALD cycle. In addition, the TiN thickness from SE modeling is fitted
with the nucleation model from Avrami (see section 2.2) in order to determine the
number of functional sites that is present on the starting surface and formed during
the deposition.

5.1

The influence of surface groups on TDMAT adsorption
and the nucleation behavior of TiN

This section provides a short study about the influence of surface groups on TDMAT
adsorption (subsection 5.1.1) and the influence of hydroxyl groups on the nucleation
behavior of TiN (subsection 5.1.2).

5.1.1

The influence of surface groups on TDMAT adsorption

In this subsection, the adsorption of TDMAT on SiO2 powder is studied with FTIR.
In figure 5.1A, the absorbance spectrum of gas-phase TDMAT is shown for reference. The transmission spectrum of the empty reactor is used as background for
this absorbance spectrum. The absorbance spectrum of TDMAT on SiO2 is shown in
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figure 5.1B. As background for this spectrum, the transmission spectrum of the SiO2
powder is used.

F IGURE 5.1: (A) The gas-phase spectrum of tetrakis(dimethylamido)titanium (TDMAT) and (B) the spectrum of TDMAT that is adsorbed
on SiO2 powder as measured by Fourier transform infrared transmission spectroscopy: The gas-phase spectrum of TDMAT contains adsorption peaks from CH groups that are bonded to N, CH groups
that are bonded to TiN, NC groups, NH groups and TiN groups [88,
89]. All these groups can be found in TDMAT, with the exception
of the NH groups. These groups are probably from dimethylamine
(DMA). During TDMAT adsorption on silicon dioxide, OH and Si-OSi groups are lost [90, 91].

From figure 5.1A, it can be seen that the gas-phase spectrum of tetrakis(dimethylamido)titanium (TDMAT), i.e. Ti(N(CH3 )2 )4 , contains absorption peaks from CH
groups around 2960, 2860, 2775, 1460, 1420, 1250 and 1150 cm-1 , peaks from NC
groups around 950 cm-1 , peaks from NH groups around 735 cm-1 , and peaks from
TiN groups around 590 cm -1 [88, 89]. These peaks are consistent with the absorption
of TDMAT, with the exception of the peak from NH groups. This peak is most likely
from dimethylamine (DMA), i.e. NH(CH3 )2 . DMA might be formed during the
reaction between TDMAT and hydroxyl groups on the Al2 O3 coated reactor walls
[86], as is shown by equation 5.1:
O − H ∗ + Ti ( N (CH 3 )2 )4 → O − Ti ( N (CH 3 )2 )3 * + NH (CH 3 )2 ,

(5.1)

where ∗ indicates the surface species.
From figure 5.1B, it can be seen that the peaks from TDMAT are also present after
SiO2 powder is exposed to a TDMAT dosage. This means that the TDMAT precursor adsorbed onto the SiO2 powder during the precursor dosage. In addition, the
spectrum shows negative peaks around 3750, 1280, 1100 and 800 cm-1 . The negative
peak around 3750 cm-1 is attributed to a loss of OH bonds. This loss can be explained
by the adsorption of TDMAT on hydroxyl groups. The negative peak around 1280
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cm-1 might be explained by a loss of adventitious carbon during the TDMAT exposure. The negative peaks around 1100 and 800 cm-1 are attributed to a loss of Si-O-Si
bonds. This loss might be an artifact that is caused by the reduced phonon absorption at a slightly lower substrate temperature [92], or it might be explained by some
SiO2 powder that was blown off the substrate during the TDMAT exposure. In addition, it might be explained by reaction between TDMAT and Si-O-Si bonds, but this
has not been observed in literature.
From a comparison of figures 5.1A and 5.1B, it can be seen that the ratio between
the N-CH peak around 2775 cm-1 and the TiN-CH peak around 2860 cm-1 is higher
in the spectrum of gas-phase TDMAT than in the spectrum of adsorbed TDMAT.
This discrepancy is another indication that DMA was formed during the gas-phase
measurement of TDMAT. It should be noted that DMA could be formed during the
gas-phase measurement due to the presence of gas-phase TDMAT, while it could
not be formed during the measurement of adsorbed TDMAT, because the reactor
was purged in between this measurement and the TDMAT exposure.
Overall, these results show that TDMAT adsorption on SiO2 is strongly, if not only,
influenced by hydroxyl groups. In addition, they support the proposal from Chaker
et al. that DMA is released during the adsorption of TDMAT on hydroxyl groups
[86].

5.1.2

The influence of hydroxyl groups on the nucleation behavior of TiN

F IGURE 5.2: (A) The TiN thickness as measured by SE and (B) the
Ti2s peak area as measured by XPS as a function of the number of
ALD cycles for the AB deposition process of TiN on Si with native
oxide and SiO2 that was annealed at 1000°C prior to the deposition:
TiN nucleates immediately on Si, while the nucleation is delayed for
8 cycles on annealed SiO2 .

In this subsection, it is investigated how the density of hydroxyl groups influences
the nucleation behavior of TiN. This is done by comparing the nucleation for the
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AB deposition process on substrates with respectively a high and low density of
hydroxyl groups. These substrates are: a Si with native oxide substrate that has a
hydroxyl group density of ∼4.6 nm-2 , and an at 1000°C annealed SiO2 substrate that
has a hydroxyl group density of ∼0.25 nm-2 [54]. The results from these experiments
are shown in figure 5.2.
From figure 5.2A, it can be seen that the GPC of the TiN layer on the Si and SiO2
substrates is very similar after ∼20 ALD cycles, just as is expected based on the selflimiting reactions of ALD (see section 1.2). From figure 5.2B, it can be seen there is
a good agreement between the SE and XPS data: both show that TiN nucleates immediately on Si with native oxide, while the nucleation is delayed on annealed SiO2 .
However, it should be noted that, although the Ti2s peak area on SiO2 is lower than
the peak area on Si after 5 ALD cycles, it might not be zero due to the low sensitivity of the Ti2s peak (see subsection 3.1.5). The discrepancy in nucleation behavior
between the Si and SiO2 substrate can be explained by the difference in density of
hydroxyl groups. This result suggests that hydroxyl groups act as functional sites
that allow for adsorption of TDMAT, and that the nucleation behavior of TiN on
SiO2 is strongly influenced by the surface density of hydroxyl groups.

5.2

The influence of substrate biasing on the nucleation behavior of TiN

This section provides a study about the influence of substrate biasing on the nucleation behavior of TiN. In subsection 5.2.1, the influence of substrate biasing during
the plasma co-reactant step is investigated, and in subsection 5.2.2, the influence of
substrate biasing during the plasma pretreatment is studied.

5.2.1

The influence of substrate biasing during the plasma co-reactant

In this subsection, it is investigated how the application of substrate biasing during the plasma co-reactant influences the nucleation behavior of TiN. This is done
by comparing TiN depositions from recipe 1 (the regular recipe) and recipe 2. The
results for these measurements are shown in figure 5.3. It should be noted that the
result for the regular recipe was also shown in the previous section.
From figure 5.3A, it can be seen that the GPC of the TiN film is reduced from ∼0.45
to ∼0.31 Å/cycle when the C step is added to the deposition process. This might be
explained by the oxygen impurity content in the film. As is reported by Faraz et al.,
the oxygen impurity content in the film is reduced from 28 to 4 at.% when the C step
is added to the process (see subsection 2.1.2) [28].
In addition, figure 5.3 shows that the TiN nucleation delay on annealed SiO2 is prolonged from 8 to 19 cycles when the C step is added to the process. In order to investigate whether this result can be explained by the formation of less functional sites
that allow for TDMAT adsorption, the model from Avrami is used (see section 2.2).
As can be seen in table 5.1, this model shows that ∼0.20 sites per nm2 per cycle are
formed during the AB deposition process, while about 50 times less (< 0.004) sites
are formed per nm2 per cycle during the ABC process. Therefore, this result suggest
that the nucleation delay for the ABC process is prolonged due to the formation of
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F IGURE 5.3: (A) The TiN thickness as measured by SE and (B) the Ti2s
peak area as measured by XPS as a function of the number of ALD
cycles for TiN depositions from recipes 1 and 2 on annealed SiO2 : The
nucleation delay is prolonged from 8 to 19 cycles when the C step is
added to the recipe, and the growth per cycle is reduced from ∼0.45
to ∼0.31 Å/cycle.

less functional sites per cycle. Likely, these functional sites are oxygen-containing
species (e.g., hydroxyl groups), because Faraz et al. reported that the oxygen impurity content in the TiN film is reduced from 28 at.% (∼0.92 O at. per nm2 per cycle)
to 4 at.% (∼0.1 O at. per nm2 per cycle) due to the addition of the C step (see subsection 2.1.2) [28]. Moreover, the remaining 4 at.% of oxygen impurities might explain
the functional sites that are still formed during the ABC deposition process.
•

b and formed ( N)
TABLE 5.1: The functional sites that are present ( N)
on annealed SiO2 during the AB and ABC deposition processes of
TiN, according to the model from Avrami. For this analysis, the value
•
b is fixed and the values for N and the GPC (the growth per cycle)
for N
are fitted. In order to be able to estimate the error in the fit, the results
b are shown. These values were chosen
for two different values of N
based on the hydroxyl group density of ∼0.25 nm-2 on annealed SiO2
[54].

Pretreatment

1000°C
anneal

ALD process
AB
ABC

•

b (sites nm−2 )
N

N (sites nm−2
cycle−1 )

GPC of TiN
(Å cycle−1 )

0.15 (fixed)
0.30 (fixed)
0.15 (fixed)
0.30 (fixed)

0.23
0.18
0.0038
-0.0067

0.41
0.41
0.34
0.33

From table 5.1, it can also be seen that about the same number of functional sites
is formed during one AB-type ALD cycle as is present on the starting surface (respectively, 0.23 per nm2 per cycle and 0.15 per nm2 ), while much less functional
sites (< 0.004 per nm2 per cycle) are formed during one ABC-type cycle. Therefore,
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the nucleation behavior of TiN will mainly be influenced by the functional sites that
are formed during the plasma co-reactant step for the AB-type process, while it will
mainly be influenced by the functional sites that are already present at the starting
surface for the ABC-type process.
Overall, it can be concluded that functional sites are formed during the PEALD
process of TiN, and that the nucleation delay can be prolonged when the C step
is performed to remove ∼95% of these sites. Furthermore, as is reported by Faraz
et al., the addition of the C step allows for the deposition of TiN films with a higher
quality [28]. For further process improvement, mainly the number of functional sites
that is present on the starting surface has to be reduced.

5.2.2

The influence of substrate biasing during the plasma pretreatment
and plasma co-reactant

In this subsection, it is investigated how various pretreatments influence the nucleation behavior of TiN. This is done by comparing the nucleation behavior for the
ABC deposition process without a pretreatment, with a 1000°C anneal pretreatment,
with an Ar/H2 plasma pretreatment and with a biased Ar/H2 plasma pretreatment.
The results from these measurements are shown in figure 5.4.

F IGURE 5.4: (A) The TiN thickness as measured by SE and (B) the Ti2s
peak area as measured by XPS as a function of the number of ALD cycles on SiO2 for the ABC deposition process without a pretreatment,
with a 1000°C anneal pretreatment, with an Ar/H2 plasma pretreatment and with a biased Ar/H2 plasma pretreatment: The nucleation
delay is slightly prolonged when any of the pretreatments is applied
prior to the deposition.

From figure 5.4, it can be seen that the nucleation delay of TiN is slightly prolonged
(by up to 6 cycles) when any of the three pretreatments is applied prior to the deposition. This result might be explained by a slight reduction in the number of functional
sites that is present on the starting surface with any of the pretreatments. As can be
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seen in table 5.2, the model from Avrami confirms that the number of functional sites
is slightly lower on the pretreated samples with respect to the pristine sample: the
density of functional sites is ∼0.46 nm−2 on the pristine sample, while the densities on the samples that were pretreated with an anneal, a plasma exposure without
substrate bias or a plasma exposure with substrate bias are ∼0.15, ∼0.30 and ∼0.25
nm2 , respectively. For the anneal pretreatment and plasma pretreatment with substrate bias, the reduction in the number of functional sites can be explained by the
removal of oxygen-containing species from the surface (see subsections 5.1.2 and
5.2.1). This explanation is not valid for the plasma pretreatment without substrate
bias, because this pretreatment leads to the formation of oxygen-containing species
(see subsection 1.2.3). Therefore, the number of functional sites might be reduced
with this pretreatment due to the removal of adventitious carbon [46, 47].
•

b and formed ( N)
TABLE 5.2: The functional sites that are present ( N)
on SiO2 during the ABC deposition process of TiN after different pretreatments, according to the model from Avrami. For this analysis,
•
the value for N is fixed to the value as obtained for the ABC depob and the GPC (the
sition process (see table 5.1), and the values for N
growth per cycle) are fitted.
•

Pretreatment

ALD process

b (sites nm−2 )
N

N (sites nm−2
cycle−1 )

GPC of TiN
(Å cycle−1 )

-

ABC

0.45
0.47

0.0038 (fixed)
0 (fixed)

0.31
0.31

Anneal

ABC

0.14
0.17

0.0038 (fixed)
0 (fixed)

0.35
0.35

Plasma
without bias

ABC

0.29
0.32

0.0038 (fixed)
0 (fixed)

0.31
0.31

Plasma with
-187 V bias

ABC

0.25
0.28

0.0038 (fixed)
0 (fixed)

0.30
0.30

A comparison of figures 5.4A and 5.4B reveals that SE and XPS show a difference
in the extend by which the anneal pretreatment prolongs the nucleation delay: the
anneal pretreatment is the most effective in delaying the nucleation according to SE,
while it is the least effective according to XPS. This discrepancy might be explained
by the adventitious carbon content on the substrates, because the annealed SiO2
substrates were annealed and measured at a different date. Therefore, this result
indicates the importance of a pretreatment that removes impurities for the reproducibility of the experiments.
From these results, it can be concluded that a pretreatment might be used to improve the reproducibility of the experiments, and to slightly prolong the nucleation
delay (by up to 6 ALD cycles). As was shown in subsection 5.2.1, the nucleation
delay can be prolonged by 11 cycles due to the addition of the C step. Therefore, it
can also be concluded that the obtained nucleation delay is mainly influenced by the
addition of the C step.
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6 The use of substrate biasing
during PEALD of TiN for
area-selective deposition
Based on the results from chapter 5 which show that functional sites can be removed
by applying substrate biasing, it is in this chapter investigated whether substrate biasing can be applied in order to allow for area-selective deposition with the PEALD
process for TiN. This is done by comparing the nucleation behavior of TiN as measured by SE and XPS on various substrates (i.e., Si with native oxide, thermally
grown SiO2 , Ru and Co). The depositions are performed with the same recipes as
used in chapter 5. A comprehensive description of the recipes and substrates can be
found in chapters 3 and 4.
As was discussed in chapter 4, the SE data has to be modeled in order to obtain the
TiN thickness. When the model for the substrate and/or TiN layer is inaccurate, the
interpretation of the SE data can be difficult. Therefore, the discrepancies between
the corresponding data sets from SE modeling and XPS are discussed in section 6.1.
Then, in section 6.2, the SE and XPS data sets for the different deposition recipes are
compared to investigate whether the application of substrate biasing results in differences in the nucleation behavior of TiN on various substrates, and whether these
differences allow for achieving area-selective deposition.

6.1

The data interpretation

In this section, the discrepancies between the data sets from SE modeling and XPS
are discussed to allow for a correct interpretation of the data. These data sets are
shown in figure 6.1.
From figure 6.1A, it can be seen that SE shows an accelerated TiN nucleation on
Si with native oxide, and a delayed nucleation on Ru and Co. However, the XPS
data from figure 6.1B shows a different trend in the nucleation behavior of TiN on
these substrates: it shows a delayed nucleation on Si, and an immediate nucleation
on Ru and Co. Since the XPS data does not require a model for the interpretation
of the data, it is presumed that these discrepancies can be explained by the assumptions that were made in the SE model: It was assumed that the substrate does not
change during the TiN deposition, while in reality it can change due to formation
and/or removal of material. As will be discussed below, SE might show an immediate nucleation on Si due to the formation of an interfacial SiN layer. The apparent
nucleation delay on Ru and Co might be explained by the removal of adventitious
carbon.
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F IGURE 6.1: The discrepancies between (A) the TiN thickness as measured by SE and (B) the Ti2s peak area as measured by XPS as a function of the number of ALD cycles for the TiN deposition from recipe
2 on Co and the TiN deposition from recipe 3 on Si with native oxide
and Ru: According to SE, the nucleation of TiN starts immediately on
Si and is delayed on Ru and Co. According to XPS, the nucleation
starts immediately on Ru and Co, and is delayed on Si.

6.1.1

The formation of an interfacial SiN layer

F IGURE 6.2: The by SE measured formation of an interfacial SiNx
layer during TiN ALD on H-terminated crystalline Si, as reported by
Langereis et al. [73]: An interfacial SiN layer is formed prior to the
nucleation of TiN.

The formation of an interfacial SiN layer might explain the discrepancy between SE
and XPS in the nucleation behavior of TiN on Si, because the formation of this layer
is not detected by the XPS scan of the Ti2s peak, while it is detected by SE. The
formation of the interfacial SiNx layer during the atomic layer deposition of TiN on
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H-terminated silicon as reported by Langereis et al. is shown in figure 6.2 [73]. The
precursor and co-reactant that were used by Langereis et al. are TiCl4 and a H2 /N2
plasma, respectively.

F IGURE 6.3: The area of (A) the Ti2s, (B) the N1s, (C) the O1s and
(D) the C1s peak as measured by XPS as a function of the number
of ALD cycles for the TiN deposition from recipe 3 on Si with native
oxide, thermally grown SiO2 , Ru and Co: TiN nucleates immediately
on Ru and Co, while the nucleation is delayed for ∼10 cycles on Si
and SiO2 . Nitrogen is incorporated on Si and SiO2 during the plasma
pretreatment. The oxygen content decreases on all the substrates and
the carbon content increases on all the substrates.

It is presumed that also in this work an interfacial SiN layer is formed, because the
N content on the Si substrate increases faster than the Ti content, as is shown in
figure 6.3. From this figure, it can be seen that N is incorporated during the pretreatment and first 10 deposition cycles, while Ti is not deposited during the first 10
cycles. Furthermore, it can be seen that the carbon content increases and the oxygen
content decreases on all the substrates during the first 10 cycles. Therefore, it seems

Chapter 6. The use of substrate biasing during PEALD of TiN for area-selective
58
deposition
unlikely that the C and O species would accelerate the nucleation on Si, without accelerating the nucleation on the other substrates.
We have identified two potential sources for the nitridation of the Si substrate: (1)
the nitrogen that is present as background species in the vacuum system, and (2)
the TiN that is present on the reactor walls. It is speculated that the Ar/H2 plasma
is able to dissociate and incorporate the nitrogen from either one or both of these
sources, because the nitridation started during the Ar/H2 plasma pretreatment (see
figure 6.3). As will be discussed in appendix B, the nitridation is reduced - but not
completely eliminated - when the reactor walls are coated with Al2 O3 instead of TiN
prior to the experiments. This result suggest that nitrogen from both sources can be
incorporated.

6.1.2

The removal of adventitious carbon

The discrepancy between SE and XPS in the nucleation behavior of TiN on Ru and
Co might be explained by the removal of adventitious carbon during the TiN deposition, because the removal of material influences the GPC that is measured by SE,
while it does not influence the area of the Ti2s peak that is measured by XPS.
TABLE 6.1: The apparent thickness of material on the Ru and Co
substrates before the non-biased and biased plasma pretreatment, as
measured by SE. The apparent thickness after the pretreatment is
zero, because the substrate model was based on this data point (see
subsection 4.4.1). It should be noted that the reported thickness is the
’apparent thickness’, because the SE data was fitted with an inappropriate model (the TiOx Ny model) due to the unknown composition of
the material.

Substrate

Apparent thickness before pretreatment (Å)
Without bias
With -187 V bias

Ru

1.6

6.3

Co

7.7

15

From table 6.1, it can be seen that material is removed from the Ru and Co substrates
during the regular plasma pretreatment and the plasma pretreatment with substrate
bias, and that most of the material is remove during the biased pretreatment: The
regular plasma pretreatment removes ∼1.6 Å of material from the Ru substrate and
∼7.7 Å from the Co substrate. The plasma pretreatment with substrate bias removes
∼6.3 Å from the Ru substrate and ∼15 Å from the Co substrate. Therefore, it can
be concluded that material might also be removed during the Ar/H2 plasma coreactant from the PEALD process.
From table 6.2, it can be seen that the C content is reduced by more than 33% during
both pretreatments, while N is not detected, the O content remains fairly constant
and the Co content increases. This increase in Co content can be explained by the reduction of the C content: when carbon is removed, the X-rays can penetrate deeper
into the Co substrate and more Co is detected. Therefore, it can be concluded that
only the removal of carbon can explain the discrepancy between SE and XPS.
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TABLE 6.2: The area of the C1s, N1s, O1s and Co2p peaks on the Ru
and Co substrates before a pretreatment, after a non-biased plasma
pretreatment and after a biased plasma pretreatment, as measured
by XPS. It should be noted that the actual C concentration might be
lower than the value that is shown here, due to the formation of adventitious carbon during storing of the samples in air. A value is
marked as ’x’ when the XPS area of that element overlaps with the
peak of the corresponding substrate.

Plasma pretreatment

Substrate

C1s
area
(10-5 CPS.eV)

N1s
area
(10-5 CPS.eV)

O1s
area
(10-5 CPS.eV)

Co2p
area
(10-5 CPS.eV)

-

Ru
Co

x
5.3

0
0

6.3
1.4·101

0
2.8·101

Without bias

Ru
Co

x
3.4

0
0

7.0
1.6·101

0
4.4·101

With -187V
bias

Ru
Co

x
2.1

0
0

6.6
1.5·101

0
5.4·101

Overall, these results show that the SE data can be used, but that it can strongly be
influenced by changes in the substrates. Therefore, the XPS data has to be used as
reference.

6.2

The results

In this section, the SE and XPS data sets for the different deposition recipes are compared to investigate whether substrate biasing can be applied in order to obtain differences in the nucleation behavior of TiN on various substrates, and whether these
differences allow for achieving area-selective deposition.
In subsection 6.2.1, the data set for the regular deposition recipe is presented. In
subsections 6.2.2 and 6.2.3, this data set is compared with the data sets for recipe 2
and 3, respectively.

6.2.1

Recipe 1: The regular PEALD process for TiN

In this subsection, the nucleation behavior of TiN for the deposition from the regular
recipe is discussed. The result from this measurement is shown in figure 6.4.
From figure 6.4A, it can be seen that SE shows an immediate TiN nucleation on
Si with native oxide, and a delayed nucleation on Ru and thermally grown SiO2 .
Furthermore, it shows that the nucleation starts immediately on Co, and that it takes
about 20 ALD cycles before the GPC is constant on this substrate. However, as was
discussed in subsection 6.1.2, the removal of adventitious carbon from the Ru and Co
substrates might influence the GPC that is measured on these substrates. Therefore,
the XPS data has to be used as reference. From figure 6.4B, it can be seen that the
XPS data shows an immediate TiN nucleation on Ru and Co, and that it confirms
the immediately nucleation on Si and the delayed nucleation on SiO2 . Therefore,
it can be concluded that the regular deposition recipe leads to an immediately TiN
nucleation on Si, Ru and Co, and a delayed nucleation on SiO2 .
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F IGURE 6.4: (A) The TiN thickness as measured by SE and (B) the
Ti2s peak area as measured by XPS as a function of the number of
ALD cycles for the TiN deposition from the regular recipe on Si with
native oxide, thermally grown SiO2 , Ru and Co: The nucleation of
TiN starts immediately on Si, Ru and Co, and is delayed on SiO2 .

F IGURE 6.5: A schematic representation of a potential pathway for
the dissociative chemisorption of tetrakis(dimethylamido)titanium
(TDMAT) onto ruthenium.

As was discussed in subsection 5.1.2, the immediate nucleation on Si and the nucleation delay on SiO2 can be explained by a different surface density of hydroxyl
groups (∼4.6 nm-2 and ∼0.46 nm-2 , respectively). The immediate nucleation on the
catalytic Ru and Co substrates might be explained by dehydrogenation reactions,
i.e. the dissociative chemisorption of organic ligands on the surface, that allow TDMAT to adsorb readily on metals [93]. In figure 6.5, a schematic representation of a
potential pathway for the dissociative chemisorption of TDMAT onto Ru is shown.
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6.2.2

Recipe 2: Substrate biasing during the plasma co-reactant

In this subsection, it is investigated how the nucleation behavior of TiN on various
substrates is influenced by the application of substrate biasing during the plasma
co-reactant. This is done by comparing the nucleation behavior for the depositions
from recipe 1 and 2. The results from these measurements are shown in figure 6.6.

F IGURE 6.6: A comparison between the TiN thickness as measured
by SE and the Ti2s peak area as measured by XPS as a function of the
number of ALD cycles for the TiN deposition from (A) the regular
recipe and (B) recipe 2 on Si with native oxide, thermally grown SiO2 ,
Ru and Co: The AB deposition process has a higher growth per cycle
than the ABC process. Furthermore, the AB process shows a nucleation delay of 10 cycles on SiO2 , while the ABC deposition process
shows a delay of 15 cycles. The Ru substrate delaminates after ∼45
deposition cycles from the ABC process.

The SE data from figure 6.6B shows that for deposition recipe 2, the nucleation of TiN
is accelerated on Si with native oxide, and delayed on thermally grown SiO2 , Ru and
Co. Furthermore, it shows that the thickness of the TiN layer on Ru suddenly drops
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after ∼45 ALD cycles. However, the XPS data from figure 6.6B shows that the TiN
nucleation starts immediately on Si with native oxide, Ru and Co, and is delayed on
thermally grown SiO2 . As was discussed in section 6.1, these discrepancies might
be explained by incorrect SE modeling: SE can show an accelerated nucleation on Si
due to nitridation of the substrate during the ABC process, and a delayed nucleation
on Ru and Co due to the removal of adventitious carbon. The drop in TiN thickness
on Ru might be explained by delamination of the substrate: as is shown in figure 6.7,
purple spots from the SiO2 layer underneath the Ru layer are visible after 100 cycles
of TiN deposition, while they are not visible after 20 deposition cycles on another
sample. This was also confirmed by XPS. Therefore, it is speculated that the Ru
layer delaminated during the TiN deposition due to the high stress in the TiN film
(over 5 GPa [28]), and the bad adhesion between the Ru layer and the SiO2 substrate
[94]. For future experiments, this might be prevented by the usage of an adhesion
layer.

F IGURE 6.7: The appearance of the Ru samples after (left) 100 and
(right) 20 ALD cycles of TiN from recipe 2: After 100 ALD cycles,
purple spots from the SiO2 layer underneath the Ru layer are visible,
while they are not visible after 20 cycles.

From a comparison of figures 6.6A and 6.6B, it can be seen that the GPC of the AB
deposition process is ∼0.45 Å/cycle, while the GPC of the ABC process is ∼0.31
Å/cycle. This result is consistent with the work from Faraz et al., and might be explained by the oxygen impurity content that is reduced from 28 to 4 at.% due to the
addition of the C step [28]. Furthermore, it can be seen that for both the AB and
ABC process, TiN nucleates immediately on Si, Ru and Co, while the nucleation is
delayed on SiO2 . The last observation that can be made, is that the nucleation delay
on SiO2 is prolonged from 10 to 15 cycles when the C step is added to the process,
while the nucleation on the other substrates is not delayed. As was discussed in
subsection 5.2.1, the prolonged nucleation for the ABC process can be explained by
the removal of ∼95% of the functional sites that adsorb during the regular plasma
exposure.
From these results, it can be concluded that the C step can be added to the PEALD
process for TiN in order to further delay the nucleation on the non-growth area
(SiO2 ), without delaying the nucleation on the growth area (Si, Ru or Co).

6.2.3

Recipe 3: Substrate biasing during the plasma pretreatment and
plasma co-reactant

In this subsection, it is investigated how the application of substrate biasing during both the plasma pretreatment and plasma co-reactant influences the nucleation
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behavior of TiN on various substrates. This is done by comparing the nucleation behavior for the depositions from recipe 1 and 3. The results from these measurements
are shown in figure 6.8.

F IGURE 6.8: A comparison between the TiN thickness as measured
by SE and the Ti2s peak area as measured by XPS as a function of
the number of ALD cycles for the TiN deposition from (A) the regular recipe and (B) recipe 3 on Si with native oxide, thermally grown
SiO2 , Ru and Co: The ABC deposition process has a lower growth
per cycle than the AB process. Furthermore, the nucleation delay on
SiO2 is prolonged from 10 to 17 ALD cycles when substrate biasing
is applied during both the plasma pretreatment and the plasma coreactant. Only for deposition recipe 3, the TiN nucleation is delayed
on Si.

The SE data from figure 6.8A shows that for deposition recipe 3, TiN nucleates immediately on Co, while the nucleation is accelerated on Si with native oxide and
delayed on thermally grown SiO2 and Ru. As was discussed in section 6.1, SE can
show an accelerated nucleation on Si due to nitridation of the substrate, and a delayed nucleation on Ru due to the removal of adventitious carbon. The XPS data
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from figure 6.8A shows that TiN nucleates immediately on Ru and Co, while the
nucleation is delayed on Si and SiO2 .
From a comparison of figures 6.8A and 6.8B, it can be seen that the AB deposition
process has a higher GPC than the ABC process. This is consistent with the results
from the previous section. Furthermore, it can be seen that for both the regular
recipe and recipe 3, TiN nucleates immediately on Ru and Co, while the nucleation
is delayed on SiO2 . However, only for recipe 3, the nucleation is also delayed on Si
with native oxide. Therefore, it is speculated that the Ar/H2 plasma pretreatment
with substrate bias gives rise to this nucleation delay. As is reported by Anthony
et al., a hydrogen plasma can be used to clean a Si surface from oxygen and carbon contaminations, and to passivate it with atomic hydrogen [95]. The removal of
oxygen and carbon contaminations from the substrate, i.e. the removal of potential
functional sites, is consistent with the results from this work and might explain the
nucleation delay (see subsection 5.2.2). However, also the passivation with atomic
hydrogen might contribute towards delaying the nucleation by inhibiting precursor
adsorption [96].
The last observation that can be made, is that the nucleation delay on SiO2 is prolonged from 10 to 17 cycles when substrate biasing is applied both during the plasma
pretreatment and the plasma co-reactant. In the previous subsection, it was shown
that a nucleation delay of 15 cycles is obtained when substrate biasing is applied
only during the plasma co-reactant. Therefore, it can be concluded that the application of substrate biasing during the plasma pretreatment also prolong the nucleation
delay. As was discussed in subsection 5.2.2, this result might be explained by the removal of some functional sites from the substrate (e.g., oxygen-containing species
and/or adventitious carbon). It should be noted that some of these sites might also
be removed from the Ru and Co substrates, but that the nucleation is not delayed
on these substrates. This might be explained by a different reaction mechanism for
TDMAT adsorption on these substrates (i.e., dissociative chemisorption instead of
adsorption on hydroxyl groups, see subsection 6.2.1).
Overall, the results from this chapter shows that substrate biasing can be applied
during the plasma pretreatment and/or the plasma co-reactant in order to prolong
the nucleation delay of TiN on the non-growth area (SiO2 ), without delaying the
nucleation on the growth area (Ru or Co). When substrate biasing is applied both
during the plasma pretreatment and the plasma co-reactant, area-selective deposition of ∼5 Å TiN can be achieved on Co, without resulting in deposition on SiO2 .
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7 Conclusion and outlook
7.1

Conclusion

In this work, it was investigated whether a plasma step with substrate bias could
be added to the PEALD process for TiN in order to counteract the influence of the
plasma co-reactant on the nucleation behavior of TiN, and to allow for area-selective
deposition. The regular deposition recipe consisted of an Ar/H2 plasma pretreatment and a PEALD process from TDMAT and Ar/H2 plasma pulses. In order to
counteract the influence of the plasma co-reactant on the nucleation behavior of TiN,
an Ar/H2 plasma exposure with substrate bias was added to the PEALD process.
The first research question from this work was:
1. What is the influence of the plasma co-reactant on the nucleation behavior of TiN?
In order to answer this question, the nucleation behavior of TiN was measured using spectroscopic ellipsometry (SE) and X-ray photoelectron spectroscopy (XPS) for
the AB deposition process on Si with native oxide and annealed (1000°C) SiO2 . Subsequently, the SE data was fitted with the nucleation model from Avrami. These
measurements showed that TiN nucleates immediately on Si, while the nucleation
is delayed for 8 ALD cycles on annealed SiO2 . This result could be explained by
the different surface density of hydroxyl groups (∼4.6 nm-2 and ∼0.25 nm-2 , respectively). Furthermore, the nucleation model showed that the nucleation behavior of
TiN is influenced by the formation of functional sites (estimated at ∼0.20 per nm2
per cycle) during the plasma exposure. Therefore, the second research question was:
2. Can a plasma step with substrate bias be added to the PEALD process (giving a threestep process), in order to counteract the influence of the plasma co-reactant on the nucleation
behavior of TiN?
In order to answer this question, the nucleation behavior of TiN was measured during the AB and ABC deposition process on annealed (1000°C) SiO2 , a substrate with
a low hydroxyl group density. These experiments showed that the addition of the
plasma step with substrate bias significantly reduced the formation of functional
sites (by ∼95%), and that the functional sites are most likely oxygen-containing
species. Moreover, the experiments showed that the nucleation delay on annealed
SiO2 could be prolonged from 8 to 19 by adding the plasma step with substrate bias.
Thereafter, it was investigated whether substrate biasing could be applied during
the plasma pretreatment in order to prolong the nucleation delay. This was done by
comparing the nucleation behavior of TiN on thermally grown SiO2 for various pretreatments prior to the ABC process. These measurements showed that the regular
plasma pretreatment prolonged the nucleation delay by 2 cycles, and that the plasma
pretreatment with substrate bias prolonged the nucleation delay by 4 cycles. These
results could be explained by the removal of some (up to 45%) of the functional sites
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that are present on the starting surface. In addition, it was shown that the removal
of adventitious carbon with a pretreatment might improve the reproducibility of the
experiments. Based on the significantly reduced formation of functional sites during
the three-step process, the third and final research question was:
3. Does this three-step process result in differences in the nucleation behavior of TiN on
various substrates, and can these differences be exploited for achieving AS-ALD?
In order to answer this question, the nucleation behavior of TiN was measured during the AB and ABC deposition process on various substrates. The experiments for
the AB process showed that TiN nucleates immediately on Si with native oxide, Ru
and Co, while the nucleation on thermally grown SiO2 is delayed for 10 cycles. The
immediate nucleation on the Ru and Co substrates might be explained by dehydrogenation reactions that allow TDMAT to adsorb readily on metals. The immediate
nucleation on Si and the delayed nucleation on SiO2 was explained by the difference
in hydroxyl group density (∼4.6 and ∼0.46 per nm2 , respectively). The measurements for the ABC process showed that the immediate nucleation on the Si, Ru and
Co substrates was preserved, while the nucleation delay on the SiO2 substrate was
prolonged from 10 to 15 cycles. When substrate biasing was also applied during the
plasma pretreatment, the nucleation on the Ru and Co substrates was unaffected,
while the nucleation delay on SiO2 was prolonged by 2 more cycles. Furthermore,
the nucleation on the Si substrate was delayed. This result might be explained by the
removal of functional sites with the biased plasma pretreatment, and/or by passivation of the surface with atomic hydrogen. These results show that substrate biasing
can be applied during the plasma pretreatment and ABC process in order to prolong
the nucleation delay on SiO2 from 10 to 17 cycles, and to allow for the selective deposition of ∼5 Å TiN on Co, without resulting in deposition on SiO2 .
Overall, the results from this work provide important insights into the factors that
limit area-selective deposition with PEALD processes for nitrides, and the methods
that can be used to counteract the influence of these factors. Thereby, they bring
area-selective deposition with PEALD closer to application in the semiconductor industry for the fabrication of smaller integrated circuit components. In future work,
the difficulties that were encountered with the SE modeling might be prevented,
and more substrates can be used as growth and non-growth areas. Furthermore, the
area-selective deposition of thicker and/or other layers might be achieved.

7.2

Outlook

Preparation of the Ru and Co substrates
In order to avoid the difficulties that were encountered with the Ru and Co substrates, i.e. the delamination of the Ru layer and the removal of adventitious carbon
during the PEALD process, the substrates can be prepared in a different way. The
delamination of the Ru layer might be avoided when it is grown on a silicon wafer,
or when an adhesion layer of silicon is used for the growth on SiO2 [94]. As is reported in literature, adventitious carbon can be removed by mild sputtering with an
Ar plasma [49, 97]. Therefore, the duration of the plasma pretreatment with substrate bias might be extended in order to remove all the adventitious carbon prior
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to the PEALD process. Moreover, the adventitious carbon is usually weakly bonded
to the surface and might be removed by heating the substrate (to ∼300°C) in the
vacuum system prior to the deposition [98]. In addition, the formation of the adventitious carbon layer can be counteracted by storing the samples in vacuum [97].
The extension to more substrates
Area-selective deposition might be achieved on more substrates and/or in the presence of more substrates. In figure 7.1, preliminary results for TiN nucleation on Si
with native oxide, thermally grown SiO2 , Ru, Co, Al2 O3 , Pt, HfN and SiN are shown.
It should be noted that these results are preliminary results: They are not verified by
SE, and the reactor was coated with Al2 O3 instead of TiN prior to the depositions.
Furthermore, only recipe 2 was used for the depositions. Therefore, these results
should be verified before any of the suggestions are implemented.

F IGURE 7.1: The Ti2s peak area as measured by XPS as a function
of the number of ALD cycles for an Al2 O3 reactor conditioning and
deposition recipe 2 on Si with native oxide, thermally grown SiO2 , Ru,
Co, Al2 O3 , Pt, HfN and SiN: The nucleation of TiN starts immediately
on HfN, Ru, Al2 O3 , Co, Pt and Si, and is delayed on SiN and SiO2 .

From figure 7.1, it can be seen that TiN nucleates immediately on Si with native
oxide, Ru, Co, Al2 O3 , Pt and HfN, while the nucleation is delayed on SiN and thermally grown SiO2 . This result suggest that TiN nucleates immediately on metals
(i.e., HfN, Ru, Co and Pt). Therefore, also other metals that are relevant for the semiconductor industry, e.g. Cu and W, might be used as growth areas that allow for an
immediate TiN nucleation. In addition, this figure shows that TiN nucleates more
rapidly on Al2 O3 than on Si and SiO2 . This result can be explained by the different
surface density of hydroxyl groups: the hydroxyl group density on Al2 O3 is ∼19
nm-2 , while it is ∼4.6 nm-2 on Si and ∼0.46 nm-2 on SiO2 [54, 99]. Therefore, also
other materials with a high density of hydroxyl groups might be used as growth
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areas, for instance TiO2 [87]. Other (non-metal) materials with a low density of hydroxyl groups, such as calcinated Al2 O3 , might be used as non-growth areas [100].
Furthermore, the precursor adsorption can be influenced by controlling the density
of functional sites that allow for precursor adsorption, for example with an anneal
or plasma pretreatment (just as was done in this work). The last observation that can
be made, is that SiN might be used as non-growth area.
Area-deactivation with inhibitor molecules
The results from this work show that the plasma step with substrate bias (the ”C”
step) could be used to remove most the functional sites that are formed during the
deposition (∼95%), while the plasma pretreatment with substrate bias could be used
to remove only some (∼45%) of the functional sites that are present on the starting surface (see section 5.2). Therefore, the window for selective deposition with
the ABC process for TiN will mainly be prolonged when the functional sites on the
starting surface are removed. As is reported in literature, this might be achieved
by the selective deactivation of the non-growth area with inhibitor molecules, i.e.
molecules that block precursor adsorption: When inhibitor molecules that only block
precursor adsorption on the non-growth area are dosed prior to the deposition, the
film nucleation on the non-growth area will be blocked, while the nucleation on the
growth-area will not be blocked (see subsection 1.2.2) [25, 101]. For the specific case
of TiN growth from TDMAT, aniline (C6 H5 NH2 ) might be used as inhibitor. As is
reported by Bent et al., aniline can be used to block the adsorption of TDMAT on Si,
while it does not block the adsorption on Ge due to the lower basicity of its surfacebound state [102].
The application of substrate biasing during other PEALD processes
The application of a substrate biasing might allow for area-selective deposition with
PEALD processes for other nitrides, for example with the PEALD process for HfNx
that is characterized by Karwal et al [29]. Both Karwal et al. and Faraz et al. reported
that the oxygen content in the deposited film could be reduced by applying substrate
biasing during the PEALD process [28, 29]. In this work, it was shown that the application of substrate biasing during the PEALD process from Faraz et al. allowed
for area-selective deposition. The same might be true for the PEALD process from
Karwal et al. In addition, the conductivity of the deposited film can be improved by
applying substrate biasing during the PEALD process, as is reported both by Faraz
et al. and Karwal et al.
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A The influence of overnight
rehydroxilation on TiN nucleation
In this appendix, it is investigated whether the TiN nucleation is influenced by the
overnight rehydroxilation of the annealed SiO2 substrates. From figure A.1, it can
be seen that the nucleation curves are very similar for the SiO2 substrates that were
annealed directly before the measurement and 2 days earlier. Therefore, it can be
concluded that the overnight rehydroxilation has negligible influence on the nucleation of TiN.

F IGURE A.1: The TiN thickness as measured by SE for the TiN deposition from recipe 2 on SiO2 that was annealed 2 days before the
measurement and directly before the measurement.
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B The nitridation of silicon for an
Al2O3 reactor conditioning
As was discussed in subsection 6.1.1, an interfacial SiN layer is formed during the
TiN deposition from recipe 3 on Si with native oxide. Two potential sources for the
nitridation were identified: (1) the nitrogen that is present as background species in
the reactor, and (2) the TiN that is present on the reactor walls. In this appendix, it
is investigated whether the nitridation can be eliminated when the reactor is coated
with Al2 O3 instead of TiN prior to the deposition.
TABLE B.1: The area of the N1s peak on Si with native oxide and thermally grown SiO2 before a pretreatment, after a non-biased plasma
pretreatment and after a biased plasma pretreatment for an Al2 O3
and TiN reactor conditioning, as measured by XPS.

Plasma pretreatment

Substrate

N1s area (CPS.eV/104 )
TiN conditioning Al2 O3 conditioning

-

Si
SiO2

0
0

0
0

Without bias

Si
SiO2

5.2
3.4

4.4
0

With -187 V bias

Si
SiO2

6.4
8.5

5.1
1.6

From table B.1, it can be seen that the nitridation is reduced - but not completely
eliminated - when the reactor is conditioned with Al2 O3 instead of TiN. Therefore,
it can be concluded that both the nitrogen that is present as background species
and the TiN on the reactor walls can act as sources for the nitridation. In order to
completely eliminate the nitridation, an ultra high vacuum system might have to be
used in combination with an Al2 O3 reactor conditioning.
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C The fits of the Ti2s peaks
In this appendix, the fits of the Ti2s peaks that were measured by XPS are shown.

F IGURE C.1: The fits of the Ti2s peaks that were measured by XPS as
a function of the number of ALD cycles for (A) the AB deposition process on Si with native oxide, (B) the AB process on 1000°C annealed
SiO2 , (C) the ABC process on thermally grown SiO2 , and (D) the ABC
process on annealed SiO2 . The spectra are shifted along the y-axis for
clarity.

Appendix C. The fits of the Ti2s peaks

F IGURE C.2: The fits of the Ti2s peaks that were measured by XPS as
a function of the number of ALD cycles for the TiN deposition from
the regular recipe on (A) Si with native oxide, (B) thermally grown
SiO2 , (C) Ru and (D) Co. The spectra are shifted along the y-axis for
clarity.
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Appendix C. The fits of the Ti2s peaks

F IGURE C.3: The fits of the Ti2s peaks that were measured by XPS as
a function of the number of ALD cycles for the TiN deposition from
recipe 2 on (A) Si with native oxide, (B) thermally grown SiO2 , (C) Ru
and (D) Co. The spectra are shifted along the y-axis for clarity.
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Appendix C. The fits of the Ti2s peaks

F IGURE C.4: The fits of the Ti2s peaks that were measured by XPS as
a function of the number of ALD cycles for the TiN deposition from
recipe 3 on (A) Si with native oxide, (B) thermally grown SiO2 , (C) Ru
and (D) Co. The spectra are shifted along the y-axis for clarity.
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Appendix C. The fits of the Ti2s peaks

F IGURE C.5: The fits of the Ti2s peaks that were measured by XPS as
a function of the number of ALD cycles for an Al2 O3 reactor conditioning and TiN deposition from recipe 2 on (A) Si with native oxide,
(B) thermally grown SiO2 , (C) Ru, (D) Co, (E) Al2 O3 , (F) Pt, (G) HfN
and (H) SiN. The spectra are shifted along the y-axis for clarity.
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