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1
Introduction

Electronics have become a prominent part of everyday life. Integrated cir-
cuits (ICs), i.e., microchips, are vital components of computers and phones,
but are also used in cars, kitchen appliances, washing machines etc. There
is a constant drive to advance chip performance in the semiconductor in-
dustry by scaling down device feature dimensions. In this chapter, the role
that area-selective atomic layer deposition (ALD) can play in the scaling of
semiconductor devices is discussed. The current challenges in IC fabrica-
tion and future scaling of IC devices are described. In addition, this chapter
introduces the basics of ALD and area-selective ALD and the use of small
molecule inhibitors (SMIs) to achieve area-selective ALD. Lastly, the goals
and framework of this dissertation are presented and discussed.
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1.1 Device scaling and its challenges

In 1965, Gordon Moore predicted that the number of transistors in an in-
tegrated circuit (IC) would double every two years driven by the increasing
need for computational power,[1] later known as Moore's law. This �law�
has ever since been a target to follow by the semiconductor industry, which
has generally been successful in keeping up so far. As a result, device feature
sizes have decreased rapidly over the last several decades, known as down-
scaling or scaling.[2] Downscaling was initially simply achieved by reducing
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Figure 1.1: (a) Cross-section image showing the device structures in the
back-end-of-line (BEOL) and front-end-of-line (FEOL) of a 10 nm node inte-
grated circuit (IC). The pitch size per layer is indicated, c© 2017 IEEE.[6] (b)
Cross-section image showing via misalignment causing device failure, c© 2017
IEEE.[7] The indicated scale bars in (a) and (b) are estimated based on the
indicated pitch sizes.
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the critical device dimensions (e.g., according to Dennards law for transistor
scaling),[3] thereby �tting more transistors on the same chip area. As device
features continued to shrink in size, however, it became increasingly di�-
cult to reliably control transistor switching. As a result, IC technology has
undergone several innovations regarding device patterning, materials, and
architectures.[4,5] Di�erent generations of transistor structures are typically
referred to by the transistor node (e.g., 10 nm node). The transistor node
used to refer to the transistor dimensions (e.g., gate length, metal pitch),
but as the semiconductor industry advanced past the traditional transis-
tor architecture, the transistor node now mostly refers to chip generations
where a lower number refers to higher performance.

An IC consists of two main parts, the front-end-of-line (FEOL) and the
back-end-of-line (BEOL), see Figure 1.1a. The FEOL is fabricated �rst and
contains all the transistors required for computational calculations. The
BEOL is where the individual devices from the FEOL get connected to
metal wiring such that the devices can be operated. Around the 20 nm
transistor node, lateral transistor downscaling reached its limit.[8] Due to
the extremely small transistor gate dimensions, reliably controlling transis-
tor switching started to become a bottleneck to downscaling. In order to
continue downscaling, the industry moved towards 3D device structures in
the form of FinFET structures and the upcoming gate-all-around technol-
ogy nodes, (see Figure 1.2). As the FEOL is downscaled further and further
according to Moore's law, the BEOL has to adjust accordingly. The metal
lines that connect the individual devices, see Figure 1.1a, needed to shrink
in size to match the transistor dimensions and spacing. This has led to a
range of material and fabrication challenges, discussed in more detail in
Chapter 3.

Planar FET FinFET Gate-all-around FET

shift to 3D device structures

Figure 1.2: Illustration showing the transition from planar to 3D device
structures in the semiconductor industry.
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1.2 Self-aligned fabrication

As a result of downscaling, state-of-the-art device structures require many
stacked patterned layers to function, as shown in Figure 1.1a. Currently, the
main bottleneck in downscaling is not necessarily the fabrication of these
layers, but in the alignment of these patterned layers with respect to each
other,[5,9,10] see Figure 1.1b. The main source of misalignment in semicon-
ductor manufacturing is the fact that device fabrication occurs though a top-
down process, typically based on photo-lithography and etching, see Figure
1.3a. This top-down strategy makes no use of the underlying pattern during
fabrication, but instead, relies on metrology and tool precision to fabricate
the desired structures. Firstly, a blanket deposition over the entire substrate
is carried out, on top of which a resist �lm is patterned using lithography.
Subsequent etching and resist stripping steps remove the material that is not
needed. However, this strategy is susceptible to misalignment with the un-
derlying patterned layer, referred to as edge placement errors (EPEs).[11-15]

Figure 1.3: (a) Conventional top-down patterning scheme with as starting
point a previously de�ned patterned substrate. A blanket deposition is car-
ried out on top of which a resist �lm is patterned. Subsequently an etching
step transfers the pattern to the deposited material and a resist stripping
step results in the desired structure. However, this top-down strategy typi-
cally results in misalignment with the underlying pattern referred to as the
edge placement error (EPE). (b) Self-aligned fabrication using bottom-up pro-
cessing. The underlying pattern is used as a template to selectively deposit
material only where desired. As a result, misalignment is avoided, and fewer
patterning and etching steps are required.[17]
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As device features became smaller, the tolerance for misalignment became
smaller as well. Currently, the EPE is typically required to be smaller than
a quarter of the pitch size.[11,16] Feature alignment on the required atomic
level is extremely challenging and costly.

An important solution is to fabricate material using a bottom-up strat-
egy, where the underlying patterned substrate is exploited to selectively de-
posit material, see Figure 1.3b.[5,17-19] The starting point of area-selective
deposition (ASD) is a patterned substrate with a growth (i.e., regions where
deposition is desired) and non-growth area (i.e., regions where no deposi-
tion is desired). A di�erence in surface chemistry between the growth and
non-growth area is subsequently exploited to only deposit material on the
growth area. Because this strategy employs the underlying pattern as a
template for selective deposition, the deposited material is self-aligned to
the underlying pattern, thereby avoiding any EPEs, see Figure 1.3b.

1.3 Atomic layer deposition

This dissertation focuses on the use of atomic layer deposition (ALD) as
deposition technique for ASD. ALD is a cyclic process that enables layer-
by-layer deposition of material.[20-23] As shown in Figure 1.4, ALD typi-
cally consists of at least two surface reactions called sub-cycles, also known
as half-cycles in the case of an ALD cycle with two steps. These steps are
separated either in space or time by purging with an inert gas (e.g., N2)
that prevents gas-phase interactions between the reactants used in succes-
sive sub-cycles. ALD is typically achieved using a metalorganic or halide
precursor molecule, which deposits the metal (e.g., Ti) or metalloid (e.g.,
Si) atoms, and an inorganic co-reactant that introduces the non-metallic
atoms (e.g., N, O) to the �lm. Both the precursor and co-reactant should
react in a self-limiting manner with the surface, i.e., the reaction is lim-
ited either by the availability of surface sites or by physical constraints
imposed by previously adsorbed molecules referred to as steric hindrance.
After the surface is saturated during a precursor or co-reactant dose, no fur-
ther reactions should take place upon continued dosing of those molecules.
Self-limiting adsorption behavior is a de�ning feature of ALD. On the other
hand, exposure of a surface saturated with adsorbed precursor molecules to
the co-reactant should lead to adsorption reactions of the co-reactant and
vice versa, see Figure 1.4.

Because of the self-limiting adsorption reactions during ALD, the pre-
cursor and co-reactant uptake on the surface per cycle is well-de�ned. As a
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Figure 1.4: Schematic illustration showing the di�erent steps of a conven-
tional ALD cycle consisting of 2 sub-cycles (i.e., half-cycles). First the precur-
sor is dosed until all surface sites on the substrate are occupied, after which
no additional precursor adsorption reactions can take place, i.e., saturation.
The reactor chamber is purged with an inert gas to remove any remaining
vapor-phase precursor molecules, thereby completing the �rst sub-cycle. Sub-
sequently, the co-reactant is dosed which removes the precursor ligands from
the surface, and typically adds a second element to the deposited �lm, until
saturation is again reached. The reactor chamber is purged completing the
ALD cycle. The surface is now again reactive to precursor adsorption and the
next ALD cycle can be performed.

result, the increase in �lm thickness per cycle is a discrete value referred
to as the growth per cycle (GPC). ALD, therefore, provides Ångström-level
control over the thickness of the deposited material, which is exclusively
dependent on the number of ALD cycles. In addition, ALD provides �lm
growth that is not dependent on either the precursor or co-reactant �ux,
enabling growth with extremely good uniformity and conformality (i.e., uni-
formity for a �lm within a 3D structure).[20-23] ALD can be performed us-
ing either a vapor or gas (e.g., H2O) as co-reactant (referred to as thermal
AL) or using a plasma as the co-reactant (referred to as plasma-assisted
ALD). For thermal ALD, growth typically relies on the temperature of the
substrate to drive the ALD reactions. Plasma-assisted ALD provides a wider
range of viable process conditions and materials for deposition as compared
to thermal ALD due to the high reactivity delivered to the substrate by
the plasma species.[24,25] Plasma assisted ALD requires much less thermal
energy for the ALD reactions, which allows for high-quality �lm deposi-
tion at lower substrate temperatures. Furthermore, some materials are very
challenging to deposit using thermal ALD (e.g., SiO2), because there are
no suitable precursors that satisfy the ALD requirements and have ligands
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that are reactive enough to allow for thermal ALD processing. These ma-
terials, therefore, require plasma-assisted ALD for deposition. In order to
exploit the wider range of process conditions and materials that are viable
for plasma-assisted ALD, this dissertation mostly focuses on achieving ASD
using plasma-assisted ALD as deposition technique.

Figure 1.5: (a) Conventional two-step ALD cycle. Typically, deposition is ob-
tained over the entire substrate regardless of the underlying pattern. (b) Cycle
for area-selective ALD studied in this dissertation. An inhibitor is dosed at
the start of every ALD cycle that adsorbs selectively on the non-growth area.
These adsorbed inhibitor molecules subsequently block precursor adsorption
during the precursor dose, leading to selective precursor adsorption. During
the co-reactant exposure, the precursor ligands and inhibitor molecules are
removed from the surface. As a result, area-selective ALD is obtained.

1.4 Area-selective atomic layer deposition

Normally, immediate growth is desired on the substrate for an ALD process
regardless of substrate material, see Figure 1.5a. However, such a deposition
covers the entire underlying pattern, referred to as a blanket deposition, and
therefore any di�erences in surface chemistry on the pattern are lost. Alter-
natively, material can be selectively deposited on the areas where deposition
is desired (i.e., the growth area) using area-selective ALD, as shown in �g-
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ure 1.5b. As a result, fewer patterning steps are required thereby simplifying
the fabrication process. In addition, because area-selective ALD employs the
underlying pattern as template for selective deposition, the deposited mate-
rial is inherently aligned to the underlying pattern, as shown in Figure 1.5b.
There are currently two main challenges in the �eld of area-selective ALD.
Because ALD essentially results in isotropic deposition, lateral broaden-
ing relative to the prede�ned pattern occurs during area-selective ALD,[26]
which is often described as �mushrooming�. Aside from selective deposition
within a con�ned trench, there is currently no solution for this challenge,
although it has been suggested that plasma processes or combinations of
ALD and anisotropic etching might provide a better control of the shape
of the deposited material.[5] A second major challenge is the defectivity on
the non-growth area that results from insu�cient selectivity. Such undesired
growth can in�uence subsequent processing steps or compromise the device
performance.

The term selectivity contains two aspects of an area-selective ALD pro-
cess. Firstly, it describes where deposition is desired to occur (i.e., the
growth area) and where no deposition is desired (i.e., the non-growth area).
This aspect is often referred to as the substrate- or material-selectivity.[5]
This aspect of selectivity is typically described by the type of materials
targeted for the deposited �lm and the growth area, for example metal on
metal (MoM), metal on dielectric (MoD), or dielectric on dielectric (DoD)
ASD.[5] The second aspect of selectivity refers to how much material is de-
posited on the growth area relative to the non-growth area. The selectivity
S is de�ned in this dissertation as

S =
tga − tnga
tga + tnga

(1.1)

where tga and tnga are the deposited �lm thickness on the growth and non-
growth area, respectively.[27] In the case that the �lm is not yet fully closed,
the average �lm thickness is used to calculate the selectivity. The selectivity
provides a qualitative value of the performance of an ASD process, where
a selectivity of 1 indicates perfect selectivity and a value of 0 indicates
no selectivity, as shown in Figure 1.6. The selectivity, however, does not
indicate the thickness that can be deposited selectively on the growth area.
Therefore, it has been suggested to also report the thickness that can be
achieved with a set selectivity, e.g., the thickness on the growth area for a
selectivity of 0.9 or tS=0.9.[28]
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Figure 1.6: Nucleation behavior and selectivity. (a) Area-selective ALD can
be obtained by exploiting di�erences in nucleation behavior on the growth
and non-growth areas. The number of cycles it takes before the ALD growth
initiates on the non-growth area can be referred to as the selectivity window.
(b) The selectivity can be calculated from the thicknesses of the deposited �lm
on the growth and non-growth areas according to eq 1.1, which is a function
of the �lm thickness.

Area-selective ALD processes often exploit di�erences in nucleation be-
havior of an ALD process on di�erent surfaces, as shown in Figure 1.6a.
Because of the requirements for self-limiting precursor adsorption during
ALD, growth is very sensitive to the surface chemistry.[19] Precursor ad-
sorption takes place on the substrate, but not if it is terminated by precursor
ligands. In some cases, selective deposition can directly be achieved through
selective precursor adsorption, often referred to as inherent selectivity.[29-
32] However, typically the non-growth area needs to be functionalized with
an inhibitor to block precursor adsorption, as illustrated in Figure 1.5b.
Conventionally, this is achieved using self-assembled monolayers (SAMs) as
inhibitor layer.[33-36] A SAM is formed from long chainlike molecules that
form an ordered layer on the substrate. Substrate functionalization with a
SAM typically takes place prior to the ALD process using wet chemistry.

In our previous work, small molecule inhibitors (SMIs) have been in-
troduced as inhibitors for area-selective ALD.[37] SMIs are small, volatile
molecules that can be dosed in vapor-phase, such that inhibitor functional-
ization can take place during the ALD process. Because of these traits, SMI
dosing can be incorporated into the ALD cycle, as discussed in Chapter 2.
The resulting ALD cycles are referred to as three-step or ABC-type ALD
cycles and are illustrated in Figure 1.5b. SMIs have the following general
requirements:
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• High volatility

• Selective inhibitor adsorption on the non-growth area

• The ability to e�ectively block precursor adsorption

SMIs are dosed at the start of every cycle in our ASD approach. There-
fore, it is vital that SMI dosing can be performed in vapor-phase and in
the ALD tool used for deposition. Although the other two requirements on
selective adsorption and precursor blocking are identical to those for other
inhibitors, the fact that SMIs are applied every cycle a�ects the conditions
under which these requirements can be ful�lled. For example, the ability to
easily refunctionalize the non-growth area with SMIs every cycle makes this
strategy compatible with plasma-assisted ALD, which is one of the reasons
why this work focuses on using SMIs to enable area-selective ALD. Overall,
the mechanisms that play a role in precursor blocking using inhibitors are
largely unknown. This dissertation therefore focuses for a large part on gain-
ing understanding of these mechanisms and how they a�ect area-selective
ALD.

1.5 Goals and research questions

This dissertation is centered around two overarching goals: (i) to gain fun-
damental insight into the mechanisms of precursor blocking, and (ii) the de-
velopment and demonstration of area-selective ALD processes. These two
categories of study reinforce each other because mechanistic insights can
provide pathways for the development and improvement of area-selective
ALD processes, while interesting mechanisms to study can be discovered
during process development.

1.5.1 Fundamental insight

It was established in previous work that acetylacetone (Hacac) blocks the
adsorption of bis(diethylamino)silane (BDEAS) precursor molecules on
Al2O3, TiO2, and HfO2 while growth nucleates immediately on SiO2, GeO2,
and WOx.[37] This process was used as model system to gain fundamental
understanding of the mechanisms that play a role in area-selective ALD. For
these studies, SiO2 and Al2O3 were chosen as growth and non-growth area
respectively. These two surfaces show the largest di�erence in nucleation
delay, and are both largely transparent for mid-infrared radiation, which is
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a requirement for the experimental procedure discussed below. The main
research questions for these studies are:

• Which mechanisms play a role in precursor blocking?

• How is the selectivity lost?

Mechanistic studies on precursor blocking
Infrared spectroscopy Density functional theory

Random sequential adsorption

Figure 1.7: Schematic illustration showing the three main techniques used
to study the mechanisms of precursor blocking.

In order to achieve area-selective ALD with high selectivity, it is essential to
understand the mechanisms through which precursor blocking is achieved
and how selectivity can potentially be lost. These are two separate aspects
of study that together provide fundamental understanding of area-selective
ALD. Most ASD studies only provide indirect information on precursor
blocking and selectivity loss by reporting nucleation curves or SEM/TEM
images with nucleation sites. In this dissertation, in-situ and theoretical
studies are performed to gain mechanistic understanding of the individual
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steps of an area-selective ALD cycle. As shown in Figure 1.7, three tech-
niques were generally used to study area-selective ALD: (i) infrared (IR)
spectroscopy, (ii) density functional theory (DFT) calculations, and (iii)
random sequential adsorption (RSA) simulations. The overarching goal of
these mechanistic studies is to use the insights from the model system to es-
tablish a general set of selection criteria for area-selective ALD using SMIs.
Such insights are vital for the development of new area-selective ALD pro-
cesses with high selectivity.

Infrared (IR) spectroscopy is the main experimental characterization
technique used in this work to study area-selective ALD on a mechanistic
level. IR spectroscopy is a powerful tool to gain fundamental understanding
of area-selective ALD and was used to study:

• Selective inhibitor adsorption

• Inhibitor adsorption con�gurations

• Bond strength to the surface of adsorbed inhibitors

• The degree of precursor blocking by the inhibitor

• Inhibitor removal/displacement by the co-reactant and precursor

IR spectroscopy therefore provides insight of the reactions that take place
during each individual ALD sub-cycle. In that respect, it is essential that
IR spectroscopy is carried out in-situ such that each sub-cycle can be stud-
ied individually. As shown in Chapter 4, IR spectroscopy can di�erentiate
between di�erent bonding con�gurations of the same molecule, which was
found to be essential information regarding the loss of selectivity. The exper-
imental procedure that was typically used for IR spectroscopy measurements
in this dissertation is described in further detail in Section 4.2.

Sub-cycle ellipsometry measurements were found to be a valuable method
to support IR spectroscopy data, or serve as initial screening of an inhibitor
molecule. In other words, performing in-situ ellipsometry measurements af-
ter each sub-cycle instead of after each cycle. Although sub-cycle ellipsom-
etry data is less accurate than IR data and does not always have a unique
interpretation, ellipsometry can provide a relatively simple way of support-
ing IR data, as shown in Chapter 5.

Density functional theory (DFT) calculations were used in parallel with
IR spectroscopy to study the mechanisms of area-selective ALD. These cal-
culations were performed in collaboration with the group of dr. Tania San-



1

Introduction | 13

doval from Technical University Federico Santa Maria. DFT was used to
study:

• Selective inhibitor adsorption

• Inhibitor adsorption con�gurations

• Bond strengths to the surface of inhibitor and precursor molecules

• Inhibitor adsorption pathways

• Interactions/reactions between precursor and inhibitor

DFT is a quantum mechanical modeling method used to study the electronic
structure of a system of atoms. Given a certain substrate, the calculations
give insight into how favorable precursor/inhibitor adsorption is. Moreover,
any possible interactions that play a role during precursor adsorption (e.g.,
between the precursor and adsorbed inhibitor molecules see Chapter 4)
can be identi�ed. DFT calculations can study similar structures that are
measured by IR spectroscopy on a theoretical level. Therefore, DFT calcu-
lations and IR spectroscopy together provide a powerful toolbox to study
area-selective ALD because their �ndings strengthen each other. In addi-
tion, DFT can give insight into why certain reactions observed with IR take
place, see Chapters 4 and 6. DFT can also be used to calculate the IR
spectra for a molecular system which can help with the interpretation of IR
data as shown in Chapter 4.

To theoretically study the adsorption of multiple inhibitor molecules on
the non-growth area, random sequential adsorption (RSA) simulations are
used. These simulations can provide information on:

• Inhibitor adsorption density and coverage

• Gap size distribution within the inhibitor layer

• Distribution of inhibitor adsorption con�gurations

RSA simulations (also known as stochastic simulations in the literature)[38]
model the adsorption of multiple inhibitor molecules up to saturation on a
relatively large surface area (∼1000 nm2) to study the surface ordering and
density of the inhibitor, discussed in more detail in Section 8.2. As the
name suggests, the simulations assume that inhibitor adsorption takes place
on random surface sites in sequential order such that previously adsorbed
inhibitor molecules can a�ect inhibitor adsorption through steric e�ects.
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RSA simulations therefore provide quantitative information on how e�ec-
tive the inhibitor layer is as a physical barrier for precursor blocking. RSA
simulations provide insight into the inhibitor adsorption density, coverage,
and the amount of free space in between neighboring adsorbed inhibitor
molecules, referred to as the gap size.

1.5.2 Development and demonstration of area-selective ALD

Regarding the development and demonstration of area-selective ALD pro-
cesses, the goal was to expand the toolbox for area-selective ALD to a larger
range of materials in terms of substrate and deposited material. These stud-
ies investigate the nucleation delay, material properties (e.g., impurity lev-
els, resistivity), and selectivity on relevant patterns, see Figure 1.8. These
studies particularly focused on three main research questions:

• Which SMIs are suitable for blocking precursor adsorption
on metals to enable metal/dielectric selectivity?

• Is our area-selective ALD toolbox also suitable for ASD of
nitrides?

• How do SMIs perform on nanoscale patterns in terms of
precursor blocking?

As discussed in Section 1.1, the BEOL of a microchip largely consists
of dielectrics and metals. Our previous work with Hacac was performed
using mainly dielectrics as growth and non-growth areas, where selectivity
was achieved between the di�erent dielectrics. Considering the applications
for area-selective deposition, discussed in Chapter 3, metal/dielectric sub-
strate selectivity is especially interesting to study. To enable area-selective
ALD on other substrate materials, new SMI chemistries needed to be ex-
plored. The chemical and process speci�cations for all the SMIs and pre-
cursors studied in this dissertation are summarized in Appendix 1.A.

Nitrides are commonly used materials in the semiconductor industry.
However, area-selective ALD of nitrides is almost completely unexplored.
This is largely because most area-selective ALD processes are not com-
patible with the use of plasmas, while nitrides are often deposited using
plasma-assisted ALD. Because our toolbox is compatible with the use of
plasmas, there is an opportunity to develop new ASD processes capable of
depositing nitrides. An additional challenge for ASD of nitrides is that it is
typically more di�cult to deposit high-quality material as opposed to for
example oxides because of the relatively high susceptibility of many nitrides
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to oxidation. The in�uence of SMIs on nitride material quality was therefore
also studied.

Demonstration and development 
of area-selective ALD

SiO2TiN Al2O3 Co Ru Ta HfO2

Area-selective ALD of TiN

Pattern demonstrators

Spectroscopic ellipsometry X-ray photoelectron spectroscopy 
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Figure 1.8: Overview of the studies performed regarding area-selective ALD
process development and demonstration.

The selectivity of an ASD process can greatly depend on the feature
dimensions of a pattern at the nanoscale. Therefore, an open question in
the �eld of ASD is how a process translates from blanket studies to pattern
demonstrators, especially for relevant feature dimensions. For example, it
has been reported that the number of defects in an inhibitor layer can be
dependent on the line width of a pattern.[39] Moreover, reaction products
from the growth area can end up on the non-growth area during ASD,
resulting in a lower selectivity for patterned substrates.[40] Therefore, it is
essential to demonstrate developed area-selective ALD processes at relevant
pattern dimensions.
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1.6 Thesis framework

Similar to the abovementioned goals, this dissertation is globally divided
in studies that focus on gaining fundamental insight into precursor block-
ing (Chapters 4 - 6), and studies that focus on the development and
demonstration of new area-selective ALD processes (Chapters 7 and 8).
However, most chapters contain studies from both categories. It should be
noted that all chapters in this dissertation were written such that they can
be read separate from the rest of the dissertation. Therefore, there is no
strict reading order to this thesis.

In Chapter 2, an overview of the state-of-the-art in area-selective ALD
is presented. Moreover, the use of SMIs as inhibitor for area-selective ALD is
discussed in detail providing the key merits and challenges of SMIs. Chap-
ter 3 discusses three promising applications of ASD in the BEOL of semi-
conductor fabrication. These applications are (i) metal capping of Cu inter-
connects, (ii) the fully self-aligned via, and (iii) the bottomless barrier. The
focus of this chapter is on what the requirements are for implementation
of ASD for these applications and what challenges still needs to overcome
to realize these requirements. In other words, how far are we from applying
these applications in industry.

Chapters 4-6 contain mechanistic studies on the Hacac model system
with a focus on the abovementioned research questions. Chapter 4 mostly
studies how e�ective di�erent inhibitor adsorption con�gurations block pre-
cursor adsorption. The formation and stability of the di�erent inhibitor ad-
sorption con�gurations are studied both experimentally and theoretically.
Potential strategies for selectivity improvement are discussed. Chapter 5
provides insight into the removal and reapplication of SMIs when using a
plasma co-reactant. The mechanisms that lead to loss of selectivity as a
result of inhibitor removal by the plasma co-reactant are identi�ed. The
area-selective ALD process was adapted to signi�cantly improve the selec-
tivity. In Chapter 6, the relation between reactive surface sites and the
choice of precursor is studied. The requirements of the precursor with re-
spect to area-selective ALD are studied and discussed.

In Chapter 7, the development of a new process for area-selective de-
position of TiN is discussed. The �lm quality of the TiN deposited using
area-selective ALD and regular ALD is compared. In addition, the use of
the aromatic inhibitor molecule aniline for metal/dielectric selectivity is
studied. Area-selective ALD is demonstrated on a nanoscale pattern. In
Chapter 8, the use of aniline as inhibitor to block precursor adsorption on
metal non-growth area is studied in further detail. Theoretical and exper-
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imental studies were carried out to learn why aniline is a good inhibitor.
Furthermore, the previously developed process for area-selective ALD of
TiN is adapted to enable ASD of TaN.

Chapter 9 provides an overview and discussion on all the fundamen-
tal insights obtained within this dissertation. The mechanisms of blocking
precursor adsorption using SMIs are compared to other strategies for area-
selective ALD. In addition, the general criteria for the selection of inhibitors
are distilled from the insights from the Hacac model system. Lastly, in
Chapter 10 the conclusions with respect to the abovementioned research
questions are discussed.
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1.A Inhibitor and precursor speci�cations

Table 1.1: Chemical and process speci�cations for the inhibitor and pre-
cursor molecules used in this work. The reported dosing sequence refers to
experiments performed on planar substrates, and contains three elements: (i)
number of pulses (#), (ii) dose duration (dose), and (iii) a hold step dura-
tion (hold) during which the precursor or inhibitor is trapped in the chamber
without pumping or purging. The TBTDMT precursor was dosed into the
reactor chamber using a carrier gas (CG). (RT = room temperature)

Name Chemical formula Bubbler Dosing sequence

temp. (◦C) #·(dose+hold)(s)
Aniline C6H5NH2 80 10·(0.5 + 1)

BDEAS SiH2(N(C2H5)2)2 50 1·(0.2 + 1)

DMAI Al(CH3)2(OCH(CH3)2) 60 1·(0.4 + 0)

Hacac H3C(CO)CH2(CO)CH3 RT 3·(5 + 1)

TBTDMT Ta(NC(CH3)3)(N(CH3)2)3 60 1·(4 (CG) + 0)

TDMAA Al(N(CH3)2)3 90 -

TDMAT Ti(N(CH3)2)4 70 1·(0.4 + 0)

TMA Al(CH3)3 RT 1·(0.04 + 0)
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Figure 1.9: Illustrations showing the chemical structure of the inhibitor and
precursor molecules used in this work.
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2
From the Bottom-Up: Toward Area-Selective

Atomic Layer Deposition with High Selectivity

Abstract: Bottom-up nanofabrication by area-selective atomic layer deposition
(ALD) is currently gaining momentum in semiconductor processing, because of the
increasing need for eliminating the edge placement errors of top-down processing.
Moreover, area-selective ALD o�ers new opportunities in many other areas such
as the synthesis of catalysts with atomic-level control. This chapter provides an
overview of the current developments in the �eld of area-selective ALD, discusses
the challenge of achieving a high selectivity, and introduces the area-selective ALD
strategy that is the focus of this dissertation. A general cause for the loss of selec-
tivity during deposition is that the character of surfaces on which no deposition
should take place changes when it is exposed to the ALD chemistry. A solution
is to implement correction steps during ALD involving for example surface func-
tionalization or selective etching. This leads to the development of advanced ALD
cycles by combining conventional two-step ALD cycles with correction steps in
multistep cycle and/or supercycle recipes.

Based on: Mackus, A. J. M.; Merkx, M. J. M.; Kessels, W. M. M. Chem. Matter 2019,
31, 2-12.
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2.1 Introduction

It is a long-held dream in the �eld of nanotechnology to fabricate materi-
als in a bottom-up fashion by using atoms as building blocks.[1-3] This is
in strong contrast to the current reality: the fabrication of nanoelectronics
in the semiconductor industry relies almost completely on top-down pro-
cessing, largely because of stringent requirements for reliability. However,
the industry is currently facing prominent challenges that require the imple-
mentation of bottom-up schemes for some of the most demanding processing
steps.[4,5] The thin �lm deposition technique atomic layer deposition (ALD)
can be characterized as bottom-up fabrication since it results in addition of
atoms in a layer-by-layer fashion.[6-8] In the past decade, ALD has become
an essential element of semiconductor processing and is of growing impor-
tance,[4,9] and therefore serves as an ideal vehicle for the implementation of
industrial-compatible bottom-up approaches. However, ALD typically leads
to uniform deposition on the entire surface, without any control of the lat-
eral arrangement of the atoms. Area-selective ALD addresses the challenge
of limiting the growth to speci�c areas by exploiting di�erences in local sur-
face chemistry, which enables bottom-up processing of materials according
to prede�ned patterns.[10] Because of the atomic-level accuracy of ALD,
this can be considered as a step toward the aforementioned dream of using
atoms as building blocks for synthesizing materials from the bottom-up.

Previous work in the �eld of area-selective ALD focused for a large part
on the patterning of ALD-grown �lms for nanoelectronics applications.[10-
22] By depositing the material only where it is needed, nanostructured
materials can be synthesized without the need for additional subtractive
processing steps such as etching or lift-o�. Furthermore, area-selective ALD
can provide new opportunities for catalysis,[8,23-26] for example by en-
abling the controlled synthesis of core-shell nanoparticles.[27-30] In recent
years, area-selective ALD has attracted renewed attention in the semicon-
ductor industry, mostly because of its potential application in self-aligned
fabrication schemes,[31] as is discussed in Chapter 1.

An important question that needs to be addressed is what the target
selectivity should be for the applications. It can be expected that especially
for applications in nanoelectronics high selectivity values are required, while
applications in catalysis are likely less demanding. So far, with area-selective
ALD only recently being considered in the semiconductor industry, no clear
target has been de�ned. In addition, the metrology of determining the se-
lectivity is a challenge in itself, typically consisting of taking many top-view
electron microscopy images and counting visible defects on the non-growth
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area. Based on the literature on di�erent area-selective ALD approaches,[10]
a selectivity value of 0.99 for a �lm of a few nanometers thick appears to be
a di�cult, but in some cases an achievable, target. On the other hand, it
has been stated that for semiconductor fabrication the number of defects on
the non-growth area should be below 106 cm-2.[32] When considering only
defects that are readily observable in electron microscopy (>∼0.5 nm), area-
selective deposition of a 1 nm thick �lm with less than 106 defects cm-2 on
the non-growth area requires a selectivity as high as 0.99999999. In prac-
tice the required selectivity for an area-selective deposition process depends
strongly on the target application, as discussed in more detail in Chapter
3. In general, however, there is a large gap between what is achievable using
current technology and what might be needed for the applications, which
reveals that alternative approaches need to be considered.

(a1)

(a2)

(b)

(a1)

(b)

(a2)

(b)

Figure 2.1: Overview of conventional approaches for area-selective ALD. (a1)
Selective precursor adsorption and (a2) selective co-reactant adsorption are
illustrated. (b) Alternatively, the surface is selectively functionalized prior to
the deposition in order to locally deactivate the ALD growth.

2.2 Overview of conventional area-selective ALD
approaches

One way of looking at the challenge of making ALD processes selective is to
consider the main surface reactions that have to occur to result in deposi-
tion of material. If either precursor or co-reactant adsorption does not take
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place on a speci�c starting surface, this can be exploited for achieving area-
selective ALD. Since the possibilities for selective precursor or co-reactant
adsorption in standard two-step ALD processes are limited, an important
alternative approach is to selectively functionalize the surface prior to the
deposition, e.g., using an inhibitor. These three conventional approaches for
area-selective ALD are schematically illustrated in Figure 2.1.

2.2.1 Selective precursor adsorption

Several area-selective ALD processes based on selective precursor adsorp-
tion exploit the large di�erence in chemical character between hydroxyl-
terminated and hydrogen-terminated surfaces.[33-37] This typically leads to
area-selective ALD of metal oxides on OH-terminated Si and a nucleation
delay on H-terminated Si,[33-35] while the reverse selectivity of ALD on the
H-terminated Si was demonstrated for Co ALD from t-Bu-AllylCo(CO)3
and dimethylhydrazine.[36] Moreover, several studies have exploited di�er-
ences in precursor adsorption on oxide versus metal surfaces.[38,39]

Figure 2.2: X-ray photoelectron spectroscopy results measured after (left) 25
cycles of TiO2 ALD from TiCl4/H2O, (middle) 10 cycles of Al2O3 ALD from
TMA/H2O, and (right) 10 cycles of HfO2 ALD from TDMAHf/H2O on OH-
and H-terminated Si(001) substrates at 150 ◦C.[33] The graph illustrates that
the selectivity of an ALD process depends strongly on the employed precursor.
Reprinted with permission from Ref [33]. Copyright 2014 American Vacuum
Society.

In a study by Longo et al., the selectivity of metal oxide ALD using
TiCl4, TMA, and TDMAHf, precursors and H2O as the co-reactant at 150
◦C on OH- versus H-terminated Si(001) was investigated.[33] As illustrated
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in Figure 2.2, after 25 TiO2 ALD cycles, X-ray photoelectron spectroscopy
(XPS) detected no TiO2 on the H-terminated surface, revealing selectiv-
ity for growth on the OH-terminated surface. On the other hand, only a
small di�erence was observed after 10 cycles of HfO2 ALD on these surfaces.
Al2O3 ALD can be considered an intermediate case with a reduction of 38%
of the Al2O3 signal after 10 cycles on the H-terminated Si as compared to
the oxidized surface. From density functional theory (DFT) calculations it
was learned that the adsorption of all three precursors experience relatively
high kinetic barriers (∼1.5 eV) on the H-terminated surface. However, the
chemisorption reaction is most endothermic for the TiCl4 precursor, which
explains the selectivity observed for the TiO2 ALD process.[33] This study
illustrates that exploiting di�erences in precursor adsorption on various sur-
faces for achieving area-selective ALD is only feasible for certain precursors.

For most area-selective ALD approaches based on selective precursor ad-
sorption, the substrate temperature greatly in�uences whether area-selective
deposition can be obtained. For example, in a related study by McDonnel et
al., the selectivity for TiO2 ALD was found to be lower when the deposition
was carried out at 30 ◦C instead of at 100 or 150 ◦C.[15]

Area-selective ALD relying on selective precursor adsorption typically
allows for selective deposition of �lms of only a few nanometers thick,[15,35,
38,39] although there are exceptions.[34] The logical next step would be to
design new ALD precursors that have the ability to selectively adsorb on
speci�c materials. However, in practice, this will be extremely challenging
considering that an ALD precursor already has to satisfy many requirements
to function as a reliable ALD precursor, such as being su�ciently volatile
and thermally stable while resulting in self-limiting adsorption.[40]

2.2.2 Selective co-reactant adsorption

Area-selective ALD based on selective co-reactant adsorption has been ex-
plored less extensively as compared to the �rst category. Most of these
studies focus on selective deposition on metals by exploiting the catalytic
activity of the surface,[27,41-44] often aimed at the synthesis of core/shell
nanoparticles for catalysis applications.[26-28] For example, area-selective
ALD of Pt and Ru can be obtained when using thermal ALD processes in
which O2 gas is used as the co-reactant.[42,43,45] Noble metals have the
ability to catalyze dissociative chemisorption of O2 on the surface, leading
to chemisorbed O that can participate in the combustion of the precursor
ligands.[46] In the absence of a catalytic starting surface, molecular O2 gas
is not su�ciently reactive to eliminate the ligands of the precursor. This
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mechanism can therefore be employed for area-selective ALD of metal-on-
metal in the presence of oxide as the non-growth area. Even if the precursor
adsorbs on such an oxide surface, the ALD reactions do not proceed due
to lack of reactive species during the co-reactant half-reaction. It has been
shown that low substrate temperatures as well as low O2 exposures are
required to avoid nucleation on oxide substrates.[29,43,45]

O2

O*

Pt SiO2

(a)

TBF

Pt SiO2

(b)

FeOx

Pt SiO2

(c)

(d)

(e)

Figure 2.3: Area-selective ALD of Fe2O3 on Pt relying on selective co-
reactant adsorption.[30] (a) Dissociative chemisorption of O2 on the Pt is
illustrated. (b) tert-butylferrocene (TBF) adsorbs in both areas but only
leads to deposition where reactive chemisorbed O is available. (c) The re-
sult is that Fe2O3 is deposited selectively on the Pt. (d) X-ray photoelectron
spectroscopy data show that Fe2O3 occurs on Pt and not on Al2O3, SiO2,
or Au. (e) Core/shell Fe2O3/Pt nanoparticles synthesized using (left) 25 or
(right) 50 ALD cycles. Reprinted with permission from ref [30]. Copyright
2018 American Chemical Society.

Similar results have also been reported for area-selective ALD of Pd
using H2 gas as the co-reactant, which relies on catalytic dissociation of
H2 on metal surfaces.[24,27] In our recent work, we extended this approach
to area-selective ALD of oxide-on-metal with an oxide as the non-growth
area.[30] As illustrated in Figure 2.3, area-selective ALD of Fe2O3 occurs
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selectively on Pt and not on SiO2 because the tert-butylferrocene precursor
only reacts where chemisorbed O is available.

2.2.3 Selective functionalization prior to ALD

The most extensively studied approach for area-selective ALD on prepat-
terned surfaces is to locally deactivate the ALD growth using self-assembled
monolayers (SAMs) as inhibitor.[47-60] The SAM is applied prior to the
ALD process, typically by using wet chemistry. SAM monomers consists of a
headgroup that facilitates the binding to the surface, an alkyl chain of a cer-
tain length that ensures the ordering in a monolayer, and a tail group that
determines the character of the surface after functionalization.[61] Many
SAM monomers have the ability to selectively adsorb on speci�c materi-
als depending on their headgroup.[62] After functionalization, selectivity
typically relies on both selective precursor and co-reactant adsorption. For
example, when using SAMs with CH3 or CF3 tail groups, the surface be-
comes unreactive toward most ALD chemistries.[61] Seminal work by Chen
and Bent demonstrated that the choice of the SAM determines where ALD
takes place. For example, octadecyltrichlorosilane (ODTS) molecules ad-
sorb selectively on OH-terminated SiO2 regions on a substrate allowing for
area-selective ALD of HfO2 on H-terminated Si regions, while 1-octadecene
molecules adsorb selectively on H-terminated Si allowing for ALD of Pt on
SiO2.[63] Furthermore, it was established that the alkyl chain length de-
termines the capability of the SAM to block the ALD growth because of
improved ordering, with a length of 12 carbon atoms being required for
e�ective blocking of HfO2 ALD from HfCl4 and H2O.[64]

Besides inhibitors, there are several other surface preparation treatments
or gas/plasma dosage steps that can be employed prior to ALD for selective
functionalization of the surface. For instance, in recent work by Zyulkov et
al., a H2 plasma treatment was employed to functionalize an amorphous car-
bon (a-C:H) non-growth area with CH3 groups, allowing for area-selective
ALD of ∼3 nm Ru on SiCN regions present on the same substrate.[65] Kim
et al. demonstrated that a �uorocarbon plasma can be used to selectively
functionalize the horizontal surfaces of three-dimensional Fin arrays, in or-
der to achieve area-selective ALD of Pt on the vertical surfaces.[66] This
type of area-selective deposition was described as topographically-selective
ALD.
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2.3 The challenge of obtaining area-selective ALD
with a high selectivity

One of the main challenges for area-selective ALD is to obtain the high
selectivity that is required for applications in nanoelectronics, see Chapter
3. In practice there are always defects and impurities present on the non-
growth area on which the ALD growth can initiate. Even if an area-selective
ALD process could be designed such that either precursor adsorption or co-
reactant adsorption reactions are perfectly selective in an area for a given
combination of growth and non-growth areas, it also has to be considered
that the character of the non-growth area can change during the deposition
when it is exposed to the ALD chemistry (see Figure 2.4). In fact, modi�-
cation of the non-growth area during area-selective ALD, for example due
to the exposure to the ALD precursor or co-reactant, turns out to be one
of the main reasons for loss of the selectivity of area-selective ALD, see also
Chapters 4, 5 and 7.

Figure 2.4: Main cause for loss of selectivity during area-selective ALD:
Change in character of non-growth area when it is exposed to the ALD
chemistry. (a) The non-growth area is exposed to the ALD precursor and
co-reactant during the deposition. (b) A fraction of the surface sites is al-
tered (e.g., by physisorption of species). (c) Subsequently, the ALD growth
can initiate at these sites, while also more sites are altered with prolonged
precursor/co-reactant exposure.

The selectivity of approaches based on the use of SAMs is for a large
part limited by the thermal stability of the SAM, e.g., thiols adsorbed to
metal surfaces start to desorb or degrade at a temperature of 100 ◦C.[67]
This leads to the formation of pinholes in the SAM where the ALD growth
can initiate.[59,68] Since most ALD processes have temperature windows in
the range 100 - 400 ◦C, the low thermal stability of SAMs severely limits
their applicability for achieving area-selective ALD.

Besides the degradation of the SAM, it has been demonstrated that
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physisorption of the precursor on a SAM can greatly contribute to the loss
of the selectivity. Seo et al. investigated the mechanism of Al2O3 ALD on oc-
tadecylphosphonic acid (ODPA) SAMs and concluded that TMA molecules
physisorbed on the SAM act as nucleation sites for initiation of the ALD
growth.[69] This contribution could be reduced by decreasing the TMA
pressure and by increasing the Ar pressure during the subsequent purge
step, which allowed for area-selective ALD of Al2O3 �lms as thick as 60
nm.[69] A general lesson from this study is that loss of selectivity is typ-
ically caused by side reactions that are not self-limiting. Consequently, as
this study demonstrates, the selectivity can be dependent on the precursor
or co-reactant pressure and/or exposure time.

Stevens et al. extended their approach of using a H2 plasma for func-
tionalization of a-C:H to area-selective ALD of TiN, TiO2, and HfO2.[70] A
higher selectivity was obtained for TiN ALD from TiCl4 and NH3, as com-
pared to TiO2 and HfO2 ALD using H2O as the co-reactant. By performing
additional experiments involving the dosing of H2O during TiN ALD, it was
established that the loss of selectivity can be attributed to the oxidation of
the a-C:H non-growth area by H2O.

Water physisorption has also been suggested to limit area-selective ALD
of metal oxides with H-terminated Si as the non-growth area. The aforemen-
tioned low selectivity for area-selective ALD of TiO2 at 30 ◦C in the study of
McDonnel et al. was explained by referring to the long purge times that are
required to remove physisorbed H2O from surfaces at low temperatures.[15]

Although the limiting factor for achieving a high selectivity has not been
investigated in most area-selective ALD studies, the examples presented
above clearly demonstrate that loss of selectivity often involves the ph-
ysisorption of species on the non-growth area and/or degradation of the sur-
face functionalization. Taken together, this can be generalized as a change
of the non-growth area as a result of the exposure to the ALD chemistry.

2.4 Solution: implementation of correction steps

In practice it is often unavoidable that the nature of the non-growth area
gets altered during ALD. As discussed above, even a mild co-reactant such
as H2O is su�ciently reactive to modify H-terminated Si or a-C:H surfaces,
while a low deposition temperature of 100 ◦C can already be too high for
using certain SAMs. A solution to this challenge is to implement correc-
tion steps during the ALD process. In recent years, several area-selective
ALD studies have followed the strategy of implementing correction steps
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for improving the selectivity and also for developing new area-selective ALD
approaches. There are two general strategies; (i) repeating the selective func-
tionalization steps and (ii) implementing surface cleaning/etching steps to
remove deposited material or defects from the non-growth area.

2.4.1 Repeating functionalization

To correct for the desorption of SAM monomers, Hashemi and Bent in-
vestigated an approach involving sequential regeneration of the SAM by
dosing SAM monomers, which is schematically depicted in Figure 2.5.[79]
Instead of dipping the sample in solution to prepare the SAM, in this case
dodecanethiol (DDT) SAMs were used that can be delivered to the surface
in vapor-phase. These thiol molecules selectively adsorbed on Cu as the
non-growth area, such that area-selective ALD of ZnO on SiO2 could be
obtained. The partly degraded SAM was regenerated by dosing the DDT
molecules after every 150 ZnO ALD cycles. In this way, ZnO �lms as thick
as 81 nm could be deposited in an area-selective manner, which is three
times thicker as compared to other approaches that rely on surface func-
tionalization only prior to the deposition.[71]

Figure 2.5: Repetition of surface functionalization as a correction step. By
repeating surface functionalization after a certain number of ALD cycles, a
SAM can be regenerated to correct for the desorption of SAM monomers
over time.[71] In this case, the non-growth area is selectively functionalized.
Copyright 2016 Wiley. Used with permission from Ref [71].

Instead of repeating surface functionalization after a certain number of
ALD cycles as in the example presented above, the extreme case would be
to perform a functionalization step during every ALD cycle. This is the ap-
proach we have explored in this thesis, since it enables area-selective ALD for
plasma-assisted ALD processes, among several other new opportunities.[72]
To this end, ABC-type (i.e., three-step) ALD cycles were developed with
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the �rst step (A) consisting of the exposure of the surface to small molecule
inhibitors (SMIs). SMIs are relatively small molecules as compared to the
monomers employed in SAM formation, such that they can be pulsed in
vapor-phase during short dosage steps in the same chamber, resulting in an
approach that is compatible with high throughput industrial process �ows.
Unlike SAMs, SMIs cannot rely on van der Waals forces to achieve ordered
packing and therefore typically form a much more disorganized inhibitor
layer, which leads to di�erent blocking mechanisms as compared to SAMs.
The use of SMIs to enable area-selective ALD is discussed in further detail
in Section 2.5.

2.4.2 Selective etching

Even when repeating surface functionalization, it remains challenging to
achieve the high selectivity that is desired for reliable semiconductor pro-
cessing. However, a promising solution is to combine optimized area-selective
ALD approaches with surface cleaning or selective etching steps to improve
the selectivity further. Hashemi et al. explored the use of post-deposition
etching as correction step aimed at removing deposited material on the non-
growth area.[73] Area-selective ALD of Al2O3 was performed on Si, while
blocking the ALD on Cu using ODPA SAMs. Partly due to the use of re-
active TMA as the precursor, only partial blocking of the ALD growth was
demonstrated, resulting in area-selective deposition of Al2O3 on Si with a
poor selectivity. After ALD, the sample was immersed in acetic acid which
acts as a mild etchant for the native CuOx on the Cu surface. Selective etch-
ing of the thin CuOx layer also results in the removal of the SAM together
with the Al2O3 deposited on top in a sort of lift-o� step. In this way, the
Al2O3 that was deposited on the non-growth area was removed, yielding a
higher selectivity for the overall approach.

Instead of removing a sample from the ALD reactor to perform wet
chemical etching, it is preferred to improve the selectivity by performing
vapor-phase etching steps. As illustrated in Figure 2.6, selectivity can also
be improved/extended by switching back and forth between deposition and
etching cycles in a supercycle recipe.[74-77] The starting point for this ap-
proach is to use an area-selective ALD process that shows a di�erence in
nucleation behavior on the growth and non-growth areas. After a certain
number of ALD cycles, when the growth starts to initiate on the non-growth
area, a selective etching step is performed to remove islands (or maybe indi-
vidual atoms) of deposited material from the non-growth area. The etching
process should be (material-)selective such that only the deposited material
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is etched, without signi�cantly a�ecting the underlying substrate. This ap-
proach was �rst introduced by Vallat et al. for area-selective ALD of Ta2O5

using a periodic NF3 plasma etching step.[74] Some deposited material is
typically also etched from the growth area, meaning that the etching process
is not area-selective. However, as long as the amount of material deposited
per supercycle is more than the amount that is etched per supercycle, the
combined e�ect of the ALD cycles and etching steps is that area-selective
ALD with improved selectivity is obtained. By carefully tuning the ratio
and frequency of the etching steps with respect to the ALD cycles, high
selectivity can be achieved, even for area-selective ALD processes that do
not yield a signi�cant selectivity on their own.[76]

Figure 2.6: Selective etching as correction step. (a) Initially, there is a dif-
ference between the nucleation on the growth and non-growth areas. This
di�erence is however not su�cient for area-selective ALD with a high selec-
tivity. (b) Selective etching steps can be performed periodically during the
deposition to remove the deposited material from the non-growth area. This
will also lead to the etching of some material on the growth area, which should
be much lower than the amount of material that is deposited. ALD cycles and
selective etching steps can be repeated until (c) a �lm of the desired thickness
is deposited on the growth area.

2.4.3 Other correction steps

There are many opportunities for adding simple gas or plasma exposures
to an ALD cycle as a correction step in order to bring the non-growth area
back to its initial state, although these kinds of approaches have not been
explored extensively yet.

For example, in the work of Kalanyan et al. aimed at area-selective ALD
of W, H2 was added during the WF6 precursor dosage step, resulting in the
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formation of gas-phase HF.[78] The formed HF molecules passivate Si-OH
sites on the SiO2 non-growth area and thereby reduce the adsorption of the
co-reactant silane on SiO2.[78] Alternatively, a similar result can potentially
be obtained when adding a HF, NF3, or SF6 plasma dosage step at the end
of the cycle.[74,79,80] When using a-C:H as the non-growth area, instead of
performing a H2 plasma treatment to functionalize the non-growth area only
prior to the deposition as in the study of Stevens et al., the oxidation of the
a-C:H can likely be counteracted by periodically performing a H2 plasma
step in a supercycle recipe.[70] Another example that was already discussed
is the use of purge steps with a high Ar pressure to remove physisorbed
species from the surface of a SAM in the work of Seo et al.[69]

When combining area-selective ALD and selective etching cycles in a
supercycle for area-selective ALD with improved selectivity as discussed
above, it should also be taken into account that the non-growth area can
change during the etching step.[74] This might lead to a loss of the di�erence
in nucleation behavior on the growth and non-growth areas that is required
for the approach to work. Such a change can potentially be counteracted by
adding a gas/plasma treatment as a correction step to the selective etching
cycle.

2.5 Small molecule inhibitors

In our previous work,[72] small molecule inhibitors (SMIs) were introduced
for area-selective ALD. SMIs are small and volatile molecules that can be
dosed in vapor-phase such that inhibitor functionalization can take place
at the start of every ALD cycle, see Figure 2.7. The capability of dosing
the SMI in vapor-phase and in the same reactor as the ALD process allows
for easy integration in industrial process �ows but also avoids exposing the
inhibitor layer to ambient conditions in between inhibitor functionalization
and ALD. The use of inhibitor molecules in ABC-type ALD cycles is in-
spired on work by Yanguas-Gil et al., who employed such ALD cycles to
deposit doped materials with enhanced doping e�ciency.[81] To enable area-
selective ALD, inhibitor molecules need to be used that selectively adsorb
on the non-growth area in step A, and subsequently block the precursor
adsorption completely in step B.[72] The co-reactant exposure in step C
should remove the inhibitor molecules together with the precursor ligands.

There are several merits to the use of SMIs to enable area-selective ALD.
Firstly, as mentioned above, SMIs are compatible with plasma- or ozone-
based ALD. This is in contrast to conventional approaches based on the use
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of SAMs for deactivation. SAMs have been shown to quickly degrade when
using for example NH3 plasma as the co-reactant.[82] Although a similar
degradation takes place when using SMIs, repeating the inhibitor function-
alization at the start of every cycle corrects for the degradation. The use of
ABC-type ALD cycles therefore provides access to a wider range of materials
that can only be deposited using plasma- or ozone-based ALD. The capa-
bility of dosing the SMI in vapor-phase also allows the ASD process to be
relatively easily incorporated in high-volume manufacturing process �ows.
A second advantage of selective functionalization to enable area-selective
ALD is that the selectivity is determined in the selective functionalization
step and is therefore decoupled from the ALD chemistry itself. In other
words, the selective functionalization step can be engineered to facilitate
the desired selectivity in terms of adsorption on growth and non-growth
areas, whereas the precursor and co-reactant chemistry can be largely inde-
pendently engineered to satisfy the requirements of ALD. It should be noted
that this advantage applies to inhibitors in general (i.e., SAMs and SMIs).
Lastly, because of the relatively small size that SMIs typically have, they
can �t in even the smallest structures relevant for state-of-the-art applica-
tions. This is especially important as the semiconductor industry continues
downscaling device structures to an extent where SAMs cannot �t in the
smallest device features.

Figure 2.7: Repetition of surface functionalization as a correction step. Small
molecule inhibitors can be dosed during every ALD cycle in an ABC-type ALD
process.[72] The inhibitor molecules adsorb selectively on the non-growth area
during step A and subsequently block the precursor adsorption during step
B. The co-reactant removes the precursor ligands and the inhibitor molecules
during step C.

In the last few years, several research groups started exploring the use
of SMIs to block precursor adsorption on the non-growth area. In our work,
area-selective ALD of SiO2[72,83,84] and WS2[85] was achieved using acety-
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lacetone (Hacac) as inhibitor, while area-selective ALD of TiN[86] (see
Chapters 7) and TaN (see Chapters 8) was achieved using aniline as
inhibitor. In these works, Hacac is used to provide selectivity between two
oxides (e.g., SiO2 and Al2O3) and aniline is used to provide metal/dielectric
selectivity (e.g., SiO2 and Ru). Suh et al. recently reported area-selective
CVD[87] and ALD[88] of ZrO2 on SiO2 in the presence of Cu using 4-octyne
and 3-hexyne inhibitor molecules respectively. In addition, Kim et al. re-
ported area-selective ALD of Al2O3 on SiO2 in the presence of Co and
Cu using ethanethiol as SMI.[89] Molecules that are normally employed
as ALD precursors have also been reported to have potential as SMI dur-
ing area-selective ALD.[90,91] ALD precursors are required to adsorb in a
self-limiting manner, i.e., a surface saturated with ALD precursors blocks
precursor adsorption. Therefore, ALD precursors can be used as SMI to
block another precursor molecule as long as the precursor molecule used as
SMI adsorbs selectively on the non-growth area and does not react with the
co-reactant (otherwise deposition would also take place on the non-growth
area). Interestingly, most SMIs that have been recently reported for ASD
are not simply smaller versions of commonly used SAM monomers, suggest-
ing that the precursor blocking mechanisms are (partly) di�erent for both
types of inhibitors, as discussed in Chapter 9.

2.6 Advanced ALD cycles

The design of new area-selective ALD approaches based on the implemen-
tation of correction steps requires the development of advanced ALD cy-
cles, which is schematically illustrated in Figure 2.8. As discussed, surface
functionalization can be repeated by including an inhibitor dosing step in
ABC-type cycles (Figure 2.8b). Gas or plasma exposures can be added to
the cycle to bring the non-growth area back to its initial state (Figure 2.8c).
In some cases, it might be necessary to combine correction steps to achieve
the desired selectivity, leading to the development of ABCD- or ABDC-type
ALD cycles (Figure 2.8d,e). Although the implementation of these correc-
tion steps increases the cycle time (e.g., the H2 plasma correction step in
Chapter 5 increases the cycle time from 39 s to 64 s), this can be ac-
ceptable if it leads to a substantial improvement of the selectivity, and as
long as processing steps are used that are compatible with semiconductor
fabrication schemes.



2

38 | Toward Area-Selective ALD with High Selectivity

Advanced ALD cycles for area-selective ALD

Conventional area-selective ALD approaches

Surface
preparation
prior to ALD

two-step ALD cycles
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Figure 2.8: Conventional and advanced area-selective ALD approaches. (a)
Conventional approaches for area-selective ALD rely on performing BC-type
ALD cycles, often after a surface preparation step (e.g., using wet chemistry
for selective surface functionalization). (b-f) The implementation of correc-
tion steps leads to the development of advanced ALD cycles. (b, c) Three-step
(ABC- or BCD-type) cycles can include inhibitor dosing (e.g., for repetition of
surface functionalization) or a gas/plasma treatment (e.g., to bring the non-
growth area back to its initial state) steps. (d, e) Oftentimes it can be valu-
able to combine various correction steps, which results in four-step (ABCD
or ABDC-type) ALD cycles. For example, (d) step D can be a gas/plasma
treatment to prepare the surface for inhibitor adsorption, or (e) step D can
be used to remove inhibitor molecules from the surface before the co-reactant
step. (f) Area-selective ALD and ALE (or other selective etching steps) can
be combined in a supercycle recipe in order to improve the selectivity.

One of the additional challenges for area-selective ALD is that no univer-
sal strategy exists for making a speci�c ALD process selective. For example,
a certain inhibitor might deactivate the surface toward an ALD chemistry,
but another inhibitor might be needed when using a di�erent precursor
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or co-reactant, see Chapter 6. As a result, it is for example very di�-
cult to achieve area-selective ALD of mixed (i.e., ternary, quaternary, or
doped) materials or nanolaminates, since the deposition of these materials
requires the combination of two or more binary ALD processes. The need
for process-speci�c solutions can however be seen as an alternative motiva-
tion for designing area-selective ALD processes based on vapor-phase dosing
of inhibitors. Since a di�erent inhibitor can be dosed depending on which
precursor/co-reactant chemistry is employed, it is more straightforward to
combine area-selective ALD processes.

Considering that for most area-selective ALD approaches it is extremely
challenging to achieve a high selectivity, in practice area-selective ALD will
often need to be combined with a selective etching process as a correction
step to increase the overall selectivity to the desired level. For the imple-
mentation of selective etching, it is preferred to use an atomic layer etching
(ALE) process such that the hallmarks of ALD (i.e., atomic-level control and
high uniformity/ conformality) are preserved. When using an ALE process,
the self-limiting nature of the ALE reactions ensures that the same amount
of material is etched uniformly on the growth area. Note that the etching
reactions on the non-growth area do not need to be self-limiting, since the
material needs to be removed completely.

In case a three-dimensional device structure is considered, an isotropic
ALE process should be used for improving the selectivity of area-selective
ALD. This approach can therefore greatly bene�t from the �eld of ALE,
where the characterization of processes for isotropic ALE is a relatively
new development.[79] The most straightforward approach to combine area-
selective ALD and ALE is to develop supercycle recipes, as illustrated in
Figure 2.8f. Since also undesirable etching of material on the growth area
occurs, preferably ALE processes should be developed that result in a higher
etch rate for individual atoms or islands on the non-growth area as compared
to the etching of a continuous layer on the growth area. In other words, in an
ideal case scenario, only etching of material on the non-growth area should
occur. In this case it can even be considered to implement an etch correction
step after every cycle as a new approach for achieving area-selective ALD.

The change of the character of the non-growth area during deposition
due to the exposure to the ALD chemistry is identi�ed as one of the main
causes for how the selectivity of an area-selective ALD process is lost. In ad-
dition to the development of correction steps, there is especially a need for a
better understanding of the interaction of ALD precursors and co-reactants
with relevant surfaces. Fundamental studies using in situ techniques are re-
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quired to obtain insight into the initial ALD growth on various surfaces. This
dissertation aims at gaining the required information for further improving
area-selective ALD approaches through in situ studies on the mechanisms
that play a role in area-selective ALD.

With the development of more reliable and industry-compatible meth-
ods for area-selective ALD, the application of such methods in high vol-
ume production appears to be approaching, as discussed in Chapter 3.
Besides the imminent applications in the fabrication of nanoelectronics,
area-selective ALD provides novel opportunities for many other �elds, most
prominently in catalysis.[6,8,23,28,92] The area-selective ALD approaches
aimed at material-selectivity that are currently being developed can even-
tually also be employed for bottom-up fabrication of model catalysts. In
addition to the synthesis of core/shell nanoparticles, it has been demon-
strated that ALD growth can in some cases be selective to speci�cs facets
of a nanoparticle (referred to as facet-selective ALD),[92,93] which provides
new avenues for the synthesis of catalysts tailored at the nanoscale. These
applications are only the �rst demonstrations of the unique opportunities
area-selective ALD provides for bottom-up nanofabrication with atomic-
level precision.



2

Toward Area-Selective ALD with High Selectivity | 41

References

(1)

(2)
(3)
(4)

(5)
(6)
(7)
(8)

(9)
(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)
(21)

Feynman, R. F. American Physical Society Meeting, in Pasadena,
CA, USA, 1959.
Lu, W.; Lieber, C. M. Nat. Mater. 2007, 6, 841-850.
Barth, J. V.; Costantini, G.; Kern, K. Nature 2005, 437, 671-679.
Clark, R.; Tapily, K.; Yu, K.-H.; Hakamata, T.; Consiglio, S.;
O'Meara, D.; Wajda, C.; Smith, J.; Leusink, G. APL Mater. 2018, 6,
058203.
Fang, M.; Ho, J. C. ACS Nano 2015, 9, 8651-8654.
Lu, J.; Elam, J. W.; Stair, P. C. Surf. Sci. Rep. 2016, 71, 410-472.
Gregorczyk, K.; Knez, M. Prog. Mater. Sci. 2016, 75, 1-37.
Yan, H.; Lin, Y.; Wu, H.; Zhang, W.; Sun, Z.; Cheng, H.; Liu, W.;
Wang, C.; Li, J.; Huang, X.; Yao, T.; Yang, J.; Wei, S.; Lu, J. Nat.
Commun. 2017, 8, 1070.
Ritala, M.; Niinistö, J. ECS Trans. 2009, 25, 641-651.
Mackus, A. J. M.; Bol, A. A.; Kessels, W. M. M. Nanoscale 2014, 6,
10941-10960.
Suresh, V.; Huang, M. S.; Srinivasan, M. P.; Guan, C.; Fan, H.J.;
Krishnamoorthy, S. J. Phys. Chem. C 2012, 116, 23729-23734.
Sinha, A.; Hess, D. W.; Henderson, C. L. J. Electrochem. Soc. 2006,
153, G465-G469.
Sinha, A.; Hess, D. W.; Henderson, C. L. Electrochem. Solid-State
Lett. 2006, 9, G330-G333.
Park, K. J.; Doub, J. M.; Gougousi, T.; Parsons, G. N. Appl. Phys.
Lett. 2005, 86, 051903.
McDonnell, S.; Longo, R. C.; Seitz, O.; Ballard, J. B.; Mordi, G.;
Dick, D.; Owen, J. H. G.; Randall, J. N.; Kim, J.; Chabal, Y. J.; Cho,
K.; Wallace, R. M. J. Phys. Chem. C 2013, 117, 20250-20259.
Park, M. H.; Jang, Y. J.; Sung-suh, H. M.; Sung, M. M. Langmuir
2004, 20, 2257-2260.
Huang, J.; Lee, M.; Kim, J. J. Vac. Sci. Technol. A 2012, 30, 01A128.
Mullings, M. N.; Lee, H.-B.-R.; Marchack, N.; Jiang, X.; Chen, Z.;
Gorlin, Y.; Lin, K.-P.; Bent, S. F. J. Electrochem. Soc. 2010, 157,
D600-D604.
Mackus, A. J. M.; Dielissen, S. A. F.; Mulders, J. J. L.; Kessels, W.
M. M. Nanoscale 2012, 4, 4477-4480.
Jiang, X.; Bent, S. F. J. Phys. Chem. C 2009, 113, 17613-17625.
Hua, Y.; King, W. P.; Henderson, C. L. Microelectron. Eng. 2008,
85, 934-936.



2

42 | Toward Area-Selective ALD with High Selectivity

(22)

(23)

(24)

(25)

(26)
(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

Park, K. S.; Seo, E. K.; Do, Y. R.; Kim, K.; Sung, M. M. J. Am.
Chem. Soc. 2006, 128, 858-865.
Cao, K.; Cai, J.; Liu, X.; Chen, R. J. Vac. Sci. Technol. A 2018, 36,
010801.
Mackus, A. J. M.; Weber, M. J.; Thissen, N. F. W.; Garcia- Alonso,
D.; Vervuurt, R. H. J.; Assali, S.; Bol, A. A.; Verheijen, M. A.;
Kessels, W. M. M. Nanotechnology 2016, 27, 034001.
O'Neill, B. J.; Jackson, D. H. K.; Lee, J.; Canlas, C.; Stair, P. C.;
Marshall, C. L.; Elam, J. W.; Kuech, T. F.; Dumesic, J. A.; Huber,
G. W. ACS Catal. 2015, 5, 1804-1825.
Lu, J.; Elam, J. W.; Stair, P. C. Acc. Chem. Res. 2013, 46, 1806-1815.
Weber, M. J.; Mackus, A. J. M.; Verheijen, M. A.; van der Marel, C.;
Kessels, W. M. M. Chem. Mater. 2012, 24, 2973-2977.
Lei, Y.; Liu, B.; Lu, J.; Lobo-lapidus, R. J.; Wu, T.; Feng, H.; Xia,
X.; Mane, A. U.; Libera, J. A.; Greeley, J. P.; Miller, J. T.; Elam, J.
W. Chem. Mater. 2012, 24, 3525-3533.
Lu, J.; Low, K.-B.; Lei, Y.; Libera, J. A.; Nicholls, A.; Stair, P. C.;
Elam, J. W. Nat. Commun. 2014, 5, 3264.
Singh, J. A.; Thissen, N. F. W.; Kim, W.-H.; Johnson, H.; Kessels,
W. M. M.; Bol, A. A.; Bent, S. F.; Mackus, A. J. M. Chem. Mater.
2018, 30, 663-670.
Biyikli, N.; Haider, A.; Deminskyi, P.; Yilmaz, M. Proc. SPIE 2017,
10349, 103490M.
Metrology Session, 3rd Area Selective Deposition Workshop
(ASD2018), at North Carolina State University, in Raleigh, NC,
USA, 2018.
Longo, R. C.; McDonnell, S.; Dick, D.; Wallace, R. M.; Chabal, Y. J.;
Owen, J. H. G.; Ballard, J. B.; Randall, J. N.; Cho, K. J. Vac. Sci.
Technol. B 2014, 32, 03D112.
Mameli, A.; Kuang, Y.; Aghaee, M.; Ande, C. K.; Karasulu, B.;
Creatore, M.; Mackus, A. J. M.; Kessels, W. M. M.; Roozeboom, F.
Chem. Mater. 2017, 29, 921�925.
Atanasov, S. E.; Kalanyan, B.; Parsons, G. N. J. Vac. Sci. Technol.
A 2016, 34, 01A148.
Kwon, J.; Saly, M.; Halls, M. D.; Kanjolia, R. K.; Chabal, Y. J.
Chem. Mater. 2012, 24, 1025�1030.
Dick, D.; Ballard, J. B.; Longo, R. C.; Randall, J. N.; Cho, K.;
Chabal, Y. J. J. Phys. Chem. C 2016, 120, 24213�24223.
Tao, Q.; Jursich, G.; Takoudis, C. Appl. Phys. Lett. 2010, 96, 192105.



2

Toward Area-Selective ALD with High Selectivity | 43

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)
(54)
(55)

(56)

(57)
(58)

(59)

Kannan Selvaraj, S.; Parulekar, J.; Takoudis, C. G. J. Vac. Sci.
Technol. A 2014, 32, 010601.
Barry, S. T.; Teplyakov, A. V.; Zaera, F. Acc. Chem. Res. 2018, 51,
800�809.
Mårtensson, P.; Carlsson, J. J. Electrochem. Soc. 1998, 145,
2926�2931.
Mackus, A. J. M.; Mulders, J. J. L.; van de Sanden, M. C. M.;
Kessels, W. M. M. J. Appl. Phys. 2010, 107, 116102.
Färm, E.; Lindroos, S.; Ritala, M.; Leskelä, M. Chem. Mater. 2012,
24, 275�278.
Jiang, X.; Wang, H.; Qi, J.; Willis, B. G. J. Vac. Sci. Technol. A
2014, 32, 041513.
Mackus, A. J. M.; Verheijen, M. A.; Leick, N.; Bol, A. A.; Kessels,
W. M. M. Chem. Mater. 2013, 25, 1905�1911.
Mackus, A. J. M.; Leick, N.; Baker, L.; Kessels, W. M. M. Chem.
Mater. 2012, 24, 1752�1761.
Yan, M.; Koide, Y.; Babcock, J. R.; Markworth, P. R.; Belot, J. A.;
Marks, T. J.; Chang, R. P. H. Appl. Phys. Lett. 2001, 79, 1709�1711.
Seo, E. K.; Lee, J. W.; Sung-Suh, H. M.; Sung, M. M. Chem. Mater.
2004, 16, 1878�1883.
Minaye Hashemi, F. S.; Birchansky, B. R.; Bent, S. F. ACS Appl.
Mater. Interfaces 2016, 8, 33264�33272.
Guo, L.; Qin, X.; Zaera, F. ACS Appl. Mater. Interfaces 2016, 8,
6293�6300.
Sampson, M. D.; Emery, J. D.; Pellin, M. J.; Martinson, A. B. F.
ACS Appl. Mater. Interfaces 2017, 9, 33429�33436.
Lecordier, L.; Herregods, S.; Armini, S. J. Vac. Sci. Technol. A 2018,
36, 031605.
Lee, J. P.; Sung, M. M. J. Am. Chem. Soc. 2004, 126, 28-29.
Park, K. J.; Parsons, G. N. Appl. Phys. Lett. 2006, 89, 043111.
Färm, E.; Kemell, M.; Ritala, M.; Leskelä, M. Thin Solid Films 2008,
517, 972-975.
Liu, J.; Mao, Y.; Lan, E.; Banatao, D. R.; Forse, G. J.; Lu, J.; Blom,
H.-O.; Yeates, T. O.; Dunn, B.; Chang, J. P. J. Am. Chem. Soc.
2008, 130, 16908-16913.
Lee, W.; Prinz, F. B. J. Electrochem. Soc. 2009, 156, G125-G128.
Lee, W.; Dasgupta, N. P.; Trejo, O.; Lee, J.-R.; Hwang, J.; Usui, T.;
Prinz, F. B. Langmuir 2010, 26, 6845-6852.
Lee, H. B. R.; Mullings, M. N.; Jiang, X.; Clemens, B. M.; Bent, S.
F. Chem. Mater. 2012, 24, 4051-4059.



2

44 | Toward Area-Selective ALD with High Selectivity

(60)

(61)

(62)

(63)
(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

Chopra, S. N.; Zhang, Z.; Kaihlanen, C.; Ekerdt, J. G. Chem. Mater.
2016, 28, 4928-4934.
Lee, H.-B.-R.; Bent, S. F. Nanopatterning by Area-Selective Atomic
Layer Deposition. In Atomic Layer Deposition of Nanostructured
Materials, Wiley-VCH Verlag, 2012, 193-225.
Love, J. C.; Estro�, L. A.; Kriebel, J. K.; Nuzzo, R. G. Whitesides,
G. M. Chem. Rev. 2005, 105, 1103�1169.
Chen, R.; Bent, S. F. Adv. Mater. 2006, 18, 1086-1090.
Chen, R.; Kim, H.; McIntyre, P. C.; Bent, S. F. Chem. Mater. 2005,
17, 536�544.
Zyulkov, I.; Krishtab, M.; De Gendt, S.; Armini, S. ACS Appl. Mater.
Interfaces 2017, 9, 31031�31041.
Kim, W. H.; Hashemi, F. S. M.; Mackus, A. J. M.; Singh, J.; Kim,
Y.; Bobb-Semple, D.; Fan, Y.; Kaufman-Osborn, T.; Godet, L.; Bent,
S. F. ACS Nano 2016, 10, 4451�4458.
Prathima, N.; Harini, M.; Rai, N.; Chandrashekara, R. H.; Ayappa,
K. G.; Sampath, S.; Biswas, S. K. Langmuir 2005, 21, 2364�2374.
Avila, J. R.; DeMarco, E. J.; Emery, J. D.; Farha, O. K.; Pellin, M.
J.; Hupp, J. T.; Martinson, A. B. F. ACS Appl. Mater. Interfaces
2014, 6, 11891�11898.
Seo, S.; Yeo, B. C.; Han, S. S.; Yoon, C. M.; Yang, J. Y.; Yoon, J.;
Yoo, C.; Kim, H.; Lee, Y.; Lee, S. J.; Myoung, J.-M.; Lee, H.-B.-R.;
Kim, W.-H.; Oh, I.-K.; Kim, H. ACS Appl. Mater. Interfaces 2017,
9, 41607�41617.
Stevens, E.; Tomczak, Y.; Chan, B. T.; Altamirano Sanchez, E.;
Parsons, G. N.; Delabie, A. Chem. Mater. 2018, 30, 3223�3232.
Hashemi, F. S. M.; Bent, S. F. Adv. Mater. Interfaces 2016, 3,
1600464.
Mameli, A.; Merkx, M. J. M.; Karasulu, B.; Roozeboom, F.; Kessels,
W. M. M.; Mackus, A. J. M. ACS Nano 2017, 11, 9303-9311.
Minaye Hashemi, F. S.; Prasittichai, C.; Bent, S. F. ACS Nano 2015,
9, 8710-8717.
Vallat, R.; Gassilloud, R.; Eychenne, B.; Vallée, C. J. Vac. Sci.
Technol. A 2017, 35, 01B104.
Vos, M. F. J.; Chopra, S. N.; Verheijen, M. A.; Ekerdt, J. G.; Agarwal,
S.; Kessels, W. M. M.; Mackus, A. J. M. Chem. Mater. 2019, 31,
3878�3882.
Vos, M. F. J.; Chopra, S. N.; Ekerdt, J. G.; Agarwal, S.; Kessels,
W. M. M.; Mackus, A. J. M. J. Vac. Sci. Technol. A 2021, 39, 032412.



2

Toward Area-Selective ALD with High Selectivity | 45

(77)

(78)

(79)
(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

Krishtab, M.; Armini, S.; Meersschaut, J.; De Gendt, S.; Ameloot, R.
ACS Appl. Mater. Interfaces 2021, 13, 32381�32392.
Kalanyan, B.; Lemaire, P. C.; Atanasov, S. E.; Ritz, M. J.; Parsons,
G. N. Chem. Mater. 2016, 28, 117-126.
George, S. M.; Lee, Y. ACS Nano 2016, 10, 4889-4894.
Vos, M. F. J.; Knoops, H. C. M.; Synowicki, R. A.; Kessels, W. M.
M.; Mackus, A. J. M. Appl. Phys. Lett. 2017, 111, 113105.
Yanguas-Gil, A.; Libera, J. A.; Elam, J. W. Chem. Mater. 2013, 25,
4849-4860.
Kim, H.; Lee, H.-B.-R.; Kim, W.-H.; Lee, J. W.; Kim, J.; Hwang, I.
J. Korean Phys. Soc. 2010, 56, 104-107.
Merkx, M. J. M.; Sandoval, T. E.; Hausmann, D. M.; Kessels, W. M.
M.; Mackus, A. J. M. Chem. Mater. 2020, 32, 3335�3345.
Merkx, M. J. M.; Jongen, R. G. J.; Mameli, A.; Lemaire, P. C.;
Sharma, K.; Hausmann, D. M.; Kessels, W. M. M.; Mackus, A. J. M.
J. Vac. Sci. Technol. A 2021, 39, 012402.
Balasubramanyam, S.; Merkx, M. J. M.; Verheijen, M. A.; Kessels,
W. M. M.; Mackus, A. J. M.; Bol, A. A. ACS Mater. Lett. 2020, 2,
511�518.
Merkx, M. J. M.; Vlaanderen, S.; Faraz, T.; Verheijen, M. A.; Kessels,
W. M. M.; Mackus, A. J. M. Chem. Mater. 2020, 32, 7788�7795.
Suh, T.; Yang, Y.; Zhao, P.; Lao, K. U.; Ko, H.-Y.; Wong, J.;
DiStasio, R. A.; Engstrom, J. R. ACS Appl. Mater. Interfaces 2020,
12, 9989�9999.
Suh, T.; Yang, Y.; Sohn, H. W.; DiStasio, R. A.; Engstrom, J. R. J.
Vac. Sci. Technol. A 2020, 38, 062411.
Kim, H. G.; Kim, M.; Gu, B.; Khan, M. R.; Ko, B. G.; Yasmeen,
S.; Kim, C. S.; Kwon, S.-H.; Kim, J.; Kwon, J. et al. Chem. Mater.
2020, 32, 8921�8929.
Khan, R.; Shong, B.; Ko, B. G.; Lee, J. K.; Lee, H.; Park, J. Y.; Oh,
I.-K.; Raya, S. S.; Hong, H. M.; Chung, K.-B. et al. Chem. Mater.
2018, 30, 7603�7610.
Soethoudt, J.; Tomczak, Y.; Meynaerts, B.; Chan, B. T.; Delabie, A.
J. Phys. Chem. C 2020, 124, 7163�7173.
Cao, K.; Shi, L.; Gong, M.; Cai, J.; Liu, X.; Chu, S.; Lang, Y.; Shan,
B.; Chen, R. Small 2017, 13, 1700648.
Cai, J.; Merkx, M. J. M.; Lan, Y.; Jing, Y.; Cao, K.; Wen, Y.; Kessels,
W. M. M.; Mackus, A. J. M.; Chen, R. J. Vac. Sci. Technol. A 2021,
39, 012404.



2

46 | Toward Area-Selective ALD with High Selectivity



3
Applications for Area-Selective Deposition in

Back-End-of-Line Processing

Selective metal 
capping (MoM)

Fully self-aligned
via (DoD)

Bottomless barrier
(MoD)

There appears to be a real need in the semiconductor industry for fabrication
schemes based on area-selective deposition (ASD), especially in the back-
end-of-line (BEOL). Further scaling of the BEOL in state-of-the-art device
structures is becoming increasingly challenging. This chapter discusses how
ASD can be used to mitigate or eliminate these challenges. Three promising
applications of ASD in the BEOL of semiconductor fabrication are pre-
sented: (i) metal capping of Cu interconnects, (ii) the fully self-aligned via,
and (iii) the bottomless barrier. The requirements of ASD for these appli-
cations are identi�ed. The focus is mainly on the requirements in terms of
selectivity and material quality. In addition, an overview is presented of the
current state of ASD process development with respect to these applications.

It should be noted that the content of this chapter is based on the results
reported by academic research groups and available input from industry. It
can be expected that, at this stage, research is being conducted within the
semiconductor industry targeting these applications.

Based on:
(1)

(2)

(3)

Mackus, A.J.M.; Merkx, M.J.M. AtomicLimits 2019, 7.
https://www.atomiclimits.com/2019/07/18/
Merkx, M.J.M.; Mackus, A.J.M. AtomicLimits, 2022, 1.
https://www.atomiclimits.com/2022/01/03/
Merkx, M.J.M.; Mackus, A.J.M. AtomicLimits, (to be posted)
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3.1 Challenges in scaling down the back-end-of-
line

The content of this chapter serves to distill which materials are interesting
to study for ASD and what the requirements of such an ASD process would
be. Three ASD applications are discussed in this chapter, each concerning
a di�erent type of ASD process:

• Metal on metal (MoM) ASD for metal capping of Cu lines (Section
3.2)

• Dielectric on dielectric (DoD) ASD for the fabrication of fully self-
aligned via (FSAV) structures (Section 3.3)

• Metal on dielectric (MoD) ASD for the fabrication of bottomless bar-
riers (Section 3.4)

These applications are all in a di�erent stage of development with respect to
implementation in industry and are therefore addressed separately within
this chapter. ASD for metal capping is currently already in use in the semi-
conductor industry. Section 3.2 therefore looks back on the development
that led up to the implementation of ASD for metal capping and discusses
why other MoM ASD applications have not yet been adopted by industry.
The fully self-aligned via has already been attempted to some extend by
industry but with an etching process instead of the discussed ASD appli-
cation. Section 3.3 compares the fabrication using etching and ASD with
each other and identi�es what is required for DoD ASD to enable the FSAV
application. Lastly, the bottomless barrier seems to have been researched
the least at the moment. Section 3.4 looks forward to how recent devel-
opments in area-selective ALD could lead to adoption of this process by
industry. The abovementioned sections were written such that they can be
read separately.

The main purpose of the back-end-of-line (BEOL) is to scale up from
the nanoscale devices in the FEOL to the external wiring that connects the
IC to the wiring outside of the chip. The BEOL of an integrated circuit
(IC) largely consists of many patterned layers of metal wiring (typically
Cu) and so-called interlayer dielectric (ILD, typically carbon-doped oxide).
The Cu wires serve to connect the devices in the front-end-of-line (FEOL),
while the ILD separates the individual metal wires such that shorts are
prevented, see Figure 3.1. The metal wiring is enveloped with a di�usion
barrier to prevent Cu di�usion into the ILD, discussed in more detail in
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Section 3.4. In addition, a multilayered dielectric barrier (see Section 3.3)
is deposited in between each metal level, which acts as: etch stop during
fabrication, passivation against electromigration, and di�usion barrier. As
shown in Figure 1.1a, state-of-the-art ICs contain a stack of many patterned
layers in the BEOL. Each of these layers is typically referred to as Mx,
starting with M0, where the lower the number of x the closer the metal
layer is to the FEOL. Because of downscaling in the FEOL, downscaling of
the BEOL is also required in concert with a larger number of metal layers,
i.e., it takes more steps to scale up to the dimensions of the outside wiring.
As a result, BEOL architectures have become increasingly complex.

ILD

Dielectric 
barrier

R RC

TDDB

Electromigration

Di�usion
Barrier

Figure 3.1: Illustration showing the possible reliability and performance is-
sues within an interconnect structure. The resistance in metal lines and capac-
itance between metal lines determines the RC-delay in transistor switching.
Over time, shorts can form between the metal lines depending on the material
quality of the interlayer dielectric (ILD) and the di�usion barrier, referred to
as time-dependent dielectric breakdown (TDDB). Lastly, Cu di�usion along
the surface of the metal lines (i.e., electromigration) can lead to voids and
extrusions of Cu leading to interconnect failure.

Currently, there are three main challenges related to the downscaling
of the back-end-of-line (BEOL): maintaining good device (i) performance,
(ii) reliability, and (iii) alignment. The issues concerning performance and
reliability are illustrated in Figure 3.1. The metal linewidth and spacing
both shrink as a result of downscaling, which increases the resistance of
those metal lines and increases the capacitance between the metal lines. A
higher resistance and/or a higher capacitance result in an increased RC-



3

50 | Applications for ASD in BEOL processing

delay, which limits the frequency of transistor switching or clock rate. To
counter the increase in RC-delay as a result of downscaling, the semiconduc-
tor industry has made signi�cant improvements in the materials employed
in the BEOL in the past several decades, e.g., replacing Al with Cu to de-
crease metal line resistance[1] and decreasing the κ-value of the dielectric
insulation to suppress capacitive e�ects.[2]

In terms of reliability, electromigration (EM) and time-dependent di-
electric breakdown (TDDB) are the main concerns, which are discussed in
more detail in Sections 3.2 and 3.3, respectively. Due to the extremely
small (∼40 nm) metal features and spacing in state-of-the-art device stacks,
defects and Cu di�usion more easily result in shorts and metal voids that
cause device malfunction as compared to previous technology nodes. The
abovementioned issues concerning performance and reliability continuously
increase the already straining material requirements in the BEOL.

Because state-of-the-art ICs require a stack of many patterned metal
levels, each employing multiple patterning steps, proper alignment of each
of these levels with respect to each other is challenging. Misalignment typ-
ically exacerbates the issues with performance and reliability. For example,
misalignment in a metal line reduces the distance to a neighboring metal
line, resulting in a higher RC-delay and an increased risk of shorts. Sim-
ilarly, the EM and TDDB reliability are typically lower for interconnect
structures with some misalignment as compared to perfect alignment. The
BEOL issues that can arise from misalignment are discussed in more detail
in Section 3.3. Fortunately, ASD can be used to solve or mitigate many
of the abovementioned issues, as is discussed in the rest of this chapter.

3.2 Metal on metal area-selective deposition: why
cobalt succeeded where tungsten failed

Currently, area-selective deposition (ASD) is in production in high volume
manufacturing for Co capping of Cu interconnects. Interestingly, it was
also attempted to implement ASD several decades ago for back-end-of-line
(BEOL) gap�ll using chemical vapor deposition (CVD) of W. However,
W ASD has not been successfully adopted by industry due to a too high
defectivity and insu�cient yield (i.e., percentage of functional chips on a
wafer).[3] After failing to implement ASD of W for several decades, the
industry has been hesitant to attempt the implementation of new area-
selective deposition (ASD) processes. Yet ASD of Co has recently been
adopted by industry for metal capping. This raises the question why ASD
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of Co has managed to make it to the application whereas ASD of W failed: is
area-selective CVD of Co simply more easily achieved, or have the require-
ments for ASD applications changed in the meantime? Here, we compare
the attempt to integrate area-selective CVD of W in high volume manu-
facturing to the recent success with area-selective CVD of Co, and try to
learn from that analysis what is required to successfully introduce an ASD
process in the semiconductor industry.

ILD

a)

ILD

b)

ILD ILD

ILD ILD

Void

Gap�ll using a 
blanket deposition

Deposition can lead 
to voids

CMP leaves defects that 
require post-fabrication 

cleaning 

Gap�ll with selective 
deposition

Selective growth avoids
void formation

No CMP step required
after deposition

Figure 3.2: In general, metals are di�cult to etch and therefore di�cult to
pattern. For this reason, the industry has been using bottom-up (i.e., non-
subtractive) approaches for BEOL metallization for the last two decades.[1]
However, the currently used approach is quite complex, relying on (a) a blan-
ket deposition, chemical mechanical polishing (CMP), and post-fabrication
cleaning steps to make the desired structure. Using this approach, it is a
challenge to avoid the formation of voids in the interconnect structure, while
the CMP step leaves metal residue on the dielectric surface, requiring post-
fabrication cleaning steps. (b) By performing selective deposition of the metal,
no voids can form in the deposited metal and no CMP step is required to ob-
tain the desired structure.

3.2.1 History of W ASD for metal gap�ll

Via metallization using a blanket deposition can lead to defects in the inter-
connect structure in several di�erent ways, as shown in Figure 3.2. Although
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a large part of these defects can be avoided by process/reactor optimiza-
tion and post-fabrication cleaning steps, a simpler solution is to deposit the
metal selectively on the metal surfaces where it is desired (metal-on-metal
or MoM selectivity), as shown in Figure 3.2b. To this end, area-selective
CVD of W using WF6 and H2 gas has been studied since the 1980s.[4-8]
Both precursors contribute to the selectivity of this process: (i) the WF6

selectively adsorbs on metals and on Si, but not on SiO2 and (ii) the H2

gas selectively dissociates on metal surfaces to deposit W. Even after ex-
tensive research, area-selective CVD of W could not achieve the required
selectivity for the application. The loss of selectivity was found to have
two main causes: (i) pre-existing impurities on the non-growth area and
(ii) intermediate reaction products formed during precursor adsorption on
the growth area that can end up on the non-growth area, see Figure 3.3.
Careful cleaning and pre-processing steps have been shown to decrease im-
purity levels and therefore improve the selectivity,[9] however the formation
of intermediate reaction products is more di�cult to prevent.

WF6

WFx

HF

W

SiO2 SiO2
WFx

1. Revolatilization of WFx species leads to 
W deposition on the SiO2 non-growth area

2. HF reaction products �uorinate and 
etch the SiO2 non-growth area

SiFy

F
F

Figure 3.3: Schematic illustration showing the selectivity loss mechanisms
for area-selective W CVD on patterned substrates. Intermediate WFx reac-
tion products can re-volatize and re-adsorb on the SiO2 non-growth area. In
addition, HF is formed as reaction product which can �uorinate and etch the
SiO2. The formed SiFy species subsequently act as nucleation sites for WF6

adsorption.

It has been shown that, during the adsorption of WF6 and H2 on the
metal growth area, WFx and HF are formed which can re-volatilize into the
gas phase.[7] As shown in Figure 3.3, these WFx species can adsorb on the
non-growth area, resulting in undesired nucleation of W. In addition, the
HF forms SiFy species on the SiO2 surface which act as nucleation sites,
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or can even etch material where it is not desired. Overall, these intermedi-
ate products cause area-selective CVD of W to have a lower selectivity on
patterned substrates as compared to blanket substrates. Another concern
is that the underlying metal line needs to be exposed for ASD of W to
be viable as shown in Figure 3.2. In case the metal via requires a liner or
di�usion barrier, both the sidewall and underlying metal will typically be
covered conformally with those materials and therefore the ability to achieve
ASD is lost. As is discussed in Section 3.4, ASD can help to circumvent
this issue by selective deposition of the liner/di�usion barrier on the side
wall, but this then requires two successive ASD processes for metal gap�ll.

 Electromigration: Several forces act on the 
Cu atoms in the interconnect wiring during 
operation. Electron scattering within the 
metal causes an electron wind force in the 
opposite direction of the force exerted by 
the electric �eld. If these forces are not bal-
anced, there is potential for Cu atoms to 
start to move depending on how the atoms 
are bonded. In places where there is a net 
gain or loss of Cu atoms due to electromi-
gration, extrusions and voids can form re-
spectively that cause interconnect failure.

ILD

e-

Void

Extrusion

cu+
FwindF�eld

Dielectric barrier

Figure 3.4: Schematic illustration showing the forces that act on the Cu
atoms in the metal lines when a current is passed through the interconnect.
Depending on the strength of these forces and on the bonding of the Cu,
electromigration can take place, resulting in voids or extrusions.

3.2.2 Recent developments in ASD of Co for metal capping

Because of downscaling, the surface area of metal interconnects has in-
creased relative to their volume, which a�ects the reliability of metal wiring
because of electromigration (EM), see Figure 3.4. The main purpose of metal
capping is to bind the Cu at the surface more strongly, i.e., the layer acts
as a sort of glue to keep to Cu in place. By doing so, the Cu becomes more
resistant to EM. Co, Ru, Mn, and W have been reported to be interest-
ing materials for improving the EM reliability of Cu interconnects.[10-13]
For metal capping layers it is important that the material has: (i) a good
adhesion to the Cu wiring, (ii) low line resistance, and (iii) a high EM ac-
tivation energy. For now, Co seems to be the material of choice for metal
capping,[10,13] although Ru appears to be another promising candidate.[2]



3

54 | Applications for ASD in BEOL processing

In addition to pure Co, Co-based alloys like CoWxPy have been reported to
improve Cu interconnect reliability even further.[14] By tweaking the values
of x and y in these alloys, a higher EM activation energy can be achieved
while maintaining a low line resistance.

Area-selective 
deposition of a metal

Metal defects can
lead to shorts

Cu metal lines Co capped Cu
Short

Figure 3.5: Electromigration reliability of Cu wiring can be improved by
capping the Cu surface using a thin Co �lm. To prevent an increase in leakage
current and a decrease in yield, metal defects on the low-κ dielectric, caused
by the ASD process, should be kept to a minimum.

ASD of Co has been achieved using electroless Co deposition and area-
selective CVD. Especially area-selective CVD is of interest as it can be
applied in vapor-phase, while it is also less di�cult to control the deposition
as compared to electroless deposition. In addition, CVD �lms are typically
of a higher quality (i.e., higher density, fewer voids). As shown in Figure
3.5, when capping Cu interconnects with a thin Co �lm, it is vital that
the deposition of Co on the dielectric material between Cu lines is kept
to a minimum. In that respect, ASD of Co for metal capping su�ers from
similar limitations as was previously encountered for ASD of W. Any loss
of selectivity results in a decreased yield and an increased leakage current
or even shorts. After CMP of the Cu lines, typically 1011 - 1012 atoms/nm2

metal defects remain on the dielectric surface.[15] Although the number of
these metal defects can be reduced using post-CMP cleaning steps, some of
these defects will persist on the dielectric non-growth area. Even if the Co
ASD process that is employed has perfect metal/dielectric selectivity, Co
nucleation will still take place during ASD on these metal defects. When
applying area-selective CVD of Co on Cu interconnect structures, it has
been reported that the yield and leakage current degrade for thick (>3 nm)
Co capping layers, which is attributed to loss of selectivity.[16,17] Improved
EM reliability can fortunately already be achieved for Co capping layers as
thin as 1.6 nm.[17-19] Instead of having a minimum Co thickness, it is likely
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more important for the Co to form a closed layer that completely covers all
of the exposed Cu surface.

Mushrooming (i.e., lateral growth) is another concern that typically re-
stricts the adoption of ASD processes in the industry. In the case of selective
metal capping, mushrooming is also undesired because it leads to Co growth
over the dielectric in between Cu lines, and therefore leads to an increase in
RC-delay and a higher risk of shorts. Especially considering that the spac-
ing between interconnect wiring is currently in the order of 10 nm, even a
little mushrooming can lead to issues. Fortunately, Cu lines are typically
slightly recessed with respect to the surrounding dielectric after CMP, be-
cause of corrosion and so-called dishing e�ects.[20] Such a recess is typically
undesired, however, for ASD it provides a way to mitigate mushrooming,
as shown in Figure 3.6. Patents by Global Foundries, IBM, and Samsung
even report a separate metal recessing step as pretreatment for their selec-
tive metal capping processes.[21-23] Currently, deposition within a con�ned
structure is the only reported solution to fully prevent mushrooming for
ASD.[24] However, as shown in Figure 3.6, mushrooming is only con�ned
as long as the Co thickness does not exceed the recessed area. The fact that
mushrooming does not play a large role in this application likely contributed
to the implementation of Co ASD in the industry.

Metal recess 
after CMP

No mushrooming 
within recess

Co spillover for 
thicker layers

Figure 3.6: Illustration showing how Co mushrooming is prevented by the
Cu recess introduced by the CMP step. Lateral growth is mitigated as long
as the Co thickness does not exceed the depth of the recess.

3.2.3 Current status of area-selective CVD for metal cap-
ping

Several area-selective CVD processes have been reported that could satisfy
the requirements for ASD for metal capping. Area selective CVD processes
for Co, Ru, Mn, and W have been reported that are all capable of sev-
eral nanometers of selective deposition with good selectivity.[4-8,11,25,26]
For Co speci�cally, area-selective CVD processes have been reported using
Co2(CO)8,[27] Co2(CO)6(C6H10),[19] or CoCp(CO)2[12] as the precursor.
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Several strategies to obtain a higher selectivity have also been explored in
the literature. For example, Ryu et al. found that the CoCp(CO)2 precursor
has a higher kinetic barrier for adsorption on a SiO2 surface as compared to
Co2(CO)8,[12] whereas Zhang et al. employed co-dosing of an NH3 inhibitor
during deposition to improve the selective growth behavior of Co2(CO)8.[27]
Interestingly, both processes can achieve several nanometers of Co deposi-
tion without observable deposition on the SiO2 non-growth area. However,
as mentioned before, studies that applied similar area-selective CVD pro-
cesses on Cu interconnect structures report signi�cant loss of selectivity
above 3 nm of Co deposition.[16,17] This raises the question what causes
the observed degradation of interconnect performance when applying area-
selective Co CVD to device structures, whereas the reported selectivity for
blanket studies is much better. Similarly to what was observed for ASD of
W, CMP defects could play a large role in CVD nucleation on the non-
growth area. In addition, the discrepancy reported for process selectivity on
device structures as compared to blanket studies could also be related to
mushrooming of the growing Co �lm, see Figure 3.6.

3.2.4 Why was ASD of Co but not ASD of W adopted by
industry?

The answer to the question why ASD of Co has been adopted by the indus-
try, whereas ASD of W is not, contains several elements. Firstly, Co ASD for
metal capping only requires a few nanometers of deposition on the growth
area, whereas current gap�ll applications (e.g., with W or Co) require tens
of nanometers of selective deposition. The much smaller target thickness for
metal capping as compared to metal gap�ll is more easily achieved using
ASD. Considering most state-of-the-art ASD processes start to lose selec-
tivity after several nanometers of deposition, ASD is likely most suited for
target thicknesses below 10 nm.[28] Secondly, the mechanisms that cause a
loss of selectivity for area-selective CVD of W show that the selectivity ob-
tained in academic studies not always translates to ASD on device structures
due to reaction products formed on the growth area that alter the surface of
the non-growth area (Figure 3.3). If ASD requires extensive cleaning steps
and very speci�c process conditions to be viable in semiconductor fabrica-
tion schemes, it might no longer provide the process simpli�cation for which
it is being considered. Lastly, in case a liner or barrier material is required,
the capability to do ASD is lost unless the liner/barrier is also deposited se-
lectively. One thing to keep in mind is that every new fabrication processing
scheme always competes with process optimization of existing fabrication
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schemes. If an ASD process does not signi�cantly outperform the existing
fabrication schemes it will likely not be adopted by industry.

It should be noted that in the 1980s, when area-selective CVD of W
�rst attracted interest in industry, microchip technology had only just sur-
passed the 1 µm technology node. As a result, area-selective CVD of W was
required to deposit in the order of 100 nm - 1 µm of material selectively,
which is obviously more challenging than a few nanometers of selective depo-
sition. This means that, for future technology nodes, ASD for metal gap�ll
could potentially become interesting again when the application requires a
lower target thickness. The tool manufacturer Applied Materials is currently
selling a dedicated tool for area-selective CVD of W for metal gap�ll,[29]
indicating there is some interest to retry the adoption of ASD of W. Given
that Intel and TMSC are currently also implementing Co interconnects for
the bottom metal layers instead of Co-capped Cu,[30] area-selective CVD
of Co for metal gap�ll is likely being considered by industry as well. Espe-
cially because ASD of Co is already in use for metal capping, there should
be enough incentive for industry to attempt ASD of Co for metal gap�ll.

3.3 Fully self-aligned vias: the killer application for
area-selective ALD?

The alignment of metal vias and metal lines with respect to each other in the
BEOL is becoming more and more di�cult. As illustrated in Figure 3.7a,
the desired case would be that a via is patterned exactly at the right spot on
a metal line below. In practice, however, there is typically an edge placement
error (EPE), which is de�ned as the distance between the intended and the
actual position of the feature edge. An EPE of ∼1.5 nm can be expected,
based on the 1.5 nm overlay accuracy of EUV lithography.[31] This value
is relatively large considering typical metal pitches around 30-40 nm for
state-of-the-art technology nodes. An EPE in a fabricated via has several
consequences on performance, reliability, and durability of the device. If the
via is located too close to the next metal line, over time shorts can develop
(driven by the electric �eld), which is referred to as the time-dependent di-
electric breakdown (TDDB). In addition, proximity to a neighboring metal
line leads to a higher capacitance between the via and the metal line. The
EPE also reduces the contact area between the fabricated via and underly-
ing metal, thereby increasing the contact resistance. A higher capacitance
and a higher resistance together give an increased RC-delay. Furthermore,
a reduced contact area lowers the EM reliability, which can also lead to



3

58 | Applications for ASD in BEOL processing

eventual failure of the device. These consequences of EPE in interconnect
fabrication are currently limiting the downscaling of semiconductor devices.

EPE

Desired: 
aligned vias

In practice:
Edge placement error (EPE)a)

b)

c)

Recess etch

Area-selective ALD

VIA

EPE

ILD

spacing
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tiger tooth
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Figure 3.7: (a) Edge placement error (EPE) in interconnect fabrication. Due
to the reduced spacing to the neighboring line, shorts can occur. (b) FSAV
scheme based on recess etching. (c) FSAV scheme based on area-selective
ALD.

The illustrations in Figure 3.8 show more details of the conventional pro-
cess �ow, which reveal an additional issue. First, a multilayer dielectric cap
is deposited uniformly on metal layer Mx, typically using ALD processes.
This multilayer cap acts as di�usion barrier for the Cu from the underlying
metal lines and as etch-stop layer in subsequent processing steps. Next, the
interlayer dielectric (ILD) of layer Mx+1 is deposited, patterned, and etched
(with the multilayer cap acting as etch-stop layer), resulting in the structure
shown in Figure 3.8a. Because the multilayer cap consists of dielectric ma-
terials, it needs to be partly removed before depositing the metal of Mx+1

in order to ensure electrical contact between the via and the Mx metal line.
This is referred to as via-open or punch-through and is depicted in Figure
3.8b. The etching step for the via-open is performed using an anisotropic
etch process. In case there is an EPE, the ILD of the Mx layer is also partly
etched during this step. Subsequently, metal is deposited in the voids of
the ILD region, leading to a so-called tiger tooth defect (Figure 3.8c).[32]
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This defect exacerbates the aforementioned consequences of EPE, since the
distance to the neighboring metal lines is decreased even further.

ILD patterning Via open Trench �ll

tiger tooth 
defect

Mx

Mx+1

Multilayer
dielectric cap

tiger tooth 
defect

ILD ILD ILD

a) b) c)

Figure 3.8: Conventional process �ow for via patterning, illustrating that an
EPE can also result in a tiger tooth defect.

3.3.1 FSAV scheme based on recess etching

A solution to these limitations is to create topography, for example by per-
forming a recess etch.[33-35] As illustrated in Figure 3.7b, even if the via
is patterned at exactly the same place (with an EPE of ∼1.5 nm), a recess
etch results in an additional spacing between the fabricated via and the
neighboring metal line. The increased spacing improves the device reliabil-
ity and mitigates the RC-delay. In addition, the FSAV scheme allows for
patterning vias with a larger critical dimension (CD) as illustrated in Figure
3.9.[33] Scaling to a larger CD guarantees maximum contact area, which is
bene�cial in terms of electromigration reliability and contact resistance.

1. Avoid dielectric breakdown 2. Allow for larger CD vias

ILD

Mx

Mx+1

Dielectric 
cap

ILD ILD

Figure 3.9: Merits of creating topography by either recess etching or area-
selective ALD.

The FSAV scheme based on recess etching requires an etching process
to create the topography. Etching of Cu is however known to be challenging
(which is why the damascene scheme has been developed in the �rst place).
IMEC considered a recess etch based on oxidation of the metal using H2O2

solution, followed by CuOx etching using HF-containing solution.[34] Note
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that the barrier (e.g., TaN) and liner (Ta) also need to be etched. However,
several challenges have been identi�ed for the FSAV scheme based on recess
etching: (i) it is di�cult to control the thickness of etched material using wet
chemical etching, (ii) the metal grains and the grain boundaries etch with
di�erent rates, which leads to a relatively rough surface, and (iii) tiger tooth
defects are not prevented, but their e�ect is only mitigated by creating the
topography. These challenges motivate the exploration of alternative FSAV
schemes based on area-selective ALD.

3.3.2 FSAV scheme based on area-selective ALD

Area-selective ALD can be employed to selectively deposit a barrier layer on
the ILD as shown in Figure 3.7c.[32,36] This creates a topography equivalent
to the one obtained by using recess etching, but with a better control over
the barrier thickness and without roughening the metal. Moreover, area-
selective ALD allows for deposition of a dielectric barrier consisting of a
di�erent material than the carbon-doped oxide (CDO) used as ILD, which
is potentially bene�cial to prevent the formation of tiger tooth defects as
discussed in more detail below.

With interconnect technology going through a transition period,[37,38]
several metals could be potential non-growth areas. Depending on the metal
level, Cu, Co, Ru, or W can be used as interconnect material. At least Intel
and TSMC are currently implementing Co for the bottom metal layers.[30]
In addition, as discussed in Section 3.2, Cu interconnects are typically
capped using Co or even Ru in state-of-the-art devices to improve EM
reliability. Metal capping is typically employed for metal levels as high as
M5. Metal capping should be performed before deposition of the dielectric
to ensure that the Cu is entirely encapsulated, and therefore the capping
material should be considered as non-growth area.

The deposition method of the metal and any remaining surface impuri-
ties/defects left on the metal should also be considered, because the exact
state of the surface can greatly in�uence an area-selective ALD process.
For example, when using a self-assembled monolayer (SAM) to block the
ALD growth, residues on the non-growth area could hinder SAM monomer
adsorption therefore hampering the formation of an ordered monolayer. Sev-
eral deposition techniques are employed in semiconductor fabrication to pre-
pare metals, including electroplating and chemical vapor deposition (CVD).
These methods produce a metal with impurities on its surface (e.g., carbon
from the CVD process, inorganics from electroplating baths). Chemical me-
chanical polishing potentially leads to metal impurities (e.g., Ta or Cu) or
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residues (e.g., anti-corrosive additives like benzotriazole[15]) on both the di-
electric and metal surfaces. Furthermore, the cleaning procedure employed,
and whether the metal surface is oxidized should also be taken into account.
The discussion of what materials should act as non-growth area becomes
even more complex when we also consider that no deposition should occur
on the barrier and liner materials.

3.3.3 Material choice and requirements for area-selective
ALD

As mentioned before, one advantage of area-selective ALD over a recess etch
is that the barrier layer can be a di�erent material than what is used for the
ILD. Preferably, the area-selective ALD process allows for deposition of a
material with a relatively low κ-value to minimize its in�uence on RC-delay.
The target for the dielectric constant is that it should be below 6 (which
for convenience will be referred to here as low-κ material), and preferably
even lower. Moreover, the barrier material should be resistant to the etch
chemistry of via-open step to prevent the formation of tiger tooth defects.
Lastly, the deposited material should be of high dielectric quality in order
to have good TDDB reliability. Lower dielectric quality results in a larger
leakage current during operation which can signi�cantly decrease the mean
time to failure of the dielectric barrier layer.[39]

VIA

EPE

Spacing

1. Area-selective ALD 
of low-k material

2. Area-selective ALD 
of etch-stop material

low-k

Etch-stop

Figure 3.10: Alternative FSAV scheme resulting in a stack of low-κ material
and an etch-stop layer.

There are unfortunately no materials that have a κ-value below 6 and
are at the same time su�ciently resistant to the etching chemistry of the
via-open step. As an alternative scheme, a stack of a low-κ material and
an etch-stop layer can be deposited as illustrated in Figure 3.10. Note that
this still requires the application of the multilayer dielectric cap of Figure
3.8 after performing the two area-selective ALD processes. This new etch-
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stop layer protects the low-κ barrier from being etched during the via-open
step (when the previously-mentioned etch-stop layer is removed), which
decreases the chance that a tiger tooth defect occurs.

For FSAV schemes based on recess etching, the target etch depth is
approximately 10 nm.[34] When using area-selective ALD, the thickness
requirement is dependent on whether the dielectric barrier also functions as
an etch-stop. If area-selective ALD is only employed to create a topography,
a thickness of 10 nm can also be de�ned as the target. In case the dielectric
barrier is resistant to the via-open etch chemistry (thereby preventing the
formation of tiger tooth defects), a barrier of less than 5 nm is su�cient.

An important aspect to discuss further is how well the area-selective
ALD process(es) should perform in terms of selectivity. Any deposition of
dielectric on the metal surface is undesired since it increases contact re-
sistance. As a target selectivity, a value of 100:1 has been mentioned. In
practice it will be extremely di�cult to meet this requirement, especially
when also considering the presence of impurities and residues from earlier
processing steps. The main question is how much nuclei of dielectric ma-
terial in�uence the RC-delay. This is dependent on the material that is
deposited using area-selective ALD, and on the size/distribution of the nu-
clei on the metal. Especially the formation of so-called killer defects should
be avoided, i.e., a region where for example area-selective ALD of dielectric
material did not occur, because such defects can potentially lead to failure
of the entire chip. At this stage, the metrology for measuring the selectiv-
ity and for detecting killer defects has not been established yet, which also
requires further attention.

3.3.4 Area-selective ALD for FSAV applications

What are the options based on currently available area-selective ALD pro-
cesses? Dielectric-on-dielectric deposition with metal as the non-growth area
has been reported in the literature for ZnO, TiO2, HfO2, ZrO2, Hf3N4, SiO2

and Al2O3 ALD.[40-45] Most of these materials are not suitable for this ap-
plication because they have κ values surpassing the target maximum value
of 6. IMEC reported on area-selective ALD of HfNx (κ = 6.4) using vapor-
phase dosing of n-undecanethiol (UDT) molecules.[46] Instead of an ordered
SAM, a multilayer UDT masking layer was obtained of 3-8 nm in thickness.
Their process was demonstrated to allow for 11 nm of selective HfNx depo-
sition on patterned wafers.

Area-selective ALD processes of Al2O3 (κ = ∼9) are also interesting
for this application because Al2O3 can act as an etch-stop layer during the
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via-open step (and can for example be used in the scheme of Figure 3.10).
However, area-selective ALD of Al2O3 is known to be challenging, due to
high reactivity of the trimethylaluminum (TMA) precursor (see Chapter
6).[47] A collaboration between KU Leuven, IMEC, and ASM presented
results on area-selective ALD of Al2O3 on SiO2 involving Cu functionaliza-
tion using 1-octadecanethiol SAMs.[48] Although it was not discussed, it is
likely that a precursor di�erent from TMA was used. Furthermore, in this
study there was attention for the preparation of the substrate, and it was
found that rinsing the Cu with ethanol resulted in a pinhole-free SAM. On
patterned samples, loss of selectivity was observed after depositing 6 nm
of Al2O3. This could be improved by performing post-deposition cleaning
using acetic acid. Cross-section TEM revealed that the Al2O3 is not blocked
on the Ru/TaN barrier layers where Al2O3 deposition is undesired.

The area-selective SiO2 ALD process discussed in this dissertation, see
Chapters 4 and 5, developed in collaboration with Lam Research, received
some attention for this application because of the low-κ value of SiO2 (κ
= ∼4). Area-selective ALD was obtained by dosing acetylacetone (Hacac)
inhibitor molecules in vapor-phase using AB(D)C-type cycles.[49-51] So far,
Al2O3, TiO2, and HfO2 have been identi�ed as non-growth areas.[49] This
process currently does not meet the target thickness yet, but as discussed in
Chapters 4-6 there is room for improvement to achieve higher selectivity
values.[50,51]

Since most of the current area-selective ALD processes do not come
close to the required selectivity, selective etching as a correction step (see
Chapter 2) will need to be considered. Depending on the impurity level,
such a correction step could be implemented either during ALD using a
supercycle recipe or as a post-deposition etch back.[52] For example, Mameli
et al. recently demonstrated more than 10 nm of selective SiO2 deposition
using their area-selective ALD process combined with etching steps every
110 ALD cycles.[53]

3.4 Di�usion barriers: There is plenty of room at
the bottom

The increasing demand for device downscaling is causing issues related to
the resistance of Cu interconnects, especially for the metal lines and vias
near the FEOL.[54,55] One of the main challenges is that proportional
downscaling of the di�usion barrier with the Cu interconnect is typically
not possible as it compromises its ability to prevent Cu di�usion into the
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surrounding ILD.[55] As a result, interconnect downscaling has caused the
di�usion barrier to take up an increasing portion of the interconnect volume
with respect to the Cu, see Figure 3.11. This relative decrease in Cu volume
leads to an exponential increase in Cu interconnect resistance for scaling
to smaller dimensions.[56,57] In addition, the reduced Cu volume also in-
creases the susceptibility of the interconnect structure for defects formed by
electromigration.

ILD
cu+

RBarrier reduces
Cu volume

Barrier prevents
Cu diffusion into ILD 

Additional resistance
due to barrier

Figure 3.11: Illustration showing an interconnect structure with a di�usion
barrier. Because the di�usion barrier is required to have a minimum thickness,
it takes up a relatively large portion of the interconnect volume at smaller
dimensions. The barrier layer covering the bottom of the trench increases the
series resistance of the interconnect structure.

3.4.1 Using ALD for di�usion barrier deposition

Conventional interconnect technology relies on a physical vapor deposition
(PVD) of a di�usion barrier layer (typically a metal nitride e.g., TaN) dur-
ing BEOL fabrication.[58] However, PVD has a limited uniformity on struc-
tures with 3D topographies.[59,60] Therefore, to ensure the minimum bar-
rier thickness is achieved in the entire structure, a relatively thick layer needs
to be deposited,[61] as illustrated in Figure 3.12a. Instead of PVD, atomic
layer deposition (ALD) can be used to deposit a more conformal barrier
layer.[59,62,63] There are several bene�ts to using ALD to deposit the bar-
rier layer. ALD is mostly known for its ability to deposit ultrathin �lms with
excellent uniformity on structures with 3D topographies. For this applica-
tion, the uniformity of ALD allows for lowering the nominal thickness of
the barrier layer (i.e., there is no need to account for the non-uniformity),
which leaves more room for �lling up the trench with conductive Cu, as
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shown in Figure 3.12b. The use of ALD for deposition of TaN barrier lay-
ers has been explored extensively in the literature, especially in the early
2000s.[64,65] The interest in employing ALD for this application decreased
when it turned out that PVD could still deliver the desired performance in
terms of barrier properties and uniformity for a few more technology nodes.
However, it is expected that the ability of ALD to deposit �lms with an
unparalleled uniformity on topographical structures will become essential
at the smaller dimensions of future devices.

PVD barrier ALD barrier

Barrier

ILD ILD

Thin and 
conformal 
barrier

a) b)

Figure 3.12: Schematic illustrations showing a di�usion barrier deposited
using (a) PVD and (b) ALD. PVD results in a non-conformal layer (exagger-
ated in the illustration) and therefore requires a thicker average layer thickness
than ALD to ensure that the barrier properly covers the entire ILD surface.

3.4.2 The bottomless barrier

A more important issue regarding di�usion barriers is that the barrier is
deposited over the entire 3D structure. As a result, it also covers the metal
from the previous layer at the bottom of the trench. Consequently, each
metal level is separated by a barrier layer in the �nal structure (Figure
3.11), which adds a series resistance to the overall interconnect resistance.
As a result, the barrier is required to be highly conductive. In addition, the
di�usion barrier at the bottom, covering the underlying metal, makes a se-
lective gap�ll of the metal interconnect impossible, as discussed in Section
3.2.1. This part of the di�usion barrier serves no purpose in terms of pre-
venting Cu di�usion since it separates two Cu regions and is therefore not
desired. Preferably, the di�usion barrier only covers the dielectric sidewalls
of the interconnect structure, which referred to as a bottomless barrier, see
Figure 3.13.
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There are two general strategies to achieving a bottomless barrier struc-
ture: (i) selective etching of material at the bottom of the trench or (ii)
selective deposition of the di�usion barrier on the dielectric surfaces. Typ-
ically, etching of material at the bottom of a trench is achieved using an
anisotropic etching process,[66,67] i.e., using directional ions to only etch
on horizontal planes. Two patents by Intel (2008 and 2012)[66,67] describe
strategies to obtaining a bottomless barrier/liner structure by selectively
etching the material at the bottom of the trench. They mention the use
of a sputter etch[66] as means to anisotropically and selectively etch the
barrier at the bottom. However, using an anisotropic etch to fabricate a
bottomless barrier is not trivial because interconnect structures typically
also have horizontally oriented ILD surfaces that also need to be covered
with the di�usion barrier (see Figure 3.12). Therefore, anisotropic etching
is only viable for this application in the case that the interconnect structure
does not contain horizontal ILD surfaces.

Area-selective ALD

Bottomless
barrier

ILD

Thin and 
conformal 
barrier

Figure 3.13: Illustration of a bottomless barrier structure obtained using
area-selective ALD.

The bottomless barrier structure can also be obtained by ASD of the
barrier on the ILD and not on the metal at the bottom of the trench, as
shown in Figure 3.13. Area-selective ALD is ideal for this application as
it combines the bottomless barrier with having a thin conformal barrier
covering the ILD. Patents by ASM (2005)[68] and Novellus systems (2003;
currently part of Lam Research Corp.)[70] mention obtaining a bottomless
barrier structure using ASD, either through surface activation of the di-
electric[68] or inherently selective deposition.[70] A recent patent by IBM
(2021)[69] also mentions using ASD to obtain a bottomless barrier struc-
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ture. Although it is not speci�cally mentioned which method they aim to
use to obtain selective deposition, they also refer to area-selective ALD lit-
erature using small molecule inhibitors (SMIs) to passivate the non-growth
area.[69] Having no barrier at the bottom of the via also relaxes the require-
ments of the di�usion barrier in terms of its conductivity. This provides the
opportunity to optimize the barrier material for preventing Cu di�usion
without having to worry too much about the �lms conductivity. This relax-
ation in the electrical requirements of the di�usion barrier should allow for
even thinner barriers covering the ILD.

ILD

Step 1: Deposition of the bottomless 
barrier by area-selective MoD ALD

ILD

Step 2: Metal gap�ll through area-
selective MoM deposition

Figure 3.14: After area-selective metal on dielectric (MoD) deposition to
form the bottomless barrier structure, the metal at the bottom of the trench
remains exposed. Therefore, area-selective metal on metal (MoM) deposition
could be employed to �ll the via structure from the bottom up.

3.4.3 Selective gap�ll and bottomless barrier

As mentioned in Section 3.2.1, selective metal gap�ll is not viable if a con-
formal barrier or liner material is deposited before metallization. However,
the bottomless barrier leaves the underlying metal from the previous layer
exposed for the subsequent metal gap�ll process. Therefore, in case of a
bottomless barrier, metal gap�ll could be achieved directly on the exposed
metal through e.g., electroless deposition or area-selective CVD, see Figure
3.14. As a result, the bottomless barrier and selective metal-on-metal de-
position for selective gap�ll could be a very powerful combination for the
semiconductor industry to solve some of the current issues in the BEOL
associated with downscaling. Potentially, the advantages of combining the
bottomless barrier structure with selective gap�ll could enable the adoption
of both of these processes by industry simultaneously.
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3.4.4 Area-selective ALD of nitrides

The bottomless barrier application requires deposition of a metal nitride on
the ILD growth area (e.g., SiO2/ carbon-doped oxide) while deposition on
the metal non-growth area (e.g., Cu, Co, Ru, or W) should be prevented.
Currently, the target thickness for di�usion barriers in state-of-the-art de-
vice structures is ∼3 nm,[54] which is ideal for area-selective ALD as it falls
within the typical selectivity window of recently developed area-selective
ALD processes.[28] E�ective TaN barriers to prevent Cu di�usion have even
been reported with �lm thickness down to 0.6 nm.[78] An advantage of this
application is that the tolerance for loss of selectivity is likely relatively high
as compared to other applications of ASD currently in focus. Although no
deposition on the metal at the bottom is of course preferred, any reduction
in the deposited barrier material on the metal, with respect to a blan-
ket deposition, will improve the conductivity of the interconnect structure.
Therefore, loss of selectivity does not directly lead to device malfunction for
this application.

In Chapter 7 and 8, we demonstrated area-selective ALD of TiN and
TaN on oxide material (SiO2, Al2O3) in the presence of a metal (Co, Ru)
using aniline as SMI.[71] Using this process, 3 nm of TiN/TaN can be de-
posited on an oxide with a selectivity of ∼0.9 or better with respect to a Ru
non-growth area. Considering that Cu interconnects are typically capped
with Co or Ru for state-of-the-art technology nodes, this work is a promis-
ing start to enable the bottomless barrier application. The TiN process
was demonstrated to also yield a good selectivity on patterned substrates
at nanoscale dimensions. The use of SMIs, therefore, enable area-selective
ALD of metal nitrides for bottomless barrier applications.

3.5 Summary

The semiconductor industry currently requires atomic level precision in IC
fabrication, especially for the smallest features in the BEOL. ASD can po-
tentially play a vital role in enabling such precision through self-aligned
deposition and through simpli�cation of IC fabrication, e.g., fewer required
CMP, patterning, or wet chemistry steps. ASD technology is maturing to a
point that application in the semiconductor industry is close, and in some
cases already realized. Partly, this is due to improvements in ASD technol-
ogy allowing for higher selectivity. However, another reason is that many
current applications only require a few nanometers of selective deposition
which makes achieving high selectivity easier. As downscaling continues,
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the target thickness for applications of ASD are expected to become even
smaller. However, achieving high selectivity is still challenging for most ASD
processes, and therefore, it is not only essential to continue the development
of new ASD processes, but it is also vital to gain more mechanistic under-
standing of ASD.

Previous attempts at incorporating ASD in the semiconductor industry
teach us that a high selectivity in blanket studies does not always trans-
late to a high selectivity on patterned substrates. Therefore, studying and
demonstrating ASD on patterned substrates at the nanoscale is important
to further mature ASD technology. In addition, developing the metrology re-
quired to properly study ASD on blanket and nanoscale patterns is crucial,
especially for studying the early stages of selectivity loss. Process optimiza-
tion of existing fabrication schemes is typically easier to implement than a
new ASD-based scheme which requires new chemicals and fabrication tools,
meaning that an ASD process needs to clearly outperform existing fabri-
cation schemes to be considered by industry. However, the implementation
of ASD for selective metal capping shows the large potential of ASD in IC
fabrication. Other applications, such as the FSAV and bottomless barrier,
are expected to also be implemented soon.
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Mechanism of Precursor Blocking by

Acetylacetone Inhibitor Molecules during
Area-Selective Atomic Layer Deposition of SiO2

Chelate Monodentate
Growth area Non-growth area

Abstract: Area-selective atomic layer deposition (ALD) is currently attracting
signi�cant interest as a solution to the challenges in alignment that limit the
development of sub-5 nm technology nodes in nanoelectronics. Development of
area-selective ALD processes with high selectivity requires understanding of the
mechanisms involved in the loss of selectivity. In this chapter, the use of acety-
lacetone (Hacac) inhibitor molecules in ABC-type cycles for area-selective ALD of
SiO2 is investigated as a model system to gain insights into precursor blocking. In
situ infrared spectroscopy measurements show that at saturation, Hacac adsorbs
in a mixture of chelate and monodentate bonding con�gurations. Hacac adsorbates
in monodentate con�guration were found to desorb as a result of purging or to be
displaced by bis(diethylamino)silane (BDEAS) precursor dosing and therefore sig-
ni�cantly contribute to the loss of selectivity during area-selective ALD. Density
functional theory (DFT) calculations reveal that the observed displacement reac-
tions originate from attractive interactions between BDEAS precursor molecules
and Hacac adsorbates in monodentate con�guration. Moreover, the DFT calcu-
lations show that the strength of this interaction is dependent on the chemical
structure of the precursor molecule. The obtained insights indicate that careful
selection of both inhibitor and precursor molecules is required to improve the se-
lectivity of area-selective ALD.

Published as: Merkx, M.J.M.; Sandoval, T.E.; Hausmann, D.M.; Kessels, W.M.M.; Mackus,
A.J.M. Chem. Matter. 2020, 32, 3335-3345
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4.1 Introduction

In order to continue downscaling of semiconductor devices, novel fabri-
cation strategies are needed that meet the increasingly straining pattern
alignment requirements.[1] State-of-the-art semiconductor devices consist
of a stack of 3D-structured layers, which need to be perfectly aligned with
respect to each other.[2] The fabrication of these layers currently relies
on repeated deposition, photolithography, and etching steps.[3] However,
photolithography-based fabrication schemes typically result in edge place-
ment errors (EPEs), which are discrepancies between the intended and ac-
tual feature positions.[4-8] For sub-5 nm technology nodes, these EPEs be-
come the bottleneck in the fabrication of reliable devices.[1,9,10] As a result,
several self-aligned and bottom-up fabrication schemes are being explored,
either to complement or replace steps of the traditional top-down fabrica-
tion schemes. The starting point for self-aligned fabrication by area-selective
deposition (ASD) is a prede�ned pattern consisting of a set of materials on
which deposition is desired (i.e., the growth areas) and a set of materials on
which deposition should be avoided (i.e., the non-growth areas). On such a
patterned surface, ASD can be achieved by exploiting di�erences in the sur-
face chemistry. As a result, the deposited feature is perfectly aligned with
the previously formed pattern. Typically, the performance of such ASD
processes is indicated by its selectivity, which is a measure of how much
material is deposited on the non-growth area for a given thickness on the
growth area.[11]

Atomic layer deposition (ALD) is a thin �lm deposition technique that
relies on temporally or spatially separated, sel�imiting surface reactions
which are alternated in a cycle-wise manner.[12,13] The technique allows
for atomic-level thickness control of the deposited �lm along with very uni-
form and conformal deposition.[12] ALD is highly sensitive to the surface
chemistry of the starting material, which can be exploited for ASD.[14]
For most area-selective ALD processes, the selectivity is currently not suf-
�ciently high for implementation in semiconductor fabrication schemes.[15]
Improvement of the selectivity is therefore one of the main challenges in
the �eld,[16] which requires understanding of the mechanisms involved in
the loss of selectivity. In some cases, loss of selectivity can be attributed
to physisorption of reactant species on the non-growth area;[17,18] how-
ever, in general the underlying mechanisms are not well understood. The
most versatile approach for area-selective ALD is to deactivate the non-
growth area by selective functionalization, for example, using self-assembled
monolayers (SAMs),[19-24] inert functional groups formed by gas/plasma
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treatments,[25,26] or small inhibitor molecules.[27-30] The advantage of this
approach is that, instead of the precursor chemistry, the deactivation step
determines which set of materials can act as growth or non-growth areas
(referred to as the substrate-selectivity), which gives more freedom in the
development of area-selective ALD processes. When using selective func-
tionalization with inhibiting species for area-selective ALD, the selectivity
is limited by how e�ectively the precursor adsorption is blocked by the in-
hibiting species on the non-growth area. Improvement of these area-selective
ALD processes therefore requires insight into the mechanisms of the pre-
cursor blocking.

Figure 4.1: Schematic illustration of the ABC-type ALD approach for
area-selective ALD using small inhibitor molecules. In step A, the inhibitor
molecules are dosed and selectively adsorb on the non-growth area. In step
B, the precursor molecules are dosed and are blocked from adsorption on the
non-growth area by the inhibitor molecules. Finally, the inhibitor molecules
and the precursor ligands are removed by the co-reactant in step C.

For the use of SAMs in area-selective ALD, there is some understand-
ing of what is required for e�ective precursor blocking.[24,31-33] First, the
packing of the SAM has been shown to be crucial, which is, amongst others,
dependent on chain length of the SAM molecules, the temperature, and the
material of the non-growth area.[31,32] Moreover, as SAMs are typically
applied prior to the ALD process (e.g., using wet chemistry), the stabil-
ity of the blocking layer with respect to the ALD chemistry and process
conditions are vital for e�ective precursor blocking.[21,34-36] An important
limitation for SAMs, however, is that they often desorb or degrade at the
substrate temperatures required for ALD.[21,35,36] A potential solution is
to refunctionalize the non-growth area after a certain number of cycles[20] or
even during every cycle.[16,27] Functionalization steps that can be applied
in the vapor-phase are required for this approach to be compatible with
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commercial process �ows. To this end, it is bene�cial to work with small in-
hibitor molecules that can be supplied during short dosing steps. However,
the requirements for small inhibitor molecules in order to e�ectively block
the precursor adsorption are currently unknown.

In our previous work, a new area-selective ALD approach was introduced
which employs inhibitor molecules in three-step (i.e., ABC-type) cycles, see
Figure 4.1.[27] In this approach, volatile inhibitor molecules are dosed in
the vapor-phase during step A which, depending on the surface chemistry,
selectively adsorb on the non-growth area. During step B, the precursor is
dosed and should be blocked from adsorption on the non-growth area by the
inhibitor molecules. On the growth area, no adsorbed inhibitor molecules
are present, and therefore precursor adsorption can proceed normally. Fi-
nally, in step C, the precursor ligands and the inhibitor species are removed
from the substrate by exposing it to the co-reactant, resulting in �lm de-
position. One of the bene�ts of refunctionalizing the non-growth area every
cycle is that it provides the opportunity to use ozone or a plasma as the
co-reactant, which expands the set of materials that can be deposited using
area-selective ALD. At �rst sight, the main requirements for the selected in-
hibitor molecules are: (i) high volatility to allow for vapor-phase dosing, (ii)
strong and favorable adsorption on the non-growth area with high surface
packing, and (iii) unfavorable adsorption on the growth area.

Area-selective ALD of SiO2 has been demonstrated in these previous
studies using acetylacetone (Hacac) as the inhibitor molecule (step A),
bis(diethyl-amino)silane (BDEAS) as the precursor (step B), and O2 plasma
as the co-reactant (step C).[27] Adsorption of Hacac inhibitor molecules was
found to be governed by the acidity of the starting surface. As Hacac is
weakly acidic,[37] it does not strongly interact with acidic hydroxyl groups
(e.g., on SiO2, GeO2, WOx etc.), whereas it does strongly bond to alkaline
hydroxyl groups (e.g., on Al2O3, TiO2, HfO2 etc.). Using density functional
theory (DFT), Hacac adsorption was investigated on SiO2 and Al2O3 sur-
faces.[27] The results showed that Hacac adsorption on SiO2 is kinetically
and thermodynamically unfavorable due to a high energy barrier (2.35 eV)
and an overall endothermic process (0.61 eV). Hacac adsorption on Al2O3

was found to be exothermic (-1.24 eV) with only a 0.25 eV energy barrier.
Hacac should therefore selectively adsorb on Al2O3, which was con�rmed
by infrared (IR) spectroscopy measurements.[27] Currently, the abovemen-
tioned process can deposit ∼1 nm of SiO2 selectively. However, the IR mea-
surements also showed that not all of the precursor adsorption was blocked
using Hacac. Therefore, gaining understanding of precursor blocking using
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small inhibitor molecules is vital for improvement of this approach toward
the high selectivity that is required in the industry.

According to our previous DFT work, Hacac initially physisorbs (see
Figure 4.3d) on the surface.[27] Subsequently, it can bond in two stable
con�gurations to the surface as illustrated in Figure 4.3a,b: chelate, where
both oxygen atoms bond to the same Al atom[38] and monodentate, where
only one oxygen atom bonds to the Al atom at the surface.[39] The mon-
odentate con�guration is formed when Hacac directly bonds to a surface
Al3+ site with its carbonyl group, with a near-zero (0.01 eV) energy barrier
for the transition from the physisorbed state. In the monodentate case, the
other oxygen atom does not bond to the surface which leaves the C-OH (or
C=O, see Figure 4.3c) group of the Hacac free to interact with the gas-phase
molecules. The monodentate con�guration acts as a transition state to form
the chelate con�guration by reacting with a surface hydroxyl group through
a kinetically accessible process (0.25 eV energy barrier). This reaction re-
sults in an acetylacetonate (acac) adsorbate in the chelate con�guration,
which is bonded with both O atoms to a single Al surface site, and H2O as
the reaction product. Note that the Hacac molecule loses a proton in the
adsorption process resulting in an acac adsorbate as opposed to an Hacac
adsorbate. DFT shows that the acac adsorbate in the chelate con�guration
is more favorable.

From surface functionalization literature, it is known that most molecules
do not bond solely in one con�guration at high surface coverage.[40-45]
Therefore, important questions that need to be addressed are: (i) to what
extent does Hacac adsorb as a mixture of adsorption con�gurations on the
non-growth area? (ii) What is the mechanism by which the adsorbed Hacac
molecules block the precursor adsorption? Moreover, this work aims at pro-
viding insight into the general mechanisms involved in blocking precursor
adsorption using small inhibitor molecules. To this end, the area-selective
ALD process of SiO2 serves as a model system. The adsorption of Hacac on
Al2O3 surfaces and the subsequent blocking of BDEAS precursor molecules
were investigated through experimental and theoretical studies, using in situ
IR and DFT, respectively. The adsorption of Hacac as a function of cov-
erage was examined and the adsorption con�gurations were identi�ed. The
interactions between adsorbed Hacac molecules and the incoming precursor
molecules were studied to gain insight into which mechanisms contribute
to precursor blocking and which contribute to loss of selectivity. Last, op-
portunities for improvement of precursor blocking and therefore selectivity
were identi�ed and are discussed.
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4.2 Experimental details

4.2.1 Reactors

The IR experiments on powder substrates were performed on a home-built
ALD reactor (see Figure 4.2). The reactor is equipped with a remote in-
ductively coupled plasma (ICP) source, a 200 mm substrate table, and a
turbo-molecular pump backed up by a roughing pump. The experiments
on planar substrates were performed in an Oxford Instruments FlexAL re-
actor, which is similar to the home-built system in terms of the pumping
system and the plasma source. The reactor is described in further detail
elsewhere.[46]

4.2.2 ALD Process

The employed SiO2 ALD recipe is based on the ALD process as charac-
terized by Dingemans et al.[47] At the start of the ALD cycle, an Hacac
inhibitor dose consisting of 3 pulses of 5 s each (separated by 3 s purge
steps) and a subsequent 3 s purge step were added as step A in the ABC-
type cycle. Hacac purchased from Sigma- Aldrich [synthesized by Wacker
Chemie AG, Burghausen, Germany, ≥ 99.5% (GC), CAS number 123-54-6]
was used as the inhibitor. The Hacac was kept in a stainless steel bubbler
at room temperature and vapor drawn into the chamber using ALD valves.
The reactor wall temperatures were 150 and 100 ◦C for the FlexAL and the
home-built ALD reactor, respectively. All experiments were performed with
a substrate temperature of 150 ◦C.

4.2.3 IR spectroscopy

In situ IR measurements were performed on the home-built ALD reactor
shown in Figure 4.2. The set-up includes a Bruker VECTOR 22 Fourier
transform IR spectrometer with Globar IR source and a liquid N2 cooled
mercury cadmium telluride (MCT) detector with a spectral range of 12,000-
500 cm-1. The IR light enters and exits the ALD reactor through KBr
windows. The KBr windows are protected from deposition by gate valves
which are only opened during IR measurements. The IR source, detector
compartment, and beamlines to the KBr windows are continuously purged
with dry N2 gas to prevent atmospheric CO2 and H2O from entering the
beam path. The IR absorbance A spectra in this work were calculated from
two intensity spectra using: A = −logI/I0, with I, the intensity spectrum
of the sample measured and I0, the used reference spectrum. In order to
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obtain su�ciently high signal-to-noise ratios, typically 1024 intensity scans
were averaged in order to measure an intensity spectrum.

The powder substrates were fabricated by pellet-pressing a nonporous
AER-OSIL OX 50 SiO2 powder into a tungsten gauze (Alfa Aesar, 0.05
mm wire diameter, 0.2 mm opening width). This substrate was mounted
inside the chamber onto a Prevac manipulator, allowing for precise rota-
tional and translational sample movement as shown in Figure 4.2. Prior
to pressing the powder in the gauze, a thermocouple was welded to the
tungsten mesh. These thermocouple wires were connected to a thermocou-
ple readout to monitor the sample temperature during experiments. The
powder was heated by sending a dc current through the tungsten mesh.

Turbo
pump 

Gas inlet

IR light source
+ interferometerPurge box 

MCT detector 

Readout

KBr window

ICP
source

θ

x

y
z

SiO2 powder

SiO2 powder

Figure 4.2: Schematic representation of the home-built reactor used for the
IR spectroscopy studies, including the IR light source, MCT detector, powder
substrate, ICP plasma source, and turbo-molecular pump. The inset shows
a side-view of a SiO2 powder substrate mounted onto a Prevac manipulator
including the attached thermocouple.

The powder samples were coated prior to the experiment using 30 ALD
cycles of trimethylaluminum (TMA)/H2O at 300 ◦C, which corresponds
to ∼3 nm of Al2O3. The exact amount of powder that was pressed into
the mesh cannot be controlled. Sample-to-sample comparisons of the ab-
sorbance spectra therefore requires a normalization of the accessible pow-
der surface area. For this reason, the �nal ALD cycle of the Al2O3 coating
process was always monitored using in situ IR spectroscopy to be able to
normalize the subsequent measurements. For this normalization, the peak
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area of the C-H stretch in the measured TMA spectrum was used as a
reference. During experiments, saturation was monitored using in situ IR
spectroscopy after every dose. Typically to reach saturation on the pow-
der substrate, around 10 times the dose required for saturation on planar
substrates was used.

4.2.4 Spectroscopic ellipsometry

In situ spectroscopic ellipsometry was employed in order to measure nu-
cleation curves for area-selective ALD of SiO2 on planar substrates in the
FlexAl reactor. For the experiments, a J.A. Woollam M2000D ellipsometer
with a photon energy range of 1.3-5 eV was employed at a 70◦ angle of
incidence to characterize the growing �lm. The resulting data was modeled
using a Cauchy parametrization in order to �t the thickness of the SiO2

�lm. All planar substrates consisted of a 30 nm Al2O3 �lm deposited on
a Si wafer by ALD (TMA/O2 plasma). Prior to area-selective ALD, the
substrates were heated for 15 min during which Ar and O2 were �owed into
the chamber at 250 mTorr. Subsequently, the substrate was exposed to a 5
min O2 plasma pretreatment (200 W, 8 mTorr).

4.2.5 Computational methods

Stochastic simulations on the packing of acac adsorbates in chelate con�g-
uration were performed by assuming 2D steric interactions, using an algo-
rithm introduced by Hu et al.[48,49] The acac adsorbates in chelate con�g-
uration were represented by two half circles of radius 2 Å,[50] which were
spaced 4.8 Å apart.[51] The algorithm �rst generates an α-Al2O3 lattice of
117 by 117 Al atoms, and a random Al lattice site is selected. Subsequently,
the Hacac molecule is placed with its center on the selected lattice site, and
it is checked whether there is overlap with previously placed molecules. If
overlap is detected, the molecule is rotated in steps of π/20 rad until there
is no overlap. In case a full revolution is reached without �nding a place for
adsorption, the molecule is removed, and a new random site is selected.

DFT was used to investigate the interactions between the Hacac in-
hibitor molecule and the BDEAS precursor. We calculated electronic en-
ergies using the Vienna Ab initio Simulation Package (VASP) 5.4.4,[52-
55] as implemented in MedeA-VASP software package.[56] Geometry op-
timizations to describe the interactions between the BDEAS and Hacac
molecule were calculated using three di�erent levels of theory: (i) the gen-
eralized gradient approximation functional by Perdew, Burke, and Ernzer-
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hof (PBE)[57,58] with the dispersion correction D3 and the Becke-Johnson
(BJ) damping function,[59,60] (ii) the PBE functional with the D2 disper-
sion correction,[61] and (iii) the van der Waals density functional optPBE-
vdW.[62-65] The projector augmented wave formalism[66,67] with a plane
wave cuto� of 400 eV was used, the self-consistent �eld cycle was converged
with an accuracy of 10-5 eV, and the geometry was optimized until the
forces were less than 10-2 eV·Å-1. The Brillouin zone was sampled by a
Γ-centered 2 × 2 × 1 Monkhorst- Pack grid,[68] and a Gaussian smearing
of 0.1 eV was used. A 4-layer 3 × 3 supercell of partially hydroxylated α-
Al2O3(0001) with 17 Å of vacuum gap was de�ned to accommodate the
Hacac and BDEAS molecules. The bottom three layers of atoms were kept
�xed, and the remaining atoms of the slab and the atoms of the adsorbed
species were relaxed. Additional computational details including the jus-
ti�cation for our surface model, energy calculations, and prediction of IR
vibrational states can be found in the Supporting Information.

4.3 Results

4.3.1 Hacac adsorption as the function of coverage

As mentioned above, an important question to answer is to what extent
Hacac adsorbs in a mixture of chelate and monodentate con�gurations at
saturation. Therefore, Hacac adsorption on an Al2O3-coated powder was
monitored for several sequential Hacac pulses (referred to as �subpulses�)
using in situ IR spectroscopy, following the experiment illustrated in Fig-
ure 4.3e. The IR di�erence spectra shown in Figure 4.3f were determined
from these measurements. This �gure shows IR features that are coverage-
dependent, which indicates that not all of the Hacac adsorbs in chelate con-
�guration at high coverage. In order to help with peak assignments, DFT
was used to calculate the vibrational spectra of Hacac adsorbed on an Al
surface site considering the physisorbed, monodentate, and chelate con�gu-
rations (see Figure 4.8 and Table 4.2). The IR spectrum of the �rst subpulse
predominantly shows the IR peaks in the range of 1700-1200 cm-1, which
is characteristic for acac adsorbates in chelate con�guration on an Al2O3

surface.[38,69,70] From the second subpulse, the C=O peak is visible in the
spectra, which is characteristic for Hacac adsorbates in monodentate con�g-
uration. Moreover, two C-O stretching peaks of the adsorbed Hacac species
are observed at 1595 and 1625 cm-1. The calculations on the vibrational
spectra of Hacac show that the peaks at 1595 and 1625 cm-1 correspond to
the C-O stretch of (H)acac adsorbates in chelate and monodentate con�g-
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urations, respectively. The C-O peak in the spectrum of the �rst subpulse
was observed at 1605 cm-1, which indicates that this peak contains both
chelate and monodentate con�gurations. Therefore, Hacac in monodentate
con�guration is already formed during the �rst subpulse. After the third
subpulse, no further adsorption appears to take place indicated by the lack
of a change in the C-H and C-C/C=C peaks at 1550-1300 cm-1. However,
several positive and negative peaks were observed, which suggest that some
reorganization took place in the Hacac blocking layer, likely related to the
conversion of a portion of the Hacac adsorbates in monodentate con�gura-
tion into chelate con�guration.
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Figure 4.3: Schematic illustrations of Hacac in (a) chelate, (b) monodentate
enol, (c) monodentate ketone, and (d) physisorbed con�guration. The red,
dashed lines represent hydrogen bonds. (e) Representation of the experiment
performed to measure the Hacac adsorption con�gurations as a function of
coverage. The arrows indicate which two measurements were employed for
each di�erence spectrum by pointing toward the reference spectrum. (f) IR
di�erence spectra after consecutive Hacac doses of 5 s using the previous dose
as the reference spectrum.

In order to quantify the amount of Hacac in monodentate con�guration
on the surface at saturation, a gas-phase Hacac spectrum was compared to
the spectrum of adsorbed Hacac in saturation. The area of the C=O peak
can be determined in both of these spectra, as shown in Figure 4.9, and
compared to the area of the C-H stretch between 3100 and 2700 cm-1. For
gas-phase Hacac, the C=O/C-H peak area ratio is 1.2, whereas for adsorbed
Hacac, this ratio is only 0.23. The comparison of these ratios suggest that 20
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± 5% of the adsorbed Hacac is in monodentate con�guration at saturation.
This result is in agreement with the surface functionalization literature,
which shows that it is very challenging to avoid the formation of less fa-
vorable adsorption con�gurations at high surface coverage.[41,44,45] The
observation that a high coverage of acac adsorbates in chelate con�guration
is hard to achieve can be explained by repulsive lateral interactions.[42,71]
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Figure 4.4: (a) Representation of the performed experiment to measure the
loss of Hacac coverage during purging. The arrows indicate which two mea-
surements were employed for each di�erence spectrum by pointing toward the
reference spectrum. (b) IR spectra of Hacac adsorbed on an Al2O3 coated
powder for di�erent purging times. For all purging times, the spectrum after
a saturated Hacac dose (purple) was used as a reference. (c) Hacac peak area
(1700-1300 cm-1) in the IR spectra in (b) as a function of purging time.

To estimate a theoretical saturation coverage for Hacac, stochastic sim-
ulations were performed of Hacac adsorption in chelate con�guration onto
an α-Al2O3 lattice using an algorithm introduced by Hu et al.[48,49] The
acac adsorbates consist of CH3, CH2, and CO groups which have van der
Waals radii of 2.0, 2.0 and 1.7 Å, respectively,[50] with a spacing between
the two CH3 groups of 4.8 Å.[51] Therefore, an acac adsorbate in chelate
con�guration was represented by two halfcircles with radius 2 Å, spaced
4.8 Å apart. The simulations reveal that a maximum of 1.7 ± 0.1 Hacac
molecules/nm2 can adsorb on the Al2O3 surface when only considering the
chelate con�guration. As shown in Figure 4.10, this leaves space available
on the surface where Hacac can adsorb in monodentate con�guration. It
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has been determined experimentally that Hacac adsorbs on Al2O3 surfaces
with up to 2.1 molecules/nm2 at saturation.[70] This discrepancy between
the simulated maximum for the coverage of acac adsorbates in chelate con-
�guration and the reported coverage suggests that a portion of the adsorbed
Hacac needs to be in monodentate con�guration. The discrepancy of 15-25%
corresponds well to the 20% Hacac in monodentate con�guration that was
estimated based on the IR spectroscopy data.

4.3.2 Thermal desorption of Hacac

Because of the cycle-wise refunctionalization of the non-growth area, degra-
dation of the blocking layer during ALD potentially plays a much smaller
role as compared to area-selective ALD using SAMs. However, in order for
Hacac to be e�ective at blocking precursor adsorption, the Hacac molecules
need to remain bonded to the non-growth area during the purging and sub-
sequent precursor dosing steps. The IR peaks attributed to adsorbed Hacac
were monitored as a function of purging time in order to investigate the
rate at which Hacac species desorb from the surface at 150 ◦C. The result-
ing spectra in Figure 4.4b show that Hacac desorption takes place to some
degree. The spectra show IR peaks at 1650 and 1625 cm-1 for the desorbed
Hacac, which are attributed to monodentate C=O and C-O bonds. No IR
peaks that can be attributed to acac adsorbates in chelate con�guration
were observed in these spectra, which represent the desorbed species. It can
therefore be concluded that the portion of the Hacac that desorbs from
the surface was adsorbed in monodentate con�guration before desorption.
This is consistent with the DFT data indicating that acac adsorbates in
chelate con�guration are more strongly bonded to the surface (1.24 eV).[27]
In Figure 4.4c, the integrated peak area of the Hacac signal as function of
purging time shows an exponential decrease in Hacac coverage to 9% des-
orption after 24 h. Using the Arrhenius equation,[72] the desorption rate for
acac adsorbates in chelate con�guration was calculated (see the Supporting
Information). The calculations suggest that in 24 h only 0.5% desorption
should take place, when considering acac adsorbates in chelate con�gura-
tion. As di�usion out of the powder is not taken into account in this analysis,
this is the maximum desorption that can occur. For Hacac in monodentate
con�guration, a 13% desorption was calculated for the same time window.
The calculations support the claim that the observed desorption of Hacac
species from the Al2O3 non-growth area should primarily include Hacac
species that were in monodentate con�guration before desorption.
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4.3.3 Experimental results on precursor blocking

As a mixture of the monodentate and chelate con�gurations is formed on
the Al2O3 at saturation, it is vital to evaluate whether both con�gurations
have the ability to block precursor adsorption. In order to experimentally
study the mechanism of blocking BDEAS precursor adsorption by Hacac
inhibitor molecules, an Al2O3-coated powder substrate was �rst exposed
to a saturated dose of Hacac. Subsequently, the functionalized surface was
monitored as a function of BDEAS dosing, and the resulting IR spectra are
shown in Figure 4.5b. As adsorption of a BDEAS molecule occurs through
elimination of its amino ligands, the Si-H stretching mode at 2300-2000 cm-1
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BDEAS BDEAS etc.Hacac

a)

IR IR IR

0 5 10 15 20
0.90

0.92

0.94

0.96

0.98

1.00

Hacac
BDEAS

BDEAS dose (s)

N
or

m
al

iz
ed

H
ac

ac
co

ve
ra

ge

0.00

0.02

0.04

0.06

0.08

0.10

N
or

m
al

iz
ed

BD
EA

S
co

ve
ra

ge

c)

1st dose

2nd dose

2200 2000 1800 1600 1400

1625

1st BDEAS dose
4th BDEAS dose
8th BDEAS dose

Ab
so

rb
an

ce

Wavenumber (cm-1)

0.005
SiH

b)

1660

1595

Figure 4.5: (a) Representation of the performed experiment to measure the
loss of Hacac coverage as a function of BDEAS precursor dosing. The arrows
indicate which two measurements were employed for each di�erence spectrum
by pointing toward the reference spectrum. (b) IR di�erence spectra after
consecutive BDEAS pulses of 1 s. For all IR spectra, the spectrum after a
saturated Hacac dose was used as a reference. (c) Graph showing the Hacac
(1700-1300 cm-1) and Si-H (2300-2000 cm-1) peak area as a function of BDEAS
dose. The Hacac peak area was normalized to the saturated Hacac coverage,
and the Si-H peak area was normalized to a monolayer of adsorbed BDEAS.

for the number of adsorbed BDEAS molecules,[47,73-75] which in turn cor-
relates to the ability of the inhibitor molecules to block precursor adsorption.
The IR spectra show an increase of the Si-H stretching mode with increas-
ing BDEAS dose despite the presence of the Hacac blocking layer, revealing
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that the blocking of BDEAS adsorption by the adsorbed Hacac inhibitor
molecules is not complete. In saturation, 8% BDEAS adsorption was ob-
served as compared to a monolayer of adsorbed BDEAS molecules, which
corresponds to 0.17 Si atoms/nm2 being deposited during the �rst ABC-
type ALD cycle. Assuming that all of these Si atoms can potentially act as
nucleation sites and using the nucleation model as proposed by Parsons,[76]
a nucleation delay of ∼10 ALD cycles is estimated, which is shorter than
expected based on our previous ellipsometry studies.[27] The discrepancy
is caused by the very large BDEAS doses and long purges required because
of the use of powder substrates. As will be discussed later in Section 3.5,
very large precursor exposures are more di�cult to block by the inhibitor
molecules, and therefore the observed nucleation delay on planar substrates
is larger than predicted from the IR measurements.

b) c)a)

Figure 4.6: Results of the density functional theory calculations (PBE D3BJ)
of interactions between adsorbed Hacac molecules and incoming BDEAS pre-
cursor molecules using periodic boundary conditions. The illustrations show
the three Hacac con�gurations explored in this study: (a) physisorbed Hacac
ketone, (b) monodentate Hacac enol, and (c) chelate Hacac.

Coinciding with the BDEAS precursor adsorption, a loss in Hacac cov-
erage was observed. Taking into account the time scales in which these
experiments were performed, less than half of the observed loss in Hacac
coverage can be attributed to thermal desorption (see Section 2.2). There-
fore, there appear to be interactions between the adsorbed Hacac molecules
and the dosed BDEAS that lead to the displacement of Hacac molecules
from the surface, and subsequently to BDEAS adsorption. The IR peaks of
the lost Hacac molecules in Figure 4.5b again show a C-O peak at 1625 cm-1,
which is attributed to Hacac adsorbates in monodentate con�guration. No
evidence was found of a reaction, where a BDEAS molecule chemisorbs to
the OH group of an adsorbed Hacac molecule in monodentate con�gura-
tion, which would shift the C-O peak of this Hacac molecule to 1550 cm-1
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in Figure 4.5b.[77] In Figure 4.5c, the integrated areas of the IR peaks for
the Si-H stretch and adsorbed Hacac molecules are shown as a function
of BDEAS dose. Taking into account the thermal desorption behavior mea-
sured for Hacac (see Figure 4.4c), an exponential �t of both data sets results
in similar time constants for BDEAS adsorption and Hacac displacement,
which suggests that they are correlated.

4.3.4 Theoretical results on precursor blocking

To gain more insight into the displacement of adsorbed Hacac species during
area-selective ALD as described above, DFT calculations were performed
on how (H)acac adsorbates interact with the incoming BDEAS precursor
molecules, see Figure 4.6. Speci�cally, attractive interactions between the
inhibitor molecules and incoming precursor molecules that could lead to
precursor adsorption and therefore ALD nucleation were identi�ed. Based
on our previous work, three main (H)acac adsorption con�gurations were
explored: (i) physisorbed, (ii) monodentate, and (iii) chelate. The chelate
con�guration was found to be the most exothermic adsorbate and is the
only structure of the three con�gurations that is bonded with both oxy-
gen atoms to the surface. The physisorbed and monodentate con�gurations
have free O/OH groups that could potentially interact with the incoming
BDEAS precursor. The interactions between incoming BDEAS molecules
and the abovementioned (H)acac adsorption con�gurations were calculated
using three levels of theory as explained in Section 2.5, and the results
are summarized in Table 4.1. For chelate, an attractive interaction of 0.27
eV was found (for PBE D3BJ). At 150 ◦C , the life time associated with
an attractive interaction of 0.27 should be negligibly small (∼10-7 to 10-10

s). An acac adsorbate in chelate con�guration is therefore likely to be in-
ert toward the incoming BDEAS precursor molecule and should e�ectively
block the precursor adsorption. Therefore, it is unlikely that interactions
between acac adsorbates in chelate con�guration and the incoming BDEAS
molecule lead to precursor adsorption. However, for the Hacac adsorbates
in physisorbed and monodentate con�guration, the DFT calculations show
stronger attractive interactions between the adsorbed Hacac and incoming
BDEAS molecule (see Table 4.1). Although the exact energy values may
be di�erent across the employed levels of theory, they all show that it is
less favorable for BDEAS to interact with acac in the chelate con�gura-
tion than with Hacac in the physisorbed or monodentate form. Incoming
BDEAS molecules were found to have attractive interactions with both O
and OH groups from monodentate or physisorbed Hacac species. These at-
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tractive interactions are expected to be the starting point for a reaction
where an Hacac molecule adsorbed in physisorbed or monodentate con�g-
uration is displaced from the surface, leading to a chemisorbed BDEAS
molecule. Such a reaction pathway would explain the displacement of ad-
sorbed Hacac species during the BDEAS pulse that was observed by the in
situ IR measurements shown in Figure 4.5b.

Table 4.1: Calculated Interaction Energies between BDEAS and (H)acac
Molecules on the Al2O3 Surface Using the Procedure Discussed in Section
2.5. Three levels of theory (PBE D3BJ, PBE D2, and optPBE-vdW) were
employed for the DFT calculations. All values are in eV.

PBE D3BJ PBE D2 optPBE-vdW

(1) Hacac physisorbed-BDEAS -0.45 -0.81 -0.58

(2) Hacac monodentate-BDEAS -0.81 -0.87 -0.85

(3) acac chelate-BDEAS -0.27 -0.28 -0.35

Moreover, the interactions between incoming BDEAS molecules and ad-
sorbed Hacac molecules were studied for di�erent BDEAS orientations (see
Figure 4.11). The strongest attractive interactions, in terms of precursor
orientation, for each of the explored (H)acac con�guration are illustrated in
Figure 4.6. It was found that the interactions between Hacac and BDEAS
are more attractive if the BDEAS molecule approaches the surface with the
amine ligand (0.81 eV). In this case, the free OH group of the Hacac adsor-
bate in monodentate con�guration forms a hydrogen bond with the nitrogen
atom of the amine ligand, providing a stable interaction (see Figure 4.6b).
If the precursor molecule approaches with its -H ligand, the interaction be-
tween this hydrogen atom and the OH group is -0.28 eV (see Figure 4.11c),
which is not expected to lead to nucleation of the ALD process. There-
fore, the calculations reveal that the amine ligands of the BDEAS precursor
molecules play a role in the undesired BDEAS precursor adsorption on the
non-growth area. The loss of selectivity cannot be attributed solely to in-
e�ective blocking by the inhibitor molecules, but instead is a result of the
combination of inhibitor and precursor chemistry.

4.3.5 In�uence of precursor exposure on selectivity

As undesired precursor adsorption on the non-growth area was found to be
governed by interactions between Hacac adsorbates in monodentate con�g-
uration and the BDEAS molecules, it is expected that selectivity should
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depend on the BDEAS dose. In order to investigate the in�uence of pre-
cursor dose on selectivity, SiO2 nucleation was investigated as a function
of precursor dose using in situ spectroscopic ellipsometry on planar Al2O3

substrates. The results in Figure 4.7a show that the nucleation behavior
is strongly dependent on the BDEAS dose. In order to eliminate any ef-
fects that the dosing pressure might have on selectivity, BDEAS was dosed
while continuously pumping down the reactor, resulting in a BDEAS partial
pressure of ∼3 mTorr throughout the BDEAS pulse. In Figure 4.7b,c, the
growth per cycle (GPC), as measured in the linear regime of the nucleation
curve, and the thickness that can be deposited on the growth area while
maintaining a selectivity of at least 0.9 (tS=0.9)[76] are shown as a function
of the BDEAS dose. The results show that for SiO2 ALD on the SiO2 it-
self, a 2 s BDEAS dose is required to saturate the surface with precursor
molecules. However, on the Al2O3 non-growth area functionalized with Ha-
cac molecules, tS=0.9 decreases as a function of the BDEAS dose even for
doses longer than 2 s. At large BDEAS doses, tS=0.9 reaches a minimum of
∼8 Å, which suggests that BDEAS adsorption on an Hacac-functionalized
Al2O3 surface saturates at much larger doses than the 2 s dose required for
saturation on the growth area. In summary, dosing BDEAS for more than 2
s does not in�uence the deposition on the growth area, but it does decrease
the nucleation delay on the non-growth area.

The fact that increasing the BDEAS dose above saturation a�ects se-
lectivity can explain the discrepancy in what was observed for the IR mea-
surements in Figure 4.5 and the nucleation curves reported in our previ-
ous work.[27] For the IR measurements, relatively large BDEAS doses are
employed in order to saturate the surface of the powder substrate. The el-
lipsometry results show that the BDEAS precursor blocking e�ciency of
adsorbed Hacac is dependent on the BDEAS dose. Therefore, there is room
for improvement of the selectivity by optimizing the BDEAS dosing condi-
tions. As shown in Figure 4.7, if the BDEAS dose is in undersaturation, the
selectivity is higher as compared to an ALD process with saturated BDEAS
doses. Dosing BDEAS for 1 s as opposed to the 2 s that are required for
saturation on the growth area, results in a decrease in GPC from 0.86 to
0.77 Å/cycle, whereas the nucleation delay is increased. Because of this in-
crease in the nucleation delay, tS=0.9 is roughly 4 Å larger (tS=0.9 = 18 Å)
for a 1 s BDEAS dose as opposed to the saturated case (tS=0.9 = 14 Å).

The dependence of the selectivity on the precursor dose is caused by the
BDEAS adsorption on the non-growth area which occurs through an inter-
action with the Hacac adsorbates in monodentate con�guration. BDEAS
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adsorption on the non-growth area has a di�erent reaction rate as com-
pared to the regular adsorption reaction through interactions with surface
hydroxyl groups. These observations connect to a more general statement:
the reactions that lead to precursor adsorption on the non-growth area are
typically side reactions that are not necessarily self-limiting, meaning that
selectivity could depend on the precursor dosing conditions (e.g., pressure
or exposure).[16]
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Figure 4.7: (a) Nucleation curves for SiO2 ABC-type ALD on Al2O3 using
di�erent BDEAS dose times as measured by in situ spectroscopic ellipsometry.
(b) GPC of the area-selective ALD process as a function of BDEAS dose,
determined from a linear �t through the last 10 data points of the curves in
(a). (c) Thickness that can be deposited on the growth area with a selectivity
of at least 0.9,[76] as a function of BDEAS dose.

4.4 Conclusions

Within the framework of area-selective ALD of SiO2, the mechanism of
blocking BDEAS adsorption on an Al2O3 non-growth area by Hacac in-
hibitor molecules was investigated. Hacac was found to adsorb in a mix-
ture of monodentate and chelate con�gurations when Hacac is dosed in
saturation. IR spectroscopy and DFT calculations showed that the Hacac
adsorbates in monodentate con�guration play a large role in loss of se-
lectivity. Two mechanisms that decrease the selectivity of the investigated
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area-selective ALD process were identi�ed, both concerning Hacac adsor-
bates in monodentate con�guration; (i) desorption of the inhibitor molecules
as a function of purging time and (ii) attractive interactions between the
adsorbed inhibitor and the incoming precursor molecules, which lead to
displacement of adsorbed inhibitor molecules and consequently precursor
adsorption.

The obtained insights have broad implications for the design of area-
selective ALD processes. It can be expected that other inhibitor molecules
will likely su�er from similar mechanisms causing loss of selectivity. In order
to improve the selectivity, both of the abovementioned mechanisms will need
to be addressed. Monofunctional inhibitor molecules could be considered to
prevent the formation of a mixture of adsorption con�gurations at satura-
tion. However, these molecules generally bond less strongly to surfaces as
compared to bifunctional molecules. Achieving high selectivity will there-
fore require careful selection of the employed inhibitor molecule such that:
(i) desorption of inhibitor species is prevented for all possible adsorption
con�gurations through stronger bonds with the non-growth area and (ii)
precursor adsorption is blocked regardless of the adsorption con�guration.
In addition, the chemical structure of the precursor molecule was found
to a�ect the strength of the attractive interactions that take place with
the adsorbed inhibitor molecules. As it was found that both the inhibitor
and precursor chemistry play a role in the loss of selectivity, development
of an area-selective ALD process with high selectivity requires selection of
complementary sets of inhibitor and precursor molecules.
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4.A Appendix

DFT assignment of IR peaks

1900 1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm-1)

Figure 4.8: IR spectra for Hacac adsorbed in physisorbed, monodentate enol
(C-OH), monodentate keto (C=O), and chelate con�guration as calculated by
DFT.

Table 4.2: IR assignments of Hacac adsorbed in chelate, monodentate (C-
OH), monodentate (C=O), and physisorbed con�guration.

Mode
Wavenumber (cm-1)

Chelate Monodentate, C=O Monodentate, C-OH Physisorption

ν(C=O) � 1754 � 1610

ν(C=O)
� � � �

+ ν(C=C)

νsym(C-O)
1570 � 1590 �

+ ν(C=O)

ν(C=C) 1528 � 1542 �

δ(CH3) � 1430 1423 1422

νsym(C-O) 1395 � 1342 �

single ν(C-O) � 1648 � 1344

ν(C-C)) 1280 1242, 1342 � 1241

Geometry optimizations were calculated using the software package Orca,[78]
the hybrid functional Becke3 Lee-Yang-Parr (B3LYP), the dispersion cor-
rection DFT-D3 with the Becke-Johnson (BJ) damping function, and the
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6-311G** basis set. Frequency analyses was carried out for several Hacac
adsorption con�gurations on Al2O3 for which the surface was simpli�ed by
considering a single Al site Al(OH)3 similar to previous studies.[79,80] The
main goal for these calculations was to track the changes in frequencies
of the Hacac after adsorption. All frequencies were uniformly corrected for
anharmonicity by a factor of 0.97.[81]
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Figure 4.9: Measured IR spectra showing the C-O and C=O peaks and �tted
curve to the C-O peak for (a) gas-phase Hacac and (b) adsorbed Hacac.

Stochastic simulations

a) b)

Figure 4.10: (a) Stochastic simulation results on Hacac adsorption in chelate
con�guration on an α-Al2O3 lattice. (b) The same results with Hacac adsorbed
in monodentate con�guration drawn in su�ciently large open spaces. Please
note that stochastic simulations are also referred to as random sequential
adsorption (RSA) simulations later in this dissertation. For more details see
Section 8.2.2
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Calculation of the thermal desorption rate for (H)acac ad-
sorbates in chelate and monodentate con�guration

In order to calculate the thermal desorption rate k for (H)acac adsorbates
in chelate and monodentate con�guration, the Arrhenius equation[72] was
used, which is given by,

k = vne
−E/kBT (4.1)

where vn is a pre-exponential factor, E is the binding energy in eV/molecule,
kB is the Boltzmann constant and T is the temperature. vn can be deter-
mined by performing a redhead analysis[82] using thermal desorption data,
e.g., data from Kytökivi et al.[70] This analysis results in a pre-exponential
factor that is given by,

vn =
E

kBTP
2βe

−E
kBTP (4.2)

where TP is the temperature at which the maximum desorption rate is mea-
sured and β is the heating rate of the sample using these formulas. Using
the abovementioned method, theoretical desorption rates for the di�erent
adsorption con�gurations of Hacac can be compared to the 9% desorption
observed using IR spectroscopy. A desorption rate of 3.3·10-6 min-1 was cal-
culated for acac in chelate con�guration (E=1.24 eV from DFT)[27], and
with this rate, it takes 20 days for 9% of the acac in chelate con�guration to
desorb from the surface. However, this requires H2O molecules to be present
on the surface for associative desorption of the acetylacetonate adsorbate,
and without H2O the time required to reach 9% desorption should even
be longer. Hacac in monodentate con�guration is only bonded with 0.82
eV to the surface and requires no H2O for desorption. For the monoden-
tate con�guration, a desorption rate of 8.9·10-5 min-1 was calculated, and
if therefore only takes 1000 minutes in order to reach 9% desorption. This
is assuming that the thermal desorption behavior of Hacac in monoden-
tate con�guration is similar to desorption of acac in chelate con�guration
in terms of vn.



4

Mechanism of Precursor Blocking by Hacac Inhibitor Molecules | 97

E�ect of precursor orientation on the attractive interaction
between BDEAS and (H)acac adsorbates

a) b) c)

Figure 4.11: Additional DFT calculated interactions (PBE D3BJ) between
incoming BDEAS molecules and adsorbed Hacac: (a) chelate adsorbate with
BDEAS (with -H ligand towards the vacuum), Einteraction = -0.21 eV, (b)
chelate adsorbate with BDEAS (with amino ligand towards the vacuum),
Einteraction = -0.20 eV, and (c) monodentate adsorbate with BDEAS (with -H
ligand towards the free OH group), Einteraction = -0.28 eV.

To validate the use of the Al2O3 cell with the given constraints and di-
mensions, we calculated the adsorption energy of the chelate structure, and
compared the value to our previous work.[27] Using the same level of theory
(PBE and D3BJ), we calculated an adsorption energy of -0.98 eV, a di�er-
ence of 0.01 eV in comparison with the previously reported value of -0.99
eV. The calculated structure is shown in Figure 4.12.
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Figure 4.12: DFT calculation (PBE D3BJ) of chemisorbed Hacac in chelate
con�guration using the slab chosen for this study.

The use of a 3×3 cell in contrast to a 4×4 cell used in our previous work
was validated by comparing the interaction energy between acac chelate
and BDEAS in both cells. The interaction energy calculated in the 3×3 cell
was -0.27 eV while the energy in the 4×4 cell was -0.28 eV. The calculated
structure in the 4×4 cell is shown in Figure 4.13.

Figure 4.13: DFT calculated (PBE D3BJ) minimum of the interaction en-
ergy between chemisorbed Hacac in chelate con�guration and BDEAS pre-
cursor in a 4×4 cell.

The interaction energy reported in this chapter was calculated as fol-
lows: First, a geometry optimization of the Hacac molecule on the surface
was carried out. Second, the BDEAS molecule was introduced on top of
the (H)acac adsorbed on the surface, and a second geometry optimization
was performed. Single point calculations (SPC) of the individual compo-
nents were carried out after the second geometry optimization to avoid
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that changes between the (H)acac adsorbate and the surface during the
second optimization interfere with the reported interaction energy between
the BDEAS and Hacac,. The interaction energy was calculated from equa-
tion 1.

Einteraction = E(BDEAS + (H)acac+Al2O3)
∗ − E(BDEAS)†

− E((H)acac+Al2O3)
‡ (4.3)

∗Value obtained from the optimization of BDEAS onto the (H)acac ad-
sorbed on Al2O3.
†Value obtained by carrying out a SPC of the BDEAS using the coordinates
from the second geometry optimization.
‡Value obtained by carrying out a SPC of the (H)acac adsorbed on Al2O3

using the coordinates from the second geometry optimization.
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5
Insight into the Removal and Reapplication of

Small Inhibitor Molecules during Area-Selective
Atomic Layer Deposition of SiO2

Abstract: As the semiconductor industry progresses toward more complex mul-
tilayered devices with ever smaller features, accurately aligning these layers with
respect to each other has become a bottleneck in the advancement to smaller
transistor nodes. To avoid alignment issues, area-selective atomic layer deposition
(ALD) can be employed to deposit material in a self-aligned fashion. Previously, we
demonstrated area-selective ALD of SiO2 using three-step (i.e., ABC-type) ALD
cycles comprising an acetylacetone (Hacac) dose (step A), a bis(diethylamino)
silane precursor dose (step B), and an O2 plasma exposure (step C). In this chap-
ter, the mechanisms of the removal and reapplication of the inhibitor molecules
during area-selective ALD were studied, with the aim of enhancing the selectivity
of the process. In situ infrared spectroscopy shows that the O2 plasma exposure
does not completely remove the adsorbed Hacac species (i.e., acac adsorbates) at
the end of the cycle. The persisting species were found to contain fragments of
Hacac molecules, which hinder subsequent inhibitor adsorption in the next ALD
cycle, and thereby contribute to a loss in selectivity. Alternatively, it was found
that an H2 plasma is able to completely remove all acac species from the surface.
An improvement in selectivity was achieved by using a four-step ALD cycle that
includes an H2 plasma step, allowing the nucleation delay to be prolonged from
18 ± 2 to 30 ± 3 ALD cycles. As a result, 2.7 ± 0.3 nm SiO2 can be deposited
with a selectivity of 0.9, whereas only 1.6 ± 0.2 nm can be achieved without the
H2 plasma step. This work shows that the addition of a dedicated inhibitor re-
moval step before the reapplication of the inhibitors can signi�cantly improve the
selectivity.

Published as: Merkx, M.J.M.; Jongen, R.G.J.; Mameli, A.; Lemaire, P.C.; Sharma, K.;
Hausmann, D.M.; Kessels, W.M.M.; Mackus, A.J. M. J. Vac. Sci. Technol. A 2021, 39,
012402
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5.1 Introduction

Feature alignment in complex multilayered devices is becoming a major
bottleneck for the fabrication of nanoelectronics at sub-5 nm nodes.[1-
3] Self-aligned fabrication schemes are currently being developed to relax
these constraints.[2-7] To enable the development of self-aligned fabrica-
tion schemes, bottom-up processing steps are needed in which material is
only deposited where it is required, referred to as area-selective deposition
(ASD). ASD exploits di�erences in local surface chemistry on a patterned
substrate to allow for selective deposition of a material. Since ASD em-
ploys the pattern on a substrate as a template, the deposited material is
intrinsically aligned to the initial pattern.

Atomic layer deposition (ALD) relies on the alternating, self-limiting
adsorption of a precursor and a co-reactant.[8] ALD provides a high unifor-
mity, conformality, and atomic-level thickness control, which, when com-
bined with the self-alignment of ASD, yields a bottom-up process with
a high control of the material deposition. ALD typically results in uni-
form deposition of material over the entire substrate. In some speci�c cases,
the selective adsorption of an ALD precursor can be exploited to achieve
ASD;[9-11] however, in general, the process needs to be altered to enable
area-selective ALD. For example, the non-growth area (i.e., the surface on
which no deposition should take place) can be deactivated by selective func-
tionalization using inhibitor molecules such that precursor adsorption only
takes place on the growth area (i.e., the surface on which deposition is
desired).

Self-assembled monolayers (SAMs) are often used as inhibitor layers,
which are typically applied prior to ALD using wet chemistry.[12-18] Al-
ternatively, small inhibitor molecules are recently being considered for de-
activation of the non-growth area.[19-22] Here, we consider small inhibitor
molecules that can be applied in vapor-phase during the area-selective ALD
process. In general, the selectivity of an area-selective ALD process is even-
tually lost after a certain number of ALD cycles, through degradation of
the inhibitor layer, e.g., by thermal desorption of the inhibitor, interactions
between the inhibitor and the precursor, or the use of highly reactive co-
reactants like ozone or plasmas.[21,23-25] As a result, reapplication of the
inhibitors can greatly bene�t the selectivity.[26] Selectivity is typically de-
�ned as S =

θga−θnga

θga+θnga
, where θga and θnga correspond to the amounts of

deposited material on the growth area and on the non-growth area, respec-
tively.[27]

Our approach to area-selective ALD relies on vapor-phase reapplication
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of small inhibitor molecules at the start of every ALD cycle as illustrated in
Figure 5.1. Vapor-phase dosing is desired in industrial processing, since it
allows for application of the inhibitor in much shorter time scales and in the
same vacuum vessel as used for the ALD process. By using small inhibitor
molecules, we previously demonstrated area-selective ALD of SiO2, WS2,
and TiN.[20,21,28,29] In this approach, the inhibitor molecules are only
required to remain on the surface until the end of the subsequent precursor
dose. As a result, degradation of the inhibitor layer plays a much smaller
role in the selectivity of the process, when compared to approaches that
involve surface functionalization only before the deposition. Moreover, this
approach is compatible with the use of a plasma as the co-reactant.

Hacac O2 PlasmaBDEAS H2 Plasma

O

H3C CH3

O Si
N

H3C

N
CH3

CH3

H H

H3C

Figure 5.1: Schematic illustration of the original ABC-type ALD cycle and
the improved ABDC-type ALD cycle for area-selective ALD of SiO2. In the
original process, inhibitor molecules are dosed during step A, which selectively
adsorb on the non-growth area of a pattern. Subsequently, the adsorbed in-
hibitor molecules block precursor adsorption on the non-growth area during
step B when the precursor is dosed. Finally, in step C, the inhibitor molecules
and the precursor ligands are (partially) removed from the surface by an O2

plasma exposure. The improved process includes an additional step (step D)
prior to the O2 plasma during which the substrate is exposed to an H2 plasma.
During this step, the inhibitor molecules are more e�ectively removed from
the non-growth area.

Area-selective ALD of SiO2 is of interest since SiO2 is commonly used
as a low-κ insulation material in the semiconductor industry.[30] An im-
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portant application of area-selective SiO2 ALD is the fabrication of a fully
self-aligned vertical interconnect access (FSAV with V is via). Recently, it
became clear that the FSAV will most likely pioneer area-selective ALD
in the industry.[4,6] This application aims at relaxing the alignment con-
straints for lower-level metal interconnects (i.e., M1 and M2 metal layers)
in the back-end-of-line (BEOL) by selectively depositing a low-κ dielec-
tric (e.g., SiO2) on the dielectric surfaces in between the metal lines.[2,3,5]
The material added by area-selective deposition creates a topography that
mitigates the consequences of alignment errors in the subsequent via fab-
rication. The thickness of the dielectric that forms this topography only
needs to be a few nanometers depending on the quality and choice of the
dielectric material.[4] It is challenging to perform thermal ALD of SiO2 at
low substrate temperatures due to the low reactivity that Si precursors have
toward either the surface or the co-reactant, and SiO2 is, therefore, typi-
cally deposited using plasma-assisted ALD.[31,32] As a result, processes for
area-selective ALD of SiO2 are required to be compatible with a plasma as
the co-reactant.

To enable area-selective ALD of SiO2, we previously demonstrated a pro-
cess that employs ABC-type ALD cycles comprising the dosing of acetylace-
tone (Hacac) inhibitor molecules (step A), bis(diethylamino)silane (BDEAS)
precursor molecules, and an oxygen plasma exposure (step C).[20,21] In our
previous work, we have investigated the blocking of precursor molecules
by adsorbed Hacac inhibitor molecules and found that Hacac adsorbs in
two di�erent bonding con�gurations, i.e., chelate and monodentate con-
�guration.[21] Hacac adsorbates in monodentate con�guration are unable
to block BDEAS precursor adsorption, which leads to a loss in selectivity.
Therefore, besides the main requirements for an inhibitor molecule in terms
of selective adsorption and good precursor blocking, all possible inhibitor
adsorption con�gurations need to be considered when selecting suitable in-
hibitor molecules for area-selective ALD. In addition, the use of a plasma co-
reactant during area-selective ALD introduces requirements for the process
concerning the inhibitor removal and reapplication, which have to be sat-
is�ed independently from the requirements identi�ed in our previous work.
During a plasma exposure, a large portion of the inhibitor molecules are ex-
pected to be removed from the non-growth area, and it is therefore critical
that reapplication of the inhibitor molecules restores the inhibitor layer to
its original state before the plasma exposure. In order to prevent the for-
mation of defects in the inhibitor layer as a result of repeated removal and
reapplication of inhibitors [see Figure 5.2(a)], the co-reactant must com-
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pletely remove the inhibitor adsorbates from the surfaces or alternatively
should not induce dissociation of the inhibitor species. The latter is very
challenging to achieve when using organic molecules as inhibitors. There-
fore, complete inhibitor removal during every cycle should be targeted to
achieve high selectivity.

The aim of this study is to provide insight into the reaction mecha-
nisms involved in the cycle-wise removal and reapplication of small inhibitor
molecules during area-selective ALD. To this end, inhibitor adsorption and
plasma removal were studied using in situ ellipsometry and infrared (IR)
spectroscopy, considering Hacac on an Al2O3 non-growth area as a model
system. It was found that an O2 plasma is unable to completely remove the
inhibitor species from the non-growth area, which leads to loss of selectiv-
ity. Therefore, the addition of an H2 plasma step in a four-step process (see
Figure 5.1) was studied in order to more e�ectively remove Hacac inhibitor
species from the surface. The nucleation behavior of the ALD processes
and the impurity levels of the SiO2 �lms deposited with and without H2

plasma steps were investigated. Based on the acquired insights, the process
requirements for the removal and reapplication of inhibitor molecules are
discussed.

5.2 Experimental details

5.2.1 Reactors

The IR experiments were performed in a home-built ALD reactor. This
reactor is equipped with an inductively coupled plasma source, a turbo-
molecular pump backed by a roughing pump, and a Prevac manipulator as
described in more detail in a previous work.[21] All other depositions were
performed in an Oxford Instruments FlexAL reactor, which is similar to the
home-built reactor in terms of the plasma source and pump system but is
also equipped with a loadlock.[33]

5.2.2 ALD process

The three-step (i.e., ABC-type) ALD process employed in this work is iden-
tical to the ABC-type process described in our previous work.[20,21] For
the four-step (i.e., ABDC-type) ALD process, 4 s H2 gas �ow stabilization,
25 s H2 plasma, and 3 s purge steps were added between the precursor
and O2 plasma step without alteration of the rest of the cycle (Figure 5.1).
All plasma exposures in this chapter were operated with a grounded sub-
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strate table. The H2 plasma was operated at 300 mTorr and 600 W. These
plasma conditions were found to yield optimal results in terms of the selec-
tivity (see Fig. 5.7). Before each deposition, the substrate was exposed to
Ar (100 SCCM) and O2 (50 SCCM) �ows at 250 mTorr for 20 min to fa-
cilitate the heating of the substrate to a stable temperature. Subsequently,
the substrate was exposed to 5 min of O2 plasma in order to remove any
adventitious carbon from the surface. All experiments were performed at
150 ◦C.

5.2.3 IR spectroscopy

The details of the IR setup are described in a previous work.[21] Instead
of a powder substrate, a planar Si substrate was employed, which prevents
surface recombination of plasma radicals from a�ecting the experimental
results. The sample was heated by an electrical current through the Si sub-
strate, and the temperature was monitored using a thermocouple that was
attached to the substrate. Prior to the experiments, these substrates were
coated using 30 ALD cycles of the Al2O3 (TMA/H2O) ALD process at 300
◦C.

5.2.4 Spectroscopic ellipsometry

The subcycle results of Figure 5.2 and the nucleation curves in Figure 5.6
were measured using in situ spectroscopic ellipsometry. A J.A. Woollam
M2000D ellipsometer with a range of 1.3-5 eV was employed at an angle
of incidence of 70◦. All ellipsometry experiments were performed on planar
substrates in the Flexal reactor. For the subcycle experiments, alternating
Hacac and plasma exposures were applied to the substrate, and ellipsome-
try measurements were performed after each exposure. These experiments
allow for investigating the amount of added and removed inhibitor species
after each individual step. Since the dielectric function of a monolayer of
adsorbed Hacac is unknown, the ellipsometry measurements yield an �ap-
parent� thickness, which can be used as a measure of adsorbed inhibitor
molecules on the surface.[34] To determine the nucleation curves presented
in Figure 5.6, ellipsometry measurements were only performed at the end
of each ALD cycle and give insight into how much SiO2 has been deposited
on the substrate. A Cauchy model (A = 1.55, B = 0.01; n = 1.58 at 600
nm) was used to determine the adsorption of Hacac (Figure 5.2) and the
growth of SiO2 (Figure 5.6). Prior to the experiments, the substrates were
coated with either Al2O3 or SiO2 using 300 ALD cycles of TMA/O2 plasma
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or BDEAS/O2 plasma, respectively.

5.2.5 X-ray photoelectron spectroscopy

The XPS depth pro�les were measured using a K-Alpha system from Thermo
Scienti�c. A 1000 eV Ar ion beam was employed to sputter through a 10
nm SiO2 �lm. Sputter intervals of 30 s were used between measurements. A
distinction was made between elemental Si (99.4 eV) and SiO2 (103.5 eV)
in the Si 2p peak in order to di�erentiate between the substrate and the
deposited �lm. Before depth pro�ling, a survey measurement was performed
over the entire range of the XPS (0-1350 eV) to rule out any unexpected
impurities.

5.3 Results and discussion

Subcycle ellipsometry measurements were performed in order to study the
removal and reapplication of inhibitor species when using a plasma as the
co-reactant. As discussed in the Introduction, all adsorbed inhibitor species
should be removed from the surface after the plasma exposure to ensure a
clean non-growth area for the subsequent ALD cycle [Figure 5.2(a)]. How-
ever, the ellipsometry results in Figure 5.2(b) indicate that the removal of
acac species from an Al2O3 substrate using O2 plasma is incomplete, be-
cause the apparent thickness does not return to 0 nm. After each Hacac
dose, the apparent thickness returns to approximately the same value. The
increase in the apparent thickness during the second Hacac dose is, there-
fore, smaller than the increase during the �rst dose, which suggests that the
inhibitor fragments on the surface are hindering the reapplication of Hacac
inhibitor molecules. The apparent thickness measured after each O2 plasma
exposure appears to increase slightly with respect to the previous plasma
exposure, which is corroborated by the IR data in Fig. 5.9 in theAppendix.
Therefore, there seems to be a build-up of inhibitor fragments on the surface
as a function of repeated removal and reapplication of inhibitor molecules.
This build-up suggests that a part of the persisting species remains on the
Al2O3 surface even after several O2 plasma exposures. The O2 plasma,
therefore, does not seem to fully satisfy the requirements for area-selective
ALD with a plasma co-reactant as discussed in the Introduction.
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Figure 5.2: Removal of Hacac inhibitor species using a plasma. (a) Schematic
illustration of how incomplete removal of inhibitor species leads to defects in
the inhibitor layer. During the plasma exposure, the inhibitor is incompletely
removed leaving fragments on the surface. These fragments could hinder in-
hibitor adsorption in the next cycle and do not necessarily block precursor
adsorption equally well as intact molecules, therefore leading to a loss of
selectivity. (b) and (c) Subcycle ellipsometry results showing the apparent
thickness of Hacac inhibitor species adsorbed on an Al2O3 substrate during
alternating (b) Hacac (step A) and O2 plasma (step C) pulses or (c) Hacac
and H2 plasma (step D) pulses. Since the dielectric function of a layer of acac
adsorbates is unknown, a simple Cauchy model was used to determine the
apparent thickness of the inhibitor layer. This apparent thickness does not
correspond to the actual thickness of the inhibitor layer but can be used as a
measure of the adsorbed inhibitor species on the surface.[34] The results show
that there are persisting inhibitor species on the surface after the O2 plasma
exposures, whereas the inhibitor species appear to be completely removed
after the H2 plasma exposures.

Alternatively, an H2 plasma could be employed to remove the acac ad-
sorbates. H2 plasma has been reported to be very e�ective at removing acac
adsorbates during atomic layer etching (ALE) of AlN using Sn(acac)2.[35]
The removal of acac inhibitor species with an H2 plasma was investigated
using ellipsometry as shown in Figure 5.2(c). The results suggest that, in
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contrast to an O2 plasma, an H2 plasma is able to completely remove the
acac species from the surface, resulting in a clean Al2O3 surface. Moreover,
the apparent thickness after each H2 plasma exposure is slightly negative,
indicating that the Al2O3 surface is altered or etched. Hacac has been re-
ported to be a suitable reactant for ALE of Al2O3 at 250 ◦C.[36] In our
process, repeated Hacac and H2 plasma exposures were found to etch the
Al2O3 slightly (with 0.0036 ± 0.0002 nm/cycle, see Fig. 5.8), most likely
through the formation of Al(acac)3. The apparent thickness after each Hacac
dose in Figure 5.2(c) does not decrease as a result of this etching reaction,
which indicates that it does not a�ect Hacac adsorption.
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Figure 5.3: (a) IR spectra of an Al2O3 substrate functionalized with Hacac,
which has been exposed to O2 plasma for di�erent exposure times. The graph
shows peak assignments that are based on the literature (Refs. 21, 37, and
38; see Table 5.1 in the Appendix). The skeletal deformation modes of the
acac adsorbate complex are not included due to their relatively low intensities.
(b) Integrated IR signal for C-C + CH3 (1560-1500 + 1430-1320 cm-1), C-O
(1710-1560 + 1500-1430 cm-1), and C-O (1775-1710 cm-1) bond containing
species as a function of O2 plasma exposure. The integrated signal for the
C-O bond containing species was multiplied by a factor of 10 for clarity. Note
that there is an overlap between the IR adsorption of the CO and CC + CH3

bond containing species, and therefore there is a small contribution of species
containing C-O bonds to the integrated signal of the species containing C-C
or CH3 groups and vice versa. The integration ranges were chosen such that
the e�ects of this overlap were mitigated.

In order to investigate the persisting species in more detail, the removal
of acac species by O2 plasma was studied using IR spectroscopy. The results
shown in Figure 5.3 indicate that it is challenging to completely remove all
adsorbed Hacac species from an Al2O3 substrate. No signi�cant preference
in the removal of Hacac in monodentate or chelate con�guration[21] was
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observed during the O2 plasma. Importantly, even after 100 s of O2 plasma
exposure, i.e., 20 times longer than what is normally used for the ABC-type
process, C-O and C=O bond containing species persist on the surface, as can
be seen in the spectra in Figure 5.3(a). In addition, the di�erent IR peaks
attributed to adsorbed Hacac do not decrease with the same rates during the
O2 plasma exposure, as can be concluded from Figure 5.3(b). The IR peaks
that indicate the presence of C-O bond containing species decrease slower
than the IR peaks attributed to C-C and C-H bond containing species. This
observation suggests that the acac adsorbates are dissociated during the O2

plasma exposure, resulting in inhibitor fragments on the surface. Moreover,
the IR spectra show peaks at 1640 and 1730 cm-1 that increase with the O2

plasma exposure, which indicates that new C-O and C=O bond containing
species are formed on the Al2O3 surface during the removal reactions. Re-
exposing the surface to Hacac after the O2 plasma exposure (Fig. 5.9 in the
Appendix) shows that these persisting C-O and C=O bond containing
species hinder Hacac adsorption in the next cycle.

The persistence of Hacac fragments during the O2 plasma is surpris-
ing at �rst sight as O2 plasma is commonly used as the cleaning step to
remove organics from a surface. However, the plasma conditions employed
in this study are relatively mild and have, for example, been shown to al-
low for plasma-assisted ALD of SiO2 on perovskite quantum dots without
signi�cant damage to the organic ligands of these quantum dots.[37] Note
that, the formation of persisting C=O and C-O bond containing species, in
the form of formates and carbonates, has also been reported during the O2

plasma step of plasma-assisted ALD of Al2O3.[38-40] In the case of Al2O3

ALD, these formates and carbonates do not block precursor adsorption. The
persisting acac fragments can be expected to behave similarly and could,
therefore, lead to defects in the inhibitor layer as illustrated in Figure 5.2(a).
Possibly, complete Hacac removal could be achieved with harsher O2 plasma
conditions; however, the use of harsher O2 plasma conditions is undesired as
it could cause damage to the deposited SiO2 layer or the employed substrate
(e.g., carbon-doped SiO2 and metal for FSAV applications).

Using an H2 plasma was investigated as an alternative way of removing
the acac adsorbates from the surface. In agreement with the ellipsometry
results, the IR spectra in Figure 5.4 show that complete acac removal can
be achieved with an H2 plasma. Moreover, in contrast to what was observed
for an O2 plasma, all the IR peaks attributed to acac adsorbates were found
to decrease with the same trend (see Fig. 5.10). Hacac adsorption after such
an H2 plasma exposure step should, therefore, be able to proceed indepen-
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dently from any previous inhibitor application or removal steps. The O2

plasma step is still critical for the deposition of an SiO2 �lm since greatly
reduced and nonlinear growth was observed without the O2 plasma step
(see Fig. 5.11), most likely due to incomplete removal of the precursor lig-
ands. By employing H2 and O2 plasma exposures in a four-step ALD cycle,
complete removal of both the inhibitor species and the precursor ligands
can be achieved. The resulting ALD cycle, shown in Figure 5.1, is referred
to as an ABDC-type cycle such that labeling of the inhibitor, precursor,
and O2 plasma steps are the same as for the ABC-type cycle.
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Figure 5.4: (a) IR spectra of the Al2O3 substrate functionalized with Hacac
during an H2 plasma exposure. (b) Integrated IR signal of the Hacac spectra
(1800-1300 cm-1) as a function of O2 and H2 plasma exposure.

It is important to evaluate the material quality of the deposited material
because it a�ects the insulating properties of the SiO2 (e.g., C impurities
typically result in a lower κ-value, whereas H impurities lead to a lower
breakdown voltage).[41,42] In a previous work, SiO2 layers grown with the
BC-type process were electrically characterized and found to have a κ-value
of 4.7.[43] Films deposited using BC-, ABC-, and ABDC-type cycles were
characterized using IR spectroscopy (Figure 5.5) and XPS depth pro�ling
(Fig. 5.13) in terms of impurities. The results show that no C impurities
are incorporated for any of the ALD processes, which means that the ma-
terial quality is not a�ected by dosing Hacac during ALD. In addition, no
signi�cant di�erences in the O content (O/Si = 2.22 ± 0.04 for BC- and
ABC-type cycles, and 2.17 ± 0.04 for ABDC-type cycles) were observed,
which shows that the stoichiometry of the deposited SiO2 is not a�ected.
The IR spectra indicate that the H2 plasma of the ABDC-type cycles results
in a decrease of incorporated OH groups with respect to the other processes,
whereas the number of incorporated SiH groups is increased. However, after
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a 450 ◦C anneal in an N2 environment (i.e., BEOL compatible), it was found
that those SiH and SiOH groups could be removed from the ABDC-type
grown SiO2 �lms (see Fig. 5.12). These results, therefore, show that simi-
larly high-quality SiO2 �lms can be obtained using the BC- and ABDC-type
ALD processes.
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Figure 5.5: (a) Ex situ IR spectra of SiO2 layers deposited using 100 BC,
ABC, or ABDC-type ALD cycles.

Nucleation curves for BC-, ABC-, and ABDC-type ALD cycles were
measured using ellipsometry in order to investigate the e�ects of the added
H2 plasma step on the ALD growth. SiO2 ALD was found to result in im-
mediate growth on an SiO2 substrate regardless of which an ALD cycle was
employed as shown in Figure 5.6(a). Moreover, no signi�cant di�erences in
the growth per cycle were observed between the studied processes, meaning
that the growth of SiO2 is not a�ected by the H2 plasma. In contrast, the
addition of the H2 plasma step does have an in�uence on the nucleation of
SiO2 ALD on Al2O3 surfaces, as shown in Figure 5.6(b). As expected from
our previous work,[20] SiO2 nucleates readily on an Al2O3 substrate when
the BC-type ALD process is employed, whereas adding an Hacac inhibitor
dose to the ALD process results in a nucleation delay of 18 ± 2 ALD cy-
cles (de�ned as the cycle after which the selectivity drops below 0.9).[44,45]
This nucleation delay was found to be reproducible with a minimal run-
to-run variability (see Fig. 5.14). Importantly, the nucleation delay can be
extended to 30 ± 3 cycles by adding an H2 plasma step, which is attributed
to the more complete removal of the adsorbed inhibitor species at the end
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of each cycle, as described above. As a result, the ABDC-type ALD cycle is
able to deposit 2.7 ± 0.3 nm SiO2 (with a selectivity1 of 0.9),[44,45] whereas
the ABC-type ALD process was only capable of depositing 1.6 ± 0.2 nm.
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Figure 5.6: Nucleation curves as measured by in situ ellipsometry for the
BC, ABC, and ABDC-type ALD processes on (a) SiO2 substrates and (b)
Al2O3 substrates. The growth per cycle of each process in the linear growth
regime of the nucleation curves is listed in the legends of (a) and (b).

5.4 Conclusions

The removal of inhibitor species during area-selective ALD using a plasma
was investigated in terms of the mechanisms that can a�ect the selectiv-
ity. It was found that an O2 plasma cannot completely remove all Hacac
inhibitor species from an Al2O3 surface. The Hacac species that persist
during the O2 plasma exposure were found to consist of Hacac fragments.
IR spectroscopy shows that C-O and C=O containing species are formed
during the O2 plasma exposure of the area-selective ALD process. These
species do not e�ectively block precursor adsorption and, therefore, act as
defects in the inhibitor layer during area-selective ALD. Alternatively, an
H2 plasma was observed to result in complete removal of inhibitor species,
leaving a clean non-growth area for inhibitor adsorption in the next ALD
cycle. The nucleation delay for area-selective ALD of SiO2 was extended
signi�cantly by adding an H2 plasma step to the ALD cycle before the O2

plasma co-reactant step.
1Please note that the reported nucleation delay for the ABC-type ALD process in this

work (20 ALD cycles) deviates from the reported nucleation delay in our previous work
(15 ALD cycles).[20] The deviation is cause by this work de�ning the nucleation delay
as the ALD cycle after which the selectivity decreases below 0.9, whereas in a previous
work, it was de�ned as the ALD cycle where ellipsometry �rst showed deposition.
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The requirement of complete inhibitor removal during the process can be
generalized to other area-selective ALD approaches. When using a highly re-
active co-reactant, it can be expected that dissociation of the inhibitor takes
place during the co-reactant exposure, and therefore it is vital that the in-
hibitor molecules are completely removed before the next inhibitor dose.
For ALD processes using ozone as co-reactant, the formation of persisting
formates and carbonates was also reported,[38] which suggests similar dis-
sociation reactions can also be expected in area-selective ALD processes
that involve ozone. When using SAMs as an inhibitor layer, the selectivity
is often lost due to ALD growth within or on top of the SAM layer.[25]
In this case, the removal of the SAM layer was shown to be very bene�-
cial for the selectivity as this also allows for removal (i.e., lift-o�) of the
deposited material.[15,26] From the current study, we learn that reappli-
cation of the inhibitor does not necessarily restore the inhibitor layer to
its original state before degradation. The addition of a dedicated inhibitor
removal step should, therefore, be considered to achieve area-selective ALD
with high selectivity.
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5.A Appendix

Figure 5.7: Nucleation delay on an Al2O3 substrate as measured by in situ
ellipsometry for ABDC-type ALD cycles for di�erent H2 plasma exposures.
The optimum selectivity is achieved for an H2 plasma duration of 25 seconds.

Figure 5.8: Al2O3 thickness as function of sequential Hacac and H2 plasma
doses at 150 ◦C as measured by ellipsometry.
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Table 5.1: IR peak assignment for acac adsorbates on an Al2O3 surface based
on literature.

Peak wave- Assignment Assignment Assignment

number (cm-1) Merkx et al.[21] Slabzhennikov et al.[46] Diaz-Acosta et al.[47]

1775-1710 ν(C=O) � �

1710-1625 ν(C-O) � �

1625-1560 ν(C-O) + ν(C=C) CO + CCC + CCH ν(C=O) + ν(C=C)

1560-1500 ν(C=C) CO + CC + CCH + ν(C=C) + δ(C=CH)

OCC

1500-1430 δ(CH3) CC + CO + CCH + ν(C=O) + δ(CH3)

HCH + CCC

1430-1320 ν(C-O) + ν(C-C) CC + CO + CCH + ν(C=O) + ν(C=C) +

HCH + CCH + OCC δ(CH3)

Figure 5.9: Integrated IR absorbance (1800-1300 cm-1) of inhibitor species
on an Al2O3 surface during sequential Hacac and O2 plasma exposures. The
results show persisting species on the surface after each plasma exposure, with
a build-up of persisting species as function of the number of Hacac/O2 cycles.
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Figure 5.10: Integrated IR signal for species containing C-C + CH3 (1560-
1500 + 1430-1320 cm-1), and C-O (1710-1560 + 1500-1430 cm-1) bonds as a
function of H2 plasma exposure.

Figure 5.11: Growth of SiO2 as measured by ellipsometry for ABDC-type,
and ABD-type ALD cycles (i.e., without an O2 plasma exposure). For the
ABD-type ALD cycles, �lm growth is observed to be non-linear and stops
completely after a couple of ALD cycles, indicating that the precursor ligands
are insu�ciently removed during ALD.
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Figure 5.12: XPS depth pro�les of 10 nm SiO2 thin �lms deposited by (a)
BC-type, (b) ABC-type, and (c) ABDC-type ALD cycles. All depth pro�les
only show C on the surface and similar values and trends for Si(oxide) and O.
These results therefore show that all �lms have a similar stoichiometry and
�lm thickness.

Figure 5.13: Ex-situ FTIR spectra of SiO2 layers deposited using 100 BC
or ABDC-type ALD cycles before and after annealing at 450 ◦C in a N2

environment. After the anneal, the SiO2 layers deposited with BC and ABDC-
type ALD cycles show similar SiH and SiOH content.
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a) b)

Figure 5.14: Nucleation curves as measured by in-situ ellipsometry for the
(a) ABC and (b) ABDC-type ALD processes on Al2O3 substrates. The �gures
show the run-to-run variability of the nucleation delays obtained for the ABC-
type and ABDC-type ALD processes.
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6
The Relation Between Reactive Surface Sites and
Precursor Choice for Area-Selective Atomic Layer

Deposition using Small Molecule Inhibitors

Abstract: Implementation of vapor-phase dosing of small molecule inhibitors
(SMIs) in advanced atomic layer deposition (ALD) cycles is currently being con-
sidered for bottom-up fabrication by area-selective ALD. When using SMIs, it
can be challenging to completely block precursor adsorption, due to the inhibitor
size and the relatively short vapor-phase exposures. Two strategies for precur-
sor blocking are explored: (i) physically covering precursor adsorption sites, i.e.,
steric shielding, and (ii) eliminating precursor adsorption sites from the surface,
i.e., chemical passivation. In this work, it is determined whether steric shielding
is enough for e�ective precursor blocking during area-selective ALD, or whether
chemical passivation is required as well. At the same time, we address why some
ALD precursors are more di�cult to block than others. To this end, the block-
ing of the Al precursor molecules trimethylaluminum (TMA), dimethylaluminum
isopropoxide (DMAI), and tris(dimethylamino)aluminum (TDMAA) was studied
using acetylacetone (Hacac) as inhibitor. It was found that DMAI and TDMAA
are more easily blocked than TMA because they adsorb on the same surface sites
as Hacac, while TMA is also reactive with other surface sites. This work shows
that chemical passivation plays a crucial role for precursor blocking in concert with
steric shielding. Moreover, the reactivity of the precursor with the surface groups
on the non-growth area dictates the e�ectiveness of blocking precursor adsorption.

Based on: Merkx, M.J.M.; Angelidis, A.; Li, J.; Lemaire, P.C.; Sharma, K.; Hausmann,
D.M.; Kessels, W.M.M.; Sandoval, T.E.; Mackus, A.J.M. (To be published).
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6.1 Introduction

The downscaling of integrated circuits in the semiconductor industry re-
quires extremely accurate deposition and patterning of materials.[1] Feature
alignment at the nanometer level during the fabrication of state-of-the-
art semiconductor devices has become a bottleneck in the advancement to
smaller transistor nodes.[1�3] As a solution, the use of area-selective deposi-
tion (ASD) in self-aligned fabrication schemes is being explored in industry
and academia.[4�8] ASD aims at selective deposition of a material on a
patterned substrate, such that growth only occurs on the surfaces where
deposition is desired (i.e., the growth area), while the growth is blocked on
the rest of the substrate (the non-growth area). As a result, ASD allows
for bottom-up and self-aligned deposition with respect to underlying device
layers.

In the last decade, atomic layer deposition (ALD) has become a well-
established and widely used deposition technique in the semiconductor in-
dustry.[9,10] ALD is based on two or more sequential self-limiting surface re-
actions, enabling atomic level control over the thickness, combined with ex-
cellent uniformity and conformality of the deposited material.[10�12] ALD is
highly sensitive on the reactive sites that terminate the surface, which makes
ALD a relevant deposition strategy for ASD.[13] This surface sensitivity
can, in some cases, lead to selective precursor or co-reactant adsorption en-
abling area-selective ALD (often referred to as inherent selectivity).[14�20]
In general, however, the non-growth area needs to be functionalized us-
ing inhibitor molecules to achieve selectivity. To this end, self-assembled
monolayers (SAMs) have been studied as inhibition layers for area-selective
ALD.[21�26] More recently, small molecule inhibitors (SMIs)[27,28] that can
be applied in vapor-phase during the ALD process are being investigated for
area-selective ALD to better meet the requirements for high-volume man-
ufacturing.[29�33] In our previous work, area-selective ALD of SiO2[34,35]
and WS2[29] has been achieved on SiO2 based on the selective adsorption
of acetylacetone (Hacac) as SMI on various oxides (e.g., Al2O3) as non-
growth areas. Furthermore, we demonstrated area-selective ALD of TiN on
SiO2 and Al2O3 by exploiting selective adsorption of aniline on metallic Co
and Ru surfaces.[31] In addition, Kim et al. reported area-selective Al2O3

ALD on SiO2 exploiting the selective adsorption of ethanethiol on Co and
Cu.[32] Studies by Khan et al. and Soethoudt et al. have also shown that
ALD precursors with inherent selectivity for precursor adsorption can be
employed as SMI to achieve area-selective ALD.[36,37]

When using SAMs for surface functionalization, the SAM acts as a phys-
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ical barrier to block precursor adsorption.[38�40] The SAM physically pre-
vents the precursor from reaching the adsorption sites on the non-growth
area, here referred to as steric shielding. In order to obtain an e�ective physi-
cal barrier, SAMs exploit van-der-Waals forces between the SAM monomers
to form a dense and well-ordered layer.[41] Unlike SAMs, SMI adsorption
does not lead to a highly ordered inhibitor layer on the non-growth area,[39]
since the van-der-Waals forces between adsorbed SMIs are too small to in-
duce surface ordering.[42] In addition, due to the vapor-phase delivery of
the SMI, inhibitor adsorption takes place successively and randomly on
the surface, which typically results in suboptimal inhibitor coverage. The
lack of surface ordering and random nature of inhibitor adsorption make it
challenging to achieve the high surface packing density that is required to
physically prevent the precursor from reaching the surface.

As shown in Figure 6.1a, ALD precursor adsorption is typically not pos-
sible on all surface sites, but instead depends on the availability of speci�c
surface groups (e.g., hydroxyl groups).[11] For example, the growth per cy-
cle (GPC) of Al2O3 ALD using trimethylaluminum (TMA) and O2 plasma
has been reported to decrease with increasing temperature, which is at-
tributed to the conversion of surface hydroxyl groups to Al-O-Al bridges
on which TMA adsorption is less favorable.[43] Processes based on inher-
ent selectivity exploit this sensitivity by using substrate materials that lack
certain precursor adsorption sites or by employing surface pre-treatments
to remove precursor adsorption sites from the non-growth area.[14,15,44]
In other words, the non-growth area is (made) chemically unreactive for
precursor adsorption.

If the inhibitor adsorbs on the same surface sites as the precursor, the
inhibitor can also chemically passivate the non-growth area as shown in Fig-
ure 6.1e,f. This strategy has been discussed in the work of Yanguas-Gil et al.
by stating that precursor blocking using SMIs is more e�ective when there is
overlap between the reactive surface sites involved in precursor and inhibitor
adsorption.[27] Adsorption of the inhibitor on the same surface sites as the
precursor does not only ensure that the inhibitor molecules sterically cover
the right surface sites, but can also consume surface sites such that they
are no longer available for ALD precursor adsorption. Chemisorption of an
inhibitor on a surface site often involves the formation of a volatile reaction
product which is pumped away after inhibitor dosing, e.g., the chemisorp-
tion of acetylacetone on an oxide surface results in an acac adsorbate and
volatile H2O. As a result, the surface sites that the inhibitors react with
are not only occupied, but also consumed (i.e., removed from the surface).
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Chemical passivation can, therefore, be employed to supplement physical
passivation by reducing the reactive surface sites available on the surface.
Considering typical surface site densities and inhibitor sizes, the inhibitor
molecules are not expected to consume all surface sites on the non-growth
area, which suggests a combination of steric shielding and chemical passi-
vation might be needed.

The choice of precursor determines which surface sites need to be chem-
ically passivated by the inhibitors and can therefore play an important role
in the selectivity of an area-selective ALD process. The precursor has been
reported to strongly a�ect the selectivity when using SAMs as inhibitor,
e.g., depending on the precursor reactivity, and precursor di�usion rates
through the SAM.[45�47] For the SMI ethanethiol, Kim et al. reported that
the ALD precursor dimethylaluminum isopropoxide (DMAI) is more easily
blocked as opposed to trimethylaluminum (TMA) because DMAI is a dimer
in ALD conditions,[32] whereas for TMA, at least a portion of the precursor
molecules is in monomeric form above 70 ◦C.[48,49] Although these studies
explore various mechanisms for how the precursor a�ects the selectivity of
the process, the interplay between the precursor chemistry and the surface
chemistry of the chosen substrate materials(in terms of available surface
sites) is not explored so far.

In this work, precursor blocking by SMIs is studied using in situ in-
frared (IR) spectroscopy focusing on the question whether steric shielding
is su�cient for precursor blocking, or whether chemical passivation is also
required. In addition, the mechanisms that contribute to why some ALD
precursors are more easily blocked than others are addressed. To this end,
the blocking of trimethylaluminum (TMA), dimethylaluminum isopropox-
ide (DMAI), and tris(dimethylamino)aluminum (TDMAA) was studied on
an Al2O3 surface using Hacac as inhibitor. The observed precursor blocking
was found to depend strongly on the overlap in surface sites for precursor
and inhibitor chemisorption. The results show that precursor choice is vital
to consider for area-selective ALD.
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Figure 6.1: (a,c,e) top and (b,d,f) side view illustrations showing the two
mechanisms (steric shielding and chemical passivation) that contribute to pre-
cursor blocking by SMIs. (a,b) Typically not all the surface sites on a material
are reactive to the precursor. (c,d) When the inhibitor does not adsorb on the
same surface sites as the precursor molecule, precursor blocking can only be
achieved through steric shielding. However, due to the lack of surface ordering
for SMIs, (c) relatively large gaps can occur in between the inhibitor molecules
where the precursor could potentially interact with the surface as indicated
by the dashed circles. (e,f) Alternatively, if the inhibitor and precursor ad-
sorb on the same surface sites, the consumption of surface sites as a result
of inhibitor adsorption reduces the number of surface sites available for pre-
cursor adsorption, here referred to as chemical passivation, and ensures that
the inhibitor sterically cover the right surfaces sites. As a result, the gaps in
between the inhibitor molecules do not provide access to precursor adsorption
sites in contrast to the situation in (c,d).
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6.2 Experimental details

All experiments were performed on a home-built ALD reactor,[30] equipped
with a turbo-molecular pump backed up by a roughing pump enabling a
base pressure of ∼10-6 mbar. The in situ IR spectroscopy measurements
were performed according to the procedure reported in previous work.[30]
In short, a nonporous AEROSIL OX 50 SiO2 powder substrate is used that
is pressed into a tungsten mesh (Alfa Aesar) through which a current can be
send for heating. A thermocouple is welded to the tungsten mesh to monitor
its temperature in situ. Prior to the experiment, the substrate is coated using
30 ALD cycles of Al2O3 using TMA and H2O at ∼300 ◦C. Furthermore,
after coating the substrate a single cycle of TMA/H2O is measured using
IR spectroscopy such that the accessible powder area can be normalized for
sample-to-sample comparisons.[30] Precursor blocking was studied at 150
◦C. Hacac [Sigma-Aldrich, synthesized by Wacker Chemie AG, Burghausen,
Germany, ≥99.5% (GC), CAS number 123-54-6] was used as inhibitor. The
TMA [Dockweiler Chemicals GmbH, ≥99.9999 Metal purity, CAS number
75-24-1], DMAI [Dockweiler Chemicals GmbH, ≥99.999 Metal purity, CAS
number 6063-89-4], and TDMAA [Sigma-Aldrich, CAS number 32093-39-3]
precursors were vapor-drawn into the reactor using a bubbler temperature
of respectively.

6.3 Results and discussion

The surface of a metal oxide typically contains several di�erent types of
OH groups, e.g., isolated OH groups and hydrogen bonded (i.e., vicinal)
OH groups (see Figure 6.2a).[50-52] These OH groups are not necessarily
all involved in the chemisorption of the inhibitor and precursor molecules.
Figure 6.2 shows the adsorption of Hacac inhibitor and several ALD pre-
cursor molecules at 150 ◦C on an Al2O3 surface as measured using IR
spectroscopy. The IR peaks attributed to the consumption of surface OH
groups are indicated (peaks 1-4) in the IR spectra and the corresponding
OH groups are illustrated in Figure 6.2a. As shown in Figure 6.2b, the Ha-
cac inhibitor molecules were found to adsorb exclusively on the isolated OH
groups (peaks 1,2; 3800-3730 cm-1) of an Al2O3 surface. The adsorption of
Hacac on an Al2O3 surface was previously studied using density functional
theory (DFT).[30,34] These studies show that Hacac forms its most stable
adsorption con�guration, i.e., the chelate con�guration, by transferring a
hydrogen atom to a surface OH group and forming H2O as volatile reaction
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product, thereby consuming the surface OH group. Hacac is therefore able
to chemically passivate the isolated OH groups on a Al2O3 surface. Inter-
estingly, the IR spectrum also shows a positive feature in the OH region
(peak 3) after Hacac adsorption. This positive feature is attributed to the
formation of vicinal OH groups on the Al2O3 surface as a result of Ha-
cac adsorption. The possible mechanisms that cause these new vicinal OH
groups are discussed below.
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Figure 6.2: (a) Schematic illustrations of isolated and vicinal hydroxyl sur-
face groups on an Al2O3 surface with the wavenumbers corresponding to their
OH stretching vibrations.[50,53,54] The hydroxyl groups for Al atoms coordi-
nated to 6 (i.e., AlVI) or 5 O atoms (i.e., AlV) are shown. Two kinds of vicinal
OH groups on the surface depending on whether the H (i.e., 3) or O (i.e.,
4) atom in the OH group is hydrogen bonded. IR di�erence spectra show-
ing the consumption of hydroxyl groups after (b) Hacac inhibitor adsorption,
and after (c) TMA, DMAI, TDMAA precursor adsorption. The numbered
dashed lines in the IR spectra correspond to the schematic illustrations in
(a). Inhibitor and precursor adsorption was carried out at 150 ◦C.

The IR spectra measured after TMA, DMAI, and TDMAA adsorption
on an Al2O3 surface are shown in Figure 6.2c. It is clear from those spectra
that, depending on the choice of ALD precursor, di�erent OH groups can be
involved in the chemisorption of the precursor. TMA is observed to adsorb
on both isolated (peaks 1,2; 3800-3730 cm-1) and vicinal (peaks 3,4; 3730-
3000 cm-1) OH groups. DMAI and TDMAA show a much lower reactivity
with vicinal OH groups (peaks 3,4) and seem to mostly adsorb on isolated
OH groups (peaks 1,2). For DMAI, the consumption of vicinal OH groups is
observed to be 80% smaller as compared to TMA, while TDMAA does not
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react with vicinal OH groups at all. This observed di�erence in reactivity
with isolated and vicinal OH groups is consistent with previous studies[55-
57] that show a dependence on the molecule for the reactivity to isolated
and vicinal OH groups.
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Figure 6.3: IR di�erence spectra showing precursor adsorption (or the lack
thereof) at 150 ◦Con a clean Al2O3 surface and on an Al2O3 surface that
was functionalized with Hacac inhibitor molecules when dosing (a) TMA, (b)
DMAI, or (c) TDMAA as the precursor.

The blocking of TMA, DMAI, and TDMAA precursors was studied
using Hacac as inhibitor, as shown in Figure 6.3. It was found that it is
very challenging to block TMA adsorption (see Figure 6.3a). Only roughly
one third of the TMA adsorption is blocked by the Hacac with respect to
a non-functionalized (i.e., without inhibitor) Al2O3 surface, which means
that selectivity is already almost completely lost after the �rst precursor
dose. In addition, the consumption of OH groups is clearly observed after
TMA adsorption on an Hacac-functionalized Al2O3 surface, as indicated in
Figure 6.3a. This observed consumption of OH groups was found to consist
solely of vicinal OH (i.e., the OH groups on which Hacac does not adsorb)
and has a similar amplitude for the IR peak as for vicinal OH consumption
when dosing TMA on a clean Al2O3 surface, see Figure 6.6. Moreover, the
consumption of vicinal OH groups as function of TMA dosing was found to
correlate with the adsorption of TMA on the Hacac-functionalized Al2O3

surface, as shown in Figure 6.4. The IR spectra therefore suggest that the
steric shielding by the adsorbed Hacac is insu�cient to prevent TMA ad-
sorption on the vicinal OH groups in between the Hacac molecules. Anal-
ogously to our previous work,[30] the studied ALD precursors were found
to displace some Hacac molecules from the surface during the precursor
dose, which also plays a role in precursor blocking as will be discussed in a
later publication. For DMAI and TDMAA (see Figure 6.3b,c), no precursor
adsorption or OH group consumption was observed when dosing the pre-
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cursor on an Hacac-functionalized Al2O3 surface. Therefore, the blocking
of DMAI and TDMAA adsorption using Hacac as inhibitor is much more
e�ective as compared to blocking TMA adsorption. These results clearly
demonstrate that a good overlap in reactive surface sites for inhibitor and
precursor adsorption is bene�cial for precursor blocking.
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Figure 6.4: The adsorption of TMA and consumption of vicinal OH groups
as function of TMA dosing (using 100 ms TMA pulses) on an Hacac-
functionalized Al2O3 surface as measured by IR spectroscopy. (b) IR di�erence
spectra using the Hacac-functionalized Al2O3 surface as reference, see (a). (c)
Integrated IR absorbance for the consumption of vicinal OH groups (3800 �
3250 cm-1) and adsorption of TMA (3000 � 2750 cm-1), both normalized to
their value at 900 ms TMA dosing. Please note that the consumption of OH
groups (i.e., negative IR peaks) is (c) is shown as a positive trend due to the
normalization of the peak area.

The positive feature in the OH region observed in Figure 6.2b requires
more attention. The formation of new vicinal OH groups as a result of Hacac
adsorption could be attributed to: (i) physisorbed H2O formed as reaction
product during Hacac chemisorption; and (ii) the formation of hydrogen
bonds between isolated OH groups and adsorbed Hacac species. Previous
DFT studies show that the H2O, which is formed as reaction product, could
remain physisorbed with at least 0.25 eV on the Al2O3 surface after Ha-
cac chemisorption.[34] However, the IR spectra in Figure 6.3b,c show no
features that indicate a reaction between dosed DMAI and TDMAA with
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any physisorbed H2O that is potentially on the surface, despite the fact
that these precursors can normally react with H2O as co-reactant during
ALD.[58,59] Therefore, either there is no H2O on the surface, or the H2O
interacts strongly enough with the surface to prevent reactions with the
incoming precursors, in which case the H2O actually helps improve the sur-
face coverage and stability of the inhibitor layer. DFT calculations reveal
that the observed IR feature in the OH region could also be explained by
interactions between isolated OH groups and chemisorbed Hacac (i.e., mech-
anism ii). These interactions result in the formation of vicinal OH groups
from isolated OH groups, as shown in Figure 6.5. Therefore, the Hacac does
not only consume the OH group it chemisorbs on, but can also interact
with neighboring OH groups, making them less reactive for precursor ad-
sorption.[60,61] In case the ALD precursor cannot react with these vicinal
OH groups, this mechanism contributes to the chemical passivation by the
inhibitor. Considering that inhibitor chemisorption cannot take place on
every surface site (due to steric limitations), such a mechanism is desir-
able because it increases the maximum number of surface sites that can be
passivated.

Vicinal OH
Consumed OH 

Figure 6.5: Illustration based on DFT calculations for Hacac adsorption on
an Al2O3 surface. Hacac chemisorption results in the consumption of an OH
group through the formation of volatile H2O. The original position of this OH
is indicated as a consumed OH. Aside from OH group consumption, H-bonds
can be formed between surface OH groups and Hacac as a result of inhibitor
adsorption, which makes the OH groups less reactive for precursor adsorption.

6.4 Conclusions

Based on the obtained insights, it is possible to distill several requirements
for precursor blocking when using SMIs. Steric shielding requires a high
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surface packing density to block all precursor adsorption. However, due to
a lack of surface ordering for SMIs, relatively large gaps can occur in the in-
hibitor layer (see Figure 6.1c) which are detrimental for precursor blocking.
Alternatively, the non-growth area can be chemically passivated, but this
requires that the inhibitor reacts with all surface sites, which is typically
very challenging due to steric e�ects. The Al2O3 non-growth area studied
in this work contains around 7 OH groups per nm2 on the surface,[52,54]
meaning that even for an inhibitor with the size of a single methyl group
(2 Å van der Waals radius, maximum density of 7.2 groups/nm2 assuming
hexagonal close packing), it is in practice impossible to chemisorb on all sur-
face OH groups. Interestingly, the IR spectra on TMA blocking (see Figure
6.6) suggest that two out of three OH groups on the studied Al2O3 surfaces
are vicinal OH groups, meaning that completely blocking the isolated OH
groups is much easier as it only requires ∼2 inhibitor molecules per nm2.
Overall, using a combination of steric shielding and chemical passivation is
likely the best strategy in order to reach a high selectivity.

This work shows that precursor blocking using SMIs strongly depends
on the choice of the precursor. Furthermore, the results suggest that a good
overlap in the surface sites reactive to inhibitor and precursor adsorption is
crucial for obtaining a high degree of precursor blocking. It was found that
blocking TMA adsorption is much more challenging as opposed to blocking
DMAI and TDMAA adsorption. These observations provide insight into the
mechanisms that could be exploited for the development of area-selective
ALD processes with a high selectivity. Although TMA is the most used
precursor for Al2O3 ALD, it is likely too reactive to be a suitable precursor
for area-selective ALD. To obtain a high selectivity, area-selective ALD
bene�ts from the selection of a precursor with a relatively low reactivity
such that e�ective precursor blocking is more easily achieved.
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6.A Appendix
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Figure 6.6: IR di�erence spectra showing TMA adsorption on a clean Al2O3

surface and on an Hacac-functionalized Al2O3 surface. The spectra show that,
while TMA adsorption consumes isolated and vicinal OH groups on a clean
Al2O3 surface, only the consumption of vicinal OH groups is detected on the
Hacac-functionalized Al2O3 surface. The peak indicating the consumption of
vicinal OH groups is shown to have a similar amplitude for both spectra. The
amplitudes of the CH3 stretching mode for TMA adsorption on both cases
suggests that 2/3 of the OH groups on the Al2O3 surface are vicinal OH
groups.

Density functional theory (DFT) calculations

The level of theory of the DFT calculations is the same provided inChapter
4.[30] In summary, we calculated electronic energies using the Vienna Ab-
Initio Simulation Package (VASP) 5.4.4,[62-65] as implemented in MedeA-
VASP software package.[66] Hacac adsorbed on Al2O3 was calculated us-
ing the generalized gradient approximation (GGA) functional by Perdew,
Burke, and Ernzerhof (PBE)[67,68] with the dispersion correction D3 and
the Becke-Johnson (BJ) damping function.[69,70] For convergence, the pro-
jector augmented wave formalism (PAW)[71,72] with a plane wave cuto�
of 400 eV was used, the self-consistent �eld (SCF) cycle with an accuracy
of 10-5 eV, and the geometry was optimized up to 10-2 eV·Å-1. The Al2O3

surface was created using a 4 layer 3x3 supercell of partially hydroxylated
α-Al2O3(0001), the Brillouin zone was sample by a Gamma-centered 2x2x1
Monkhorst-Pack grid,[73] a Gaussian smearing of 0.1 eV, and a gap of 17
Å of vacuum gap in the z-direction was used to accommodate the Hacac
molecule. The bottom 3 layers of atoms were kept �xed and the remaining
atoms of the slab and hacac were relaxed.
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7
Area-Selective Atomic Layer Deposition of TiN

using Aromatic Inhibitor Molecules for
Metal/Dielectric Selectivity

SiO2TiN Al2O3 Co Ru Ta HfO2

Area-selective ALD of TiN

Abstract: Despite the rapid increase in the number of newly developed processes,
area-selective atomic layer deposition (ALD) of nitrides is largely unexplored. ALD
of nitrides at low temperature is typically achieved by employing a plasma as the
co-reactant, which is not compatible with most approaches to area-selective ALD.
In this chapter, a plasma-assisted ALD process for area-selective deposition of
TiN was developed, which involves dosing of inhibitor molecules at the start of ev-
ery ALD cycle. Aromatic molecules were identi�ed as suitable inhibitor molecules
for metal/dielectric selectivity because of their strong and selective adsorption on
transition metal surfaces. A four-step (i.e., ABCD-type) ALD cycle was developed,
which comprises aniline inhibitor (step A) and tetrakis(dimethylamino)titanium
precursor (step B) dosing steps, followed by an Ar-H2 plasma exposure (step C),
during which a substrate bias is applied in the second half of the plasma exposure
(step D). This process was demonstrated to allow for ∼6 nm of selective TiN depo-
sition on SiO2 and Al2O3 areas of a nanoscale pattern with Co and Ru non-growth
areas. The TiN deposited using this ABCD-type process is of high quality in terms
of resistivity (230 ± 30 µΩcm) and impurity levels. This developed strategy for
area-selective ALD of TiN can likely be extended to area-selective ALD of other
nitrides.

Published as: Merkx, M.J.M.: Vlaanderen, S.; Faraz, T.; Verheijen, M.A.; Kessels, W.M.M.;
Mackus, A.J.M. Chem. Matter. 2020, 32, 7788-7795
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7.1 Introduction

The accuracy of alignment for nanoscale features is a prime bottleneck
that is currently limiting the advancement to smaller technology nodes in
the semiconductor industry.[1-3] Misalignment issues arise from the many
lithography steps that are employed for the fabrication of device stacks.[4-6]
Therefore, area-selective atomic layer deposition (ALD) is gaining interest
for its potential role in self-aligned fabrication schemes.[7] ALD is a cyclic
deposition technique that relies on sequential, self-limiting surface reac-
tions of two or more reactants (i.e., precursors).[8] The chemical nature of
these self-limiting reactions makes ALD sensitive to the surface termination,
which can be exploited for area-selective deposition.[9] When considering a
patterned surface that consists of at least two di�erent materials as a start-
ing point, the aim in area-selective ALD for self-aligned fabrication is to
deposit on at least one of these materials (i.e., the growth areas), while
deposition is prevented on the other materials (i.e., the non-growth areas).
One of the most common strategies to achieve selective deposition relies
on functionalization of the non-growth area with self-assembled monolayers
(SAMs).[10-13] Because these SAMs are typically applied before the start
of the ALD process, thermal degradation of the SAM or reactions between
the SAM and the ALD reactants during the process often limit the selec-
tivity.[11,14,15]

Nitrides play an important role in the semiconductor industry with
applications such as di�usion barriers,[16,17] spacers,[16,18] adhesion lay-
ers,[19,20] etch masks,[16,21] and work function metals.[22,23] However, the
number of developed processes for area-selective ALD of nitrides is very lim-
ited.[12,24,25] Nitrides are typically deposited using plasma-assisted ALD
processes in case low temperature processing is required.[26] Because most
area-selective ALD approaches are not compatible with either plasmas or
high substrate temperatures,[27] area-selective ALD of nitrides is consid-
ered to be very challenging. A solution is to functionalize the non-growth
area with small inhibitor molecules during every ALD cycle instead of solely
before the �rst ALD cycle, as shown in Figure 7.1.[28-30] Here, we de�ne
small inhibitor molecules as molecules that can be supplied in the vapor-
phase, such that the dosing of the inhibitor and ALD precursor molecules
can occur in the same vacuum vessel. Vapor-phase processing is required
both for easy integration of the approach in industrial process �ows and to
make reapplication of the inhibitor species during every ALD cycle viable
in terms of throughput. The inhibitor molecules should selectively adsorb
on the non-growth area and block precursor adsorption during the subse-
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quent precursor dose. During the following plasma exposure, these inhibitor
molecules are (partially) removed. However, because the inhibitor molecules
are reapplied at the start of every ALD cycle, the precursor blocking is not
compromised by the inhibitor removal. The compatibility of this approach
with plasma-assisted ALD was demonstrated for area-selective ALD of SiO2

in our previous work.[28,31]

Figure 7.1: Schematic illustration of the ABCD-type ALD cycle employed
in this study to achieve area-selective deposition of TiN. During step A, the
substrate is exposed to small inhibitor molecules that selectively adsorb on
the non-growth area. The adsorbed inhibitor molecules subsequently block
precursor adsorption during step B, resulting in selective adsorption of the
precursor molecules on the growth area. In step C, the substrate is exposed
to a plasma, during which the substrate is grounded. The plasma removes
the methyl groups in the precursor ligands, thereby turning the adsorbed
precursors into a nitride, and removes the inhibitor molecules from the non-
growth area. In this step, impurities are introduced to the deposited TiN layer
and on the non-growth area. Last, during step D, a substrate bias is turned on
to remove these impurities from the surface and to ensure that high-quality
nitride is deposited.

Many processing steps during the fabrication of nanoelectronics involve
a patterned substrate consisting of metal and dielectric materials. In this
study, the surfaces of metals are considered as non-growth areas while
those of dielectrics are the growth areas. For this set of materials, aro-
matic molecules are an interesting class of inhibitor molecules because they
can form relatively strong (1-2 eV) π-bonds with the surface of a transition
metal,[32-34] whereas such bonds are generally not formed on dielectric
surfaces. Aromatic amines have been reported to be e�ective inhibitors for
suppressing metal corrosion in acetic solutions, which suggests that these
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molecules can block the adsorption of other molecules on metal surfaces.[35]
Furthermore, aromatic molecules are expected to be e�ective at blocking
ALD precursor molecules because many ALD precursors have aromatic lig-
ands such as cyclopentadienyl or cyclohexadiene.[36-41] The fact that the
adsorption of ALD precursors with aromatic ligands is self-limiting implies
that precursor adsorption is blocked when the surface is saturated with aro-
matic ligands. In the surface functionalization literature, aniline (C6H5NH2)
has been shown to selectively block tetrakis(dimethylamino)-titanium (TD-
MAT) precursor adsorption on Si(100) surfaces but not on Ge(100) surfaces
at room temperature,[42] making it a promising inhibitor candidate for the
area-selective ALD of TiN.

In this chapter, the area-selective ALD of TiN is demonstrated on di-
electrics with metals as the non-growth area. TiN is a conductive nitride
which has applications as metal electrodes,[43] di�usion barrier layers,[44,45]
and hardmasks[46] in nanoelectronics. Our ABCD-type process for the area-
selective ALD of TiN comprises an aniline inhibitor dose (A), a TDMAT pre-
cursor dose (B), and a two-step Ar-H2 plasma exposure; the �rst part with
an electrically-grounded substrate (C) and the second part with substrate
biasing (D), as is shown in Figure 7.1. The plasma step with the grounded
substrate provides the chemical component required to turn the adsorbed
precursor molecules into TiN. During the second part of the plasma ex-
posure, the application of a substrate bias increases the energy of the ions
impinging on the surface, which has been demonstrated to yield high-quality
TiN �lms.[47] This work demonstrates the potential of a novel class of aro-
matic inhibitor molecules for area-selective ALD on metal/dielectric pat-
terns. Speci�cally, aniline is shown to adsorb selectively on metals and to
block the precursor adsorption exceptionally well. Moreover, an approach
for area-selective ALD of nitrides is introduced, which is compatible with
the use of (biased) plasma co-reactants.

7.2 Experimental details

7.2.1 Reactor

All depositions were carried out in an Oxford Instruments FlexAL reactor.
This reactor has a remote inductively coupled plasma source, a 200 mm
substrate table with the capability to apply an RF bias to the substrate,
and is pumped down using a turbo-molecular pump backed with a roughing
pump. Moreover, the reactor is equipped with windows for in situ ellipsom-
etry measurements. Further details regarding the FlexAL ALD reactor are
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described elsewhere.[48]
The employed TiN ALD recipe was based on the process developed by

Faraz et al.,[47] which comprises a 200 ms TDMAT, Ti(N(CH3)2)4 precursor
dose, and a 10 s Ar-H2 plasma exposure, during which a substrate bias of 185
V is switched on in the �nal 5 s of the plasma exposure. To achieve the area-
selective ALD of TiN, an aniline (C6H5NH2) dose was added at the start of
the ALD cycle. Moreover, a substrate temperature of 250 ◦C was employed
to obtain a high material quality for the deposited TiN �lm. The aniline
dose consists of 10 pulses of 500 ms each, separated by 3 s purges. The series
of short pulses was employed because the butter�y valve of the reactor is not
suited for containing the gas-phase inhibitor molecules in the reactor over
an extended duration. In addition, this approach allows for the evacuation
of possible reaction products (e.g., H2 and NH3), which could potentially
compete with the aniline inhibitor molecules for adsorption sites. To limit
the aniline consumption, each 500 ms dose was performed with the butter�y
valve to the pump closed, and each dose was followed by a 1 s hold step, after
which the butter�y valve was opened for purging. The aniline (ReagentPlus,
99%, CAS number 62-53-3) and the TDMAT (Aldrich, 99.999% trace metals
basis, CAS number 3275-24-9) were purchased from Sigma Aldrich. They
were both dosed using a vapor-drawn method and were kept in stainless
steel bubblers. To provide enough vapor pressure, the aniline and TDMAT
bubblers were heated to 80 and 70 ◦C, respectively.

7.2.2 Film characterization

The in situ ellipsometry measurements were carried out using a J.A. Wool-
lam M2000D ellipsometer. To investigate aniline adsorption (Figure 7.2a),
an ellipsometry measurement was performed after every 0.5 s aniline dose
and after every 30 s of subsequent purging. The data was parametrized using
a simple Cauchy model. This model does not yield the actual thickness of
the aniline layer but an apparent thickness, which can be used as a measure
for the amount of aniline adsorbed on the surface.[49]

To study TiN deposition on the Al2O3 and SiO2 growth area (Figure
7.2b), in situ ellipsometry measurements were carried out every 10 ALD
cycles. These measurements were performed in between the precursor and
co-reactant dose, such that the inhibitor adsorption and subsequent precur-
sor blocking were not a�ected by the additional time required for doing the
measurement (i.e., 32 s). The optical model for the TiN �lms consists of a
Drude and two Lorentz oscillators.[49]

The X-ray photoelectron spectroscopy (XPS) measurements were per-
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formed on a K-Alpha system from Thermo Scienti�c. XPS was chosen as
technique for characterizing the nucleation behavior of TiN because accurate
modeling of ellipsometry data for TiN deposition on metals is challenging.
The Ti 2s peak was selected as metric for the amount of deposited Ti on
each surface because the Ti 2p peak overlaps with the Ru 3p3/2 peak. Depth
pro�ling of the TiN layers was carried out using a 1000 eV Ar ion beam.
Every sputter step consisted of 5 s of sputtering.

The electrical characterization was performed on a Signatone fourpoint-
probe and Keithley 2400 source measurement unit, which acted both as
the current source and voltage meter. The resistivity was calculated from
the measured sheet resistance using the �lm thickness as obtained from
ellipsometry.

The high-angle annular dark �eld (HAAFD) scanning transmission elec-
tron microscopy (STEM) studies were performed using a probe-corrected
JEOL JEM-ARM200F transmission electron microscope that was operated
at 200 kV. This transmission electron microscope is equipped with a 100
mm2 Centurio SDD energy-dispersive X-ray spectroscopy (EDX) detector.
STEM was combined with EDX to study the elemental distribution of the
patterned sample.

7.2.3 Fabrication of the nanoscale pattern

The general procedure and requirements for the fabrication of the nanoscale
patterns is discussed in more detail in the Supporting Information. For the
pattern used in this study, 2 nm Ta, 50 nm Co, 50 nm Al2O3, 50 nm
Ru, and 50 nm Al2O3 were deposited in that order on a Si wafer. The
Al2O3 and SiO2 were deposited using ALD with trimethylaluminum/H2O
and bis(diethylamino)silane/O2 plasma processes, respectively. Ta, Co, and
Ru were all deposited using sputter deposition. A thin Ta layer was em-
ployed to ensure good adhesion of the Co to the Si wafer. The deposited
nanolaminate was cleaved using a diamond-tipped scriber in order to expose
the individual layers in a pattern. After cleaving, the surface was polished
using an Ar ion beam to smoothen the patterned substrate. During area-
selective ALD, the sample was mounted upright in the ALD chamber, such
that the pattern was facing toward the plasma source. Afterward, the sam-
ple was coated with ∼100 nm HfO2 using ALD [HfCp(NMe2)3/O2 plasma]
to form a protective layer. Last, a focused ion beam was employed to make
a lamella for TEM imaging.
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7.3 Results and discussion

7.3.1 Selective aniline adsorption

In order to perform well as an inhibitor, the selected molecule needs to ad-
sorb on the metal non-growth area, and not adsorb on the dielectric growth
area, nor on the TiN �lm itself. To investigate whether aniline meets this
requirement, aniline adsorption on Ru, Co, SiO2, Al2O3, and TiN substrates
was studied using in situ spectroscopic ellipsometry, as shown in Figure 7.2a.
A simple Cauchy model was employed to determine the change in apparent
thickness as a result of an aniline pulse, which was used as a measure for the
amount of adsorbed aniline. A large amount of adsorbed aniline on Ru and
Co was observed after dosing aniline, and these aniline molecules remained
adsorbed during 2.5 min of subsequent purging. In contrast, aniline did not
adsorb on SiO2 surfaces and only slightly on Al2O3, which partly desorbed
during the purging. Therefore, aniline appears to form stronger bonds to
the Co and Ru surfaces as compared to the Al2O3 and SiO2 surfaces.
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Figure 7.2: (a) Apparent thickness as measured by ellipsometry as a result
of several sequential aniline pulses (i.e., �subpulses�) and purging on TiN, Co,
Ru, Al2O3, and SiO2 starting surfaces. (b) TiN deposition on Al2O3 and SiO2

substrates as measured by ellipsometry for BCD-type and ABCD-type cycles.

Signi�cant aniline adsorption was also observed on TiN-covered sub-
strates, as shown in Figure 7.2a. More aniline adsorbs on TiN as compared
to the Ru and Co surfaces and the adsorption does not appear to saturate.
Aniline adsorption on the TiN itself is undesired because it could hinder
the TiN ALD reactions on the growth area and introduce impurities to
the nitride �lm. To study whether this aniline adsorption a�ects growth,
TiN ALD on Al2O3 and SiO2 substrates was monitored using ellipsometry
for ALD processes with (ABCD-type cycle) and without (BCD-type cycle)
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aniline doses. As shown in Figure 7.2b, the growth per cycle (GPC) de-
creases slightly from 0.038 ± 0.002 to 0.030 ± 0.003 nm/cycle when aniline
is added to the ALD cycle. This small di�erence indicates that TiN ALD
can proceed on the growth area despite the observed aniline adsorption on
the TiN. Fortunately, aniline adsorption on the Ru and Co non-growth area
does lead to precursor blocking (in contrast to aniline adsorbed on TiN), as
is discussed in the Section 3.3.

7.3.2 Material quality

The in�uence of the aniline inhibitor adsorption on the impurity level of the
deposited TiN was investigated by comparing layers grown using the BCD-
type and ABCD-type processes. Four-point-probe resistivity measurements
and XPS depth pro�ling were performed on ∼10 nm TiN �lms prepared
on a 450 nm thermal SiO2 substrate. The observed material properties of
the TiN �lms are summarized in Figure 7.1 and discussed in detail in the
Supporting Information. The measurements show that high-quality TiN is
obtained in terms of oxygen impurity levels and electrical properties when
using ABCD-type ALD cycles.

Table 7.1: GPC, Film Thickness, and Material Properties for TiN Films
Deposited Using BCD- and ABCD-Type ALD Cycles with Respect to the
BCD-Type Reference by Faraz et al.

GPC thickness resistivity [O] [C] sputter rate

(nm/cycle) (nm) (µΩ cm) (at. %) (at. %) (nm/s)

Reference

(Faraz et al.) 0.035 ∼30 134 ± 5 3 ± 2 < 8 n.a.

BCD-type

cycles 0.038 ± 0.002 10.5 ± 0.5 150 ± 20 < 5 5 ± 2 0.021 ± 0.001

(no aniline)

ABCD-type

cycles 0.030 ± 0.003 9.5 ± 0.5 230 ± 30 < 5 10 ± 2 0.027 ± 0.002

(with aniline)

Although the resistivity is in line with our previous work on the ALD
of thin TiN �lms (BCD-type ALD, Faraz et al.),[47] the resistivity for �lms
deposited by ABCD-type cycles is slightly higher as compared to when
using BCD-type cycles. This is due to an increase in carbon impurities,
which indicates some aniline fragments are incorporated into the TiN �lm
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during deposition. The carbon impurities were found to be incorporated into
the TiN layer as TiC moieties (see Figure 7.9). As TiC is also a conductive
compound, the change in resistivity due to the increased carbon content is
limited.[50,51] Furthermore, the sputter rate of the deposited TiN, observed
during XPS depth pro�ling, is increased as a result of the additional carbon
content. Possibly, the plasma conditions (e.g., duration of exposure, plasma
power, biasing power) could be optimized further such that aniline species
are more completely removed at the end of the ALD cycle.

7.3.3 Demonstration of area-selective TiN ALD
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Figure 7.3: Nucleation curves as measured by XPS for ABCD-type cycles of
TiN on Ru, Co, Al2O3, and SiO2 starting surfaces. The inset shows the Ti 2s
peak for 10 BCD-type cycles and 200 ABCD-type cycles on a Ru substrate.

The nucleation of the ABCD-type TiN ALD process was investigated on
the dielectric and metal starting surfaces using XPS. Figure 7.3 shows im-
mediate TiN growth on the SiO2 and Al2O3 surfaces, which is consistent
with the ellipsometry results from Figure 7.2. On the other hand, the pro-
cess yields signi�cant nucleation delays on the metal surfaces. No Ti counts
were observed on Co for <100 ALD cycles. The TiN growth was found to
start very slowly on the Co non-growth area after 100 ALD cycles, as is
illustrated by the increase in Ti counts from 150 to 200 ALD cycles still
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being seven times lower on a Co surface as compared to on an Al2O3 sur-
face. On the Ru, no Ti counts were detected for up to 200 ABCD-type ALD
cycles, whereas for BCD-type cycles, TiN deposition is already detected on
Ru after 10 ALD cycles (see the inset of Figure 7.3). It can therefore be con-
cluded that the nucleation delay is due to the aniline inhibitor molecules
blocking the precursor adsorption on the non-growth area. Two hundred
ALD cycles of nucleation delay corresponds to ∼6 nm of area-selective TiN
deposition on the SiO2 and Al2O3 growth areas. Please note that on SiO2,
a comparatively short nucleation delay followed by temporarily enhanced
growth is observed as shown in Figure 7.3. This nucleation behavior is un-
related to precursor blocking by aniline and is discussed in more detail in
the Supporting Information (Figures 7.10 and 7.11).

Figure 7.4: (a,c) HAAFD-STEM images and (b,d) EDX mappings of the
cleaved multilayer sample after 200 ABCD-type TiN ALD cycles. The images
show that no TiN was deposited on the Co and Ru surfaces while a 5.4
± 0.7 nm TiN �lm is observed on the dielectric surfaces. There is a small
recess artifact on the Co surface, which most likely originates from the Ar ion
polishing step that was employed prior to area-selective ALD to smoothen the
patterned interface. (c,d) Higher magni�cation images showing the interfaces
between the Al2O3 growth area and the Ru non-growth area. The images
show ∼6 nm of TiN mushrooming over the Al2O3/Ru interfaces as a result
of the isotropic character of the ALD growth.

In order to validate whether the demonstrated selectivity can also be
achieved on a patterned substrate at nanoscale dimensions, area-selective
ALD of TiN was investigated on a multilayer metal/dielectric pattern. This
pattern was inspired on the work of Vallat et al.[52] and was fabricated
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by cleaving a multilayer sample consisting of metal and dielectric layers
as shown in the TEM study in Figure 7.4. Subsequently, 200 ABCD-type
TiN ALD cycles were performed on this patterned sample. In agreement
with the observations for blanket substrates (Figures 7.2b and 7.3), no TiN
deposition was detected on the Ru and Co non-growth areas, whereas 5.4
± 0.7 nm TiN was deposited on the Al2O3 and SiO2 growth areas of the
patterned sample. Some lateral broadening of the TiN pattern over the Ru
non-growth area at the Al2O3/Ru interfaces was observed, and this so-called
mushrooming can be attributed to the isotropic growth behavior of ALD.
Overall, the images con�rm that a similarly high selectivity is obtained on
a patterned sample as compared to the results on blanket substrates.

7.3.4 Discussion of aniline adsorption and blocking

Considering its small molecular size, aniline shows exceptional precursor
blocking, especially when compared to our previous results for the area-
selective ALD of SiO2 using acetylacetone (Hacac) as the inhibitor.[28,31]
This raises the question of what makes aniline a good inhibitor. The high
selectivity achieved with aniline can most likely be attributed to its ability
to form strong π-bonds with transition metal surfaces, whereas these bonds
are not formed with dielectric surfaces. The strength of these bonds can
be estimated by studying the desorption of aniline species during purging,
as discussed in the Supporting Information (Figure 7.12). Based on this
analysis, the binding energy of aniline to Al2O3 is 0.8 ± 0.1 eV, whereas on
Co and Ru surfaces, this binding energy is at least 1.1 eV. When using the
Arrhenius equation, aniline desorption occurs at least 800 times faster from
an Al2O3 surface than from Co and Ru surfaces based on the di�erence in
binding energy. In 30 s of purging, 15% of the aniline is observed to desorb
from an Al2O3 surface at 250 ◦C (Figure 7.2a), which corresponds to less
than 0.02% desorption from Co and Ru. In addition, a binding energy of 0.8
eV is most likely too weak for precursor blocking as aniline can be expected
to be displaced from the surface when TDMAT is dosed, similar to our
previous observations for Hacac bonded in monodentate con�guration.[31]
On TiN surfaces, precursor blocking by adsorbed aniline takes place to some
extent as is evident by the decrease in GPC when the aniline dosing step
is added (Figure 7.2b). However, the GPC is only observed to decrease by
∼20%, which shows most of the precursor adsorption is not blocked and
indicates aniline is not as strongly bonded on TiN as compared to on Ru
or Co.

Aniline can bind to the surface with its aromatic ring through a π-
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bond, or alternatively with the amine group through a δ-bond.[32,53] Both
con�gurations are expected to be present on the surface in saturation be-
cause of steric interactions,[54-56] and therefore precursor adsorption is re-
quired to be blocked regardless of the adsorption con�guration in order to
achieve a high selectivity.[31] Because of the catalytic nature of the em-
ployed transition metal surfaces, part of the aniline is expected to undergo
hydrogenolysis[57,58] and dehydrogenation[33,59,60] after adsorption. De-
pending on to what extent catalytic hydrogenolysis and dehydrogenation
reactions take place, the excellent precursor blocking observed in this chap-
ter could be attributed to a mixture of aromatic adsorbates. This raises
the question whether similar results could be achieved using other cyclic
inhibitor molecules (e.g., toluene, benzene, cyclohexane, pyridine) as the
expected catalytic surface reactions could potentially lead to the same ad-
sorbate regardless of which inhibitor molecule is employed. Infrared spec-
troscopy studies will be conducted in future work to obtain insights into
the adsorption and blocking mechanisms of aniline and other aromatic
molecules, and the role of catalytic surface reactions during area-selective
ALD.

7.4 Conclusions

The results on the area-selective ALD of TiN presented in this work indi-
cate that aromatic molecules are an interesting class of inhibitor molecules
for area-selective ALD when metal/dielectric selectivity is desired. Aniline
was observed to strongly bond to transition metal surfaces, whereas on the
dielectrics, the molecule adsorbs weakly or not at all. The area-selective
ALD process was found to yield high-quality TiN �lms in terms of conduc-
tivity and oxygen impurity levels. Moreover, excellent precursor blocking on
transition metal surfaces was achieved using aniline as the inhibitor.

Whereas our previous work on the area-selective ALD of SiO2 was lim-
ited to ∼1.5 nm of selective deposition,[28,31] here, we demonstrate the
area-selective ALD of TiN �lms with a thickness of up to 6 nm. Importantly,
these results thereby establish that high selectivity can be achieved by dos-
ing small inhibitor molecules in vapor-phase during an area-selective ALD
process. The high selectivity observed for this process was also successfully
demonstrated on a metal/dielectric pattern at nanoscale dimensions. With
the downscaling of nanoelectronics to sub-5 nm technology nodes, 6 nm of
selective deposition is su�cient for most of the envisioned applications of
area-selective ALD.
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The developed strategy for the area-selective ALD of TiN can likely be
employed to achieve the area-selective ALD of other nitrides using plasma-
assisted ALD. In addition, this work serves as motivation for exploring other
aromatic inhibitor molecules for area-selective ALD on metal/dielectric pat-
terns. In our future work, the adsorption of aromatic molecules on transition
metal surfaces will be studied in more detail, in order to provide insight into
the mechanisms behind the high selectivity achieved for aniline.
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7.A Appendix

Fabrication of the nanoscale pattern

The selectivity of an area-selective deposition process can be dependent
of the feature dimensions.[61] The surface chemistry near the edges of the
non-growth area is typically di�erent from the surface chemistry of blanket
wafers, which can a�ect precursor blocking. For that reason, demonstrating
good selectivity of an area-selective deposition process on a nanoscale pat-
tern can be very valuable. Here we discuss the details and requirements of
our strategy for fabricating the demonstrator pattern presented in Figure
7.4. The developed strategy was inspired on the work of Vallat et al.[52]
and relies on the deposition of a stack of thin �lms which is cleaved to
form a pattern, see Figure 7.5. The advantage of this strategy is that area-
selective deposition can be studied on several starting materials simulta-
neously. Moreover, the strategy does not require the capability to pattern
material at nanoscale dimension through for example lithography. Since the
control over the pattern dimensions in this case is provided by the control
over the �lm thickness of the deposited layers, it is relatively easy to make
a pattern at nanoscale dimension using for example ALD.

Figure 7.5: Schematic illustration of the strategy to fabricate a nanoscale
pattern without lithography. First a stack of thin �lms is deposited on a silicon
wafer. Subsequently, this stack is cleaved to expose all the individual materials
in a pattern.

However, the cleaving of the sample to expose a well-de�ned pattern
also has some challenges. Firstly, the stack of deposited thin �lms does not
necessarily break exactly along the line in which the crystalline silicon is
broken. This can result in complex 3D interfaces that are very di�cult to
image. Therefore, the employed thin �lms are required to have good adhe-
sion to the underlying material and have excellent uniformity. In the case of
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our sample, this meant adding a Ta adhesion layer to improve the adhesion
of the Co to the Si wafer and using sputter deposition to deposit the met-
als. ALD of metals on a dielectric substrate typically nucleates by island
growth, resulting in weak spots in the metal layer where the �lm breaks
more easily. A high uniformity of the employed layers is also required to en-
sure that the cross-section sample is homogenous in the imaging direction
(i.e., no material overlap occurs in the `line-of-sight' of the TEM detector).
This ensures that there is no overlap of growth and non-growth area in the
`depth' of the TEM image.

Figure 7.6: Schematic illustration of a cleaved sample mounted in the Al
sample holder. The region of interest on the sample is facing up towards the
plasma. As long as the protrusion of the sample from the surface of the Al
substrate holder is small (i.e., < 10-3 m) the e�ects on the plasma sheath
should be limited.

The second challenge is that cleaving the substrate typically results in
particles which means material from the growth area could end up on the
non-growth area and vice versa. The formation of these particles also typ-
ically results in a rough patterned surface. Fortunately, the surface can
be smoothened using an ion beam (JEOL ion beam cross section polisher)
which should also remove any particles created when the sample was cleaved.
This `ion polish' step was found to be imperative for obtaining an image that
conclusively showed where material is deposited during the area-selective
ALD process. We employed an Ar ion beam at a shallow angle to smoothen
the pattern surface in such a way that the ion beam does not alter the
surface chemistry through leaving chemical residue on the surface or ion
implantation.

During deposition it is important to consider whether the orientation



7

158 | Area-Selective ALD of TiN

of the sample could a�ect deposition. When using a plasma co-reactant,
directional ions could play a role during deposition, especially when a sub-
strate bias is employed. For this reason, the sample was mounted upright in
an aluminum holder as illustrated in Figure 7.6. By mounting the sample
upright, the e�ects of the sample geometry on the plasma sheath should be
minimal. After performing area-selective ALD, the sample was conformally
coated with a thick HfO2 layer to make sure that the selectively deposited
material remained in its place during the FIB process and TEM imaging.
HfO2 was chosen as material for this protective layer to obtain convenient
contrast in the TEM studies with the deposited TiN. Overall, in order to
conclusively show area-selective deposition, good contrast is required be-
tween the deposited material and the materials used in the pattern, espe-
cially with the materials used as non-growth area. Lastly, EDX was found
to be a powerful tool in combination with TEM to image area-selective de-
position. When using EDX, potential overlap of EDX elemental peaks of
materials used in the pattern should also be considered.

Film quality

Figure 7.7: XPS depth pro�le of ∼10 nm TiN deposited using (a) BCD-type
cycles, and (b) ABCD-type cycles on a Si substrate with 450 nm thermal oxide.
The Ti 2p peak was deconvoluted into contributions of TiO2 and TiN/TiC
(see Figure 7.8). The pro�les con�rm that both �lms mainly consist of TiN,
whereas TiO2 is only detected on the surface of the �lm (caused by surface
oxidation) and at the SiO2/TiN interface. The increase in carbon content
when using ABCD-type ALD cycles indicates that aniline is incorporated into
the TiN �lm during deposition. As shown in Figure 7.9, aniline was found to
be incorporated as TiC moieties. The depth pro�les show that the dosing of
aniline during TiN ALD increases the sputter rate of the deposited TiN, which
is likely caused by the increased carbon content.
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Figure 7.8: Deconvolution of the Ti2p peak measured by XPS for a TiN �lm
deposited using 200 ABCD-type cycles a) before and b) after sputtering of
the �lm.

Figure 7.9: C 1s peak as measured by XPS for a TiN layer deposited us-
ing 200 ABCD-type cycles (a) before and (b) after 20 s of sputtering. The
data shows that carbon is exclusively incorporated into the �lm as TiC moi-
eties[62,63] as the peaks[64] for C-O, C-C and C-H are only observed on the
surface before sputtering.
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Nucleation and growth of TiN ALD on a SiO2 surface

a)

1

2

Figure 7.10: Nucleation curves as measured by (a) XPS for ABCD-type
cycles and (b) ellipsometry for BCD- and ABCD-type cycles. The numbers
indicate the di�erent growth regimes for TiN ALD on SiO2 that are illustrated
in Figure 7.11. Please note the data in these �gures is also shown in Figures
7.2b and 7.3.

The nucleation curves in Figures 7.10a and 7.10b show that there is a short
nucleation delay for TiN ALD on SiO2 surfaces regardless of whether ani-
line is dosed. This nucleation delay is therefore not a result of precursor
blocking by aniline inhibitor molecules but an inherent nucleation delay
of the TiN ALD process. This delay was only observed when a substrate
bias was employed during ALD. The Ar-H2 plasma with applied substrate
bias most likely a�ects the surface hydroxyl groups either by forming Si-H
surface groups or promoting the formation of siloxane groups, and thereby
induces a short nucleation delay. As shown in Figure 7.10a, after the nu-
cleation delay there is a growth regime (indicated by the numbers 2 and 3)
where TiN deposition on SiO2 exceeds the growth per cycle observed on the
Al2O3 surface. As a result, the amount of deposited TiN eventually catches
up to the amount deposited on Al2O3 despite the initial nucleation delay.
The mechanism behind the di�erent growth regimes on SiO2 is illustrated
and explained in Figure 7.11.
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Figure 7.11: Schematic illustration showing the deposition of material when
nucleating in hemispherical islands as compared to layer-by-layer growth. The
numbers in the illustration correspond to the di�erent growth regimes indi-
cated in Figure 7.10a. The deposited volume of material for the hemispherical
islands is initially much lower as compared to layer-by-layer growth. However,
assuming the nucleation occurs immediately, the height of the hemispheres
should be equal to the �lm thickness for layer-by-layer growth. As the hemi-
spheres grow, at some point they have momentarily a larger surface area as
compared to a �at surface. The larger surface area allows for more precursor
molecules to adsorb per cycle and therefore more material is deposited per cy-
cle as compared to the layer-by-layer growth.[65] Eventually, the volume and
layer thickness of the material deposited by hemispherical growth becomes
approximately equal to the volume and thickness deposited by layer-by-layer
growth.
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Thermal desorption of aniline
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Figure 7.12: Aniline coverage on an Al2O3 surface as a function of purging
time as measured by ellipsometry. The aniline coverage was normalized to
the initial coverage measured before purging. Desorption rates of 7.2·10-4 s-1
and 5.1·10-3 s-1 were determined for Al2O3 surfaces at 200 ◦C and 250 ◦C,
respectively, by �tting an exponential decay function to the data. According
to the Arrhenius equation the quotient of the desorption rates gives

k200

k250
= e

−E·(523−473)
kb·523·473 .

From this equation a binding energy of 0.8 ± 0.1 eV was calculated for aniline
adsorbed on an Al2O3 surface. Assuming a similar pre-exponential factor for
desorption from Al2O3, Ru, and Co surfaces, the data of Figure 7.2a suggests
aniline is bonded on Ru and Co surfaces with a binding energy of at least 1.1
eV.
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8
Using aromatic inhibitor molecules for area-

selective ALD: blocking mechanisms and TaN
process development

Abstract: Area-selective atomic layer deposition (area-selective ALD) of metal ni-
trides is largely unexplored because nitrides are typically deposited using plasma-
assisted ALD, which is not compatible with most area-selective ALD approaches.
In previous work, we developed an area-selective TiN ALD process in which ani-
line inhibitor molecules were dosed at the start of every ALD cycle. Several open
questions are left regarding the adsorption of aniline on a transition metal, and the
exceptional ability to block precursor adsorption. This chapter focuses on gaining
more mechanistic insight into the adsorption and precursor blocking for aniline,
and on the development of a new area-selective TaN ALD process. In this work,
aniline adsorption was studied using density functional theory (DFT) calculations
and random sequential adsorption (RSA) simulations. It was found that aniline
binds strongly on a Ru surface, regardless of the adsorption con�guration, and
does not leave gaps in between the inhibitor molecules that are large enough for
precursor adsorption to take place. Aniline thereby provides a stable and e�ective
physical barrier for precursor adsorption. An area-selective TaN ALD process was
developed using aniline as inhibitor, tert-butylimidotris(dimethylamino)tantalum
(TBTDMT) as the precursor, and an Ar-H2 plasma as the co-reactant. Using this
process, 3.1 ± 0.2 nm of TaN was selectively deposited with a selectivity of 86%
on SiO2, relative to a Ru non-growth area.

Based on: Merkx, M.J.M.; Tezsevin, I.; Lengers, R.J.; Kessels, W.M.M.; Sandoval, T.E.;
Mackus, A.J.M. (Work in progress).
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8.1 Introduction

The currently employed top-down strategy to device fabrication leads to
so-called edge placement errors (EPEs) that become more prominent for
smaller feature dimensions.[1-3] In addition, the downscaling of metal in-
terconnects in the back-end-of-line has led to challenges regarding device
performance and reliability (e.g., increased RC-delay, issues with electromi-
gration).[4,5] Bottom-up device fabrication through area-selective atomic
layer deposition (area-selective ALD) can play an important role in the
mitigation of these challenges.[6-9] ALD is a deposition technique based
on the cyclic alternation of two or more self-limiting adsorption reactions,
which allows for atomic-level control over the thickness, with a high uni-
formity and conformality of the deposited thin �lm.[10,11] ALD reactants
are required to be sensitive to the surface chemistry of the substrate for
self-limiting adsorption.[12] Because the ALD reactions depend strongly on
the chemical species on the surface, the surface can be modi�ed or chosen
to enable selective deposition on the surface where deposition is desired (re-
ferred to as the growth area) while deposition on the rest of the surface (the
non-growth area) is prevented.

In our previous work (Chapter 7), area-selective ALD of TiN was
achieved using aniline as inhibitor, enabling ∼6 nm of TiN deposition on a
dielectric with no observable deposition on the metal non-growth area.[13]
That study left several open questions regarding the adsorption of aniline
on a transition metal, and the exceptional ability to block precursor ad-
sorption. This chapter focuses on obtaining the required insight to answer
these open questions and to develop an area-selective TaN ALD process. In
earlier work (Chapter 4), it was established that the acetylacetone (Hacac)
inhibitor molecules adsorbs in a mixture of bonding con�gurations, which
leads to a loss of selectivity.[14] Similar to Hacac, aniline is also expected
to adsorb in a mixture of bonding con�gurations, but this does not seem
to lead to loss of selectivity as quickly as is observed for Hacac.[13] An ad-
ditional open question regards the possibility of catalytic surface reactions
after aniline adsorption on the transition metal non-growth areas (i.e., Ru
and Co). For example, hydrogenolysis of the adsorbed aniline molecules is
expected to occur where the amine group of the aniline splits o�, leaving
only the benzene ring on the surface.[15,16] The observed precursor blocking
when using aniline as inhibitor could therefore also (partly) be caused by
adsorbed benzene species. Moreover, the reason behind the excellent pre-
cursor blocking of aniline with respect to other small molecule inhibitors
(SMIs) are currently unknown and could provide valuable insight into what
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is required for an SMI.
Precursor blocking using SMIs has chemical passivation and steric shield-

ing contributions, see Chapter 6.[17] For chemical passivation, the binding
strength of the inhibitor on the surface for all inhibitor adsorption con�g-
urations is important to consider. Using density functional theory (DFT)
calculations, the di�erent inhibitor adsorption con�gurations were investi-
gated in terms of their binding strength to the surface and their orientation
with respect to the substrate. For steric shielding, a high surface packing
(i.e., coverage and ordering) of the adsorbed SMIs on the non-growth area
is essential to physically prevent the incoming precursor from reaching the
surface. To describe the coverage and ordering after SMI adsorption on
a surface, random sequential adsorption (RSA) simulations were carried
out.[18-20]. The adsorption con�gurations found by DFT serve as input for
the RSA simulations.

Figure 8.1: Schematic illustration of the ABC-type ALD cycle that was used
to achieve area-selective TaN ALD. In step A, aniline is dosed as inhibitor
which selectively adsorbs on the transition metal non-growth area. In step B,
tert-butylimidotris(dimethylamino)tantalum (TBTDMT) precursor is dosed,
which adsorbed on the growth area but is blocked on the non-growth area by
the adsorbed inhibitor molecules. In step C, the substrate is exposed to the
Ar-H2 plasma co-reactant which removes the aniline and precursor ligands
from the surface.

In this chapter, precursor blocking on transition metal surfaces using
aniline inhibitor molecules is studied on a mechanistic level, using DFT
calculations and RSA simulations. These computational methods are de-
scribed in Section 8.2 in terms of computational procedure and the insight
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they provide into aniline adsorption and precursor blocking. The adsorp-
tion con�gurations, coverage, and possible catalytic surface reactions are
explored in order to explain the observed precursor blocking e�ciency in
Section 8.3. Lastly, Section 8.4 discusses experimental results related to
the developed area-selective TaN ALD process using the ALD process illus-
trated in Figure 8.1. This process employs a relatively new precursor tert-
butylimidotris(dimethylamino)-tantalum (TBTDMT). The obtained selec-
tivity is evaluated and compared to the TiN process of Chapter 7 which
was used as a starting point for the TaN process.

8.2 Experimental details

8.2.1 Density functional theory calculations

The Vienna ab-initio Simulation Package (VASP) was used to perform all
DFT calculations reported in this chapter.[21-23] The projector augmented
wave (PAW) method was employed to describe electron-ion interactions.
A kinetic energy cuto� of 400 eV was used for the planewave basis for all
calculations.[24,25] Calculations were performed based on Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional of the generalized gradient
approximation (GGA) by also considering the dispersion correction D3 and
the Becke-Johnson (BJ) damping function. [26-28] The convergence criteria
for structural optimizations were set such that the total forces acting on each
atom must be smaller than 0.01 eV/Å. The Brillouin zone of crystalline Ru
metal bulk was integrated using an automatically generated Γ-centered 11
× 11 × 11 k-point mesh, whereas a 2 × 2 × 1 mesh was used in the surface
calculations. [29] Using these parameters, optimized lattice parameters of
Ru bulk with P63/mmc space group (space group number= 194) were found
as a = 2.695 Å and c = 4.264 Å, which are in a good agreement with the
experimental[30] values of 2.706 Å and 4.281 Å respectively. The Ru (0001)
surface slab used for the surface calculations was modelled by four layer 4 ×
4 supercell of the cleaved optimized bulk structure. Periodicity of the slab
in the direction perpendicular to the metal surface was avoided by adding
a vacuum spacing of 17 Å. At least 10 di�erent initial con�gurations were
studied for the aniline adsorption on Ru, and resulting unique con�gurations
are reported here. The aniline adsorption energies were calculated using
equation 8.1.

Eads = Eslab+adsorbate − (Eslab + Eadsorbate) (8.1)
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where Eslab+adsorbate is the total energy of the Ru(0001) slab with adsorbed
aniline at its lowest energy position on the metal surface, Eslab is the total
energy of clean Ru slab, and Eadsorbate is the total energy of the aniline
molecule. Energy of the aniline molecule was computed via spin relaxed
calculations in 20 Å cubic cells.

8.2.2 Random sequential adsorption simulations

The coverage and ordering of aniline adsorbed on a Ru non-growth area was
studied using random sequential adsorption (RSA) simulations. The favor-
able inhibitor adsorption con�gurations obtained by density functional the-
ory (DFT) calculations are used as starting point for the RSA simulations.
The 2D steric footprint of the con�gurations obtained by DFT is determined
based on the van der Waals radii of the molecular groups that make up the
inhibitor. These footprints are used as input for the RSA simulations. For
the simulation, a surface lattice is generated that is representative of the
studied surface, which is assumed to be perfectly crystalline. To represent
the Ru(0001) surface studied in this work, a hexagonal lattice with a lat-
tice constant of 0.271 nm was simulated.[31] A total surface area of 318
nm2 (5000 sites) was considered which was found to be large enough to
give reproducible results despite the stochastic nature of these simulations.
Periodic boundary conditions were used (i.e., inhibitor molecules that ad-
sorb partially outside of the boundaries of the lattice were mirrored to the
opposite lattice boundary) such that the edges should not a�ect the simula-
tion. Inhibitor molecules are placed one by one on randomly selected surface
sites on the lattice until saturation is reached (i.e., no more molecules �t
on the surface), according to the �ow scheme illustrated in Figure 8.2. The
simulation assumes that the inhibitor always adsorbs in the most favorable
adsorption con�guration if there is enough space. The simulation therefore
attempts to adsorb the most favorable con�guration �rst on the randomly
selected surface site and tries all relevant rotational orientations one by
one (starting with a random angle). The molecules were rotated by 2

3π per
rotational step based on the rotational symmetry found by DFT. If this
con�guration does not sterically �t on the surface site, the next favorable
adsorption con�guration is tried. No desorption or inhibitor surface di�u-
sion is considered in the simulations. Each simulation was repeated 20 times
to check for the statistical spread of the RSA results.
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Select random 
surface site

Place inhibitor in
random orientation

Is there steric overlap
with previously placed 
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if applicable

Discard inhibitor
and mark surface site
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End simulation
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(saturation)
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If all rotations
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Figure 8.2: Random sequential adsorption (RSA) simulation procedure for
studying inhibitor adsorption. (a) Simulation �ow scheme for the simulations
performed in this work. (b) Illustrations of the surface during di�erent stages
of the RSA simulation from low coverage (top left) to saturation (bottom
right). (a,b) Each iteration, a random surface site is selected onto which an
inhibitor molecule in the most favorable adsorption con�guration is placed in
a random orientation. In case there is no steric overlap with previously placed
inhibitors, the molecule is permanently adsorbed on the surface at that loca-
tion. If there is overlap, di�erent orientations and adsorption con�gurations
are tried. In case none of the con�gurations and orientations �t, the molecule
is removed from the simulation and the surface site is marked as unsuited for
inhibitor adsorption. The simulation continues until all sites have been tried
resulting in a saturated surface.

The output of the simulations gives insight into: (i) inhibitor density and
coverage, (ii) gap size distribution (see Figure 8.3), and (iii) the expected
mixture of inhibitor adsorption con�gurations. Overall, the simulations pre-
dict how well the inhibitor covers the surface. The inhibitor density and cov-
erage are obtained directly from the number of molecules in saturated state
at the end of the simulation. This coverage is de�ned here as the ratio of
the surface area covered by the inhibitor molecules with respect to the total
surface area. The e�ective gap size describes whether the precursor could
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interact with the surface at this site. E�ective gap size is de�ned here as the
smallest distance from a free surface site to an adsorbed inhibitor molecule,
see Figure 8.3, and therefore signi�es the largest circularly shaped molecule
that could �t in the gap without steric overlap with the neighboring ad-
sorbed inhibitor molecules. The resulting gap size distribution is compared
to the size of the precursor to evaluate how e�ective the simulated inhibitor
layer is at precursor blocking. Lastly, as described above, the RSA simu-
lation results give insight in the distribution of adsorption con�gurations
obtained during inhibitor adsorption.

Figure 8.3: Illustration showing how the e�ective gap size is determined. For
each surface site that is not sterically covered, the distance to each neighboring
adsorbed inhibitor is determined. The smallest of these distances (indicated
by the green arrows) is taken as the e�ective gap size. The e�ective gap size
describes the largest circularly shaped molecule (in 2D) that could �t on the
surface site without steric overlap with the surrounding adsorbed inhibitor
molecules.

8.2.3 TaN ALD process

All depositions were performed on an Oxford Instruments FlexAL ALD sys-
tem. The reactor has a loadlock, remote inductively coupled plasma (ICP)
source, and windows for in situ ellipsometry measurements. The 200 mm
substrate table can be heated, and an RF bias can be applied to the sub-
strate table. This ALD tool is described in detail elsewhere.[32]

TaN ALD was achieved using tert-butylimidotris(dimethylamino)tanta-
lum (TBTDMT), see Appendix 1.A, as the precursor and an Ar-H2

plasma as the co-reactant. The TBTDMT bubbler was heated to 60 ◦C,
and the precursor was delivered into the reactor using Ar carrier gas. The
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aniline was dosed using ten pulses of 500 ms each, separated by 3 s purges.
This dosing sequence was employed to avoid high pressure in the chamber
and because the butter�y valve of the FlexAL tool is not suited for contain-
ing gas-phase species trapped in the reactor for extended periods of time.
The co-reactant step comprised a ten second Ar-H2 plasma exposure. The
process was studied without the use of substrate biasing, in contrast to our
previous work on area-selective ALD of TiN.[13]

8.2.4 Film characterization

In situ spectroscopic ellipsometry measurements were employed to study
and optimize the TaN ALD process. Ellipsometry measurements were car-
ried out every 10 ALD cycles using a J.A. Woollam M2000D ellipsometer.
The TaN layer was parameterized using a model comprising a Drude and
two Lorentz oscillators.[33]

To study the nucleation behavior of the area-selective TaN ALD process
on various substrates, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed. These measurements were carried out on a Thermo
Scienti�c K-Alpha system. The Ta4f7 peak area was measured as a function
of ALD cycles and used as an indication of the amount of deposited TaN.

8.3 Theoretical results for aniline adsorption and
precursor blocking on a Ru non-growth area

The binding of aniline on a Ru (0001) surface was studied using DFT calcu-
lations. As shown in Figure 8.4, three adsorption con�gurations were identi-
�ed. In the δ-con�guration, the aniline is oriented vertically on the surface,
where the amine group bonds to the surface through a δ-bond. In the two
π-con�gurations, the aniline lies horizontally, and the phenyl ring binds to
the surface through a π-bond. Although the δ-con�guration is much less
strongly bonded on the surface than the π-con�guration (-1.28 eV and -3.59
eV respectively), it is still relatively strongly bonded. These results provide
the �rst insight into why aniline is e�ective at blocking precursor adsorption
on Ru. For Hacac, selectivity is lost because the monodentate con�guration
of Hacac only binds to the surface with 0.82 eV, which plays a role in Hacac
desorption and displacement, see Chapter 4.[14] For aniline, however, all
adsorption con�gurations are bonded su�ciently strong such that inhibitor
desorption and displacement should play a much smaller role as compared
to the Hacac model system.
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Ru (0001)
δ-configuration π-configuration

ΔEbinding = -1.28 eV ΔEbinding = -3.59 eV

Figure 8.4: Favorable adsorption con�gurations, as found by DFT calcu-
lations, for aniline on Ru, the δ-con�guration and the π-con�guration. The
π-con�guration formally contains two con�gurations: (i) the phenyl ring cen-
tered on an HCP hollow site (see �gure), and (i) the phenyl ring centered
on an FCC hollow site (bonded with -3.42 eV on the surface). The di�erence
between these two con�gurations is determined by whether or not there is
a Ru atom from the sub-surface (indicated by the gray atoms in the �gure)
centered underneath the phenyl ring. Because these two adsorption con�gu-
rations are indistinguishable in the RSA simulations and have very similar
binding energies to the surface, these are treated as one con�guration in this
work.

The RSA simulations in this chapter regard two cases: (i) aniline ad-
sorption without any further catalytic reactions (Figure 8.5), and (ii) ani-
line adsorption with hydrogenolysis reactions (Figure 8.6). The two aniline
adsorption con�gurations identi�ed by the DFT calculations were used as
an input for the RSA simulations. Because the π-con�guration was found
to be much more favorable than the δ-con�guration, aniline was assumed to
always adsorb in the π-con�guration if there is enough space around the sur-
face site. Figure 8.5a shows the partial density of both con�gurations from
the simulations as a function of total aniline density on the surface. As
expected from the abovementioned assumption, the obtained distribution
of aniline con�gurations depends strongly on the total aniline coverage on
the surface. Although this coverage dependence is mostly a consequence of
the simulations always attempting the most favorable adsorption con�gura-
tion �rst, it is in agreement with experimental and simulation results from
surface functionalization literature, where a similar coverage dependence
was observed for example for the adsorption of resorcinol and catechol on
Ge(100).[34] The RSA simulations predict that aniline adsorbs for 68 ± 2%
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in the π-con�guration when dosed in saturation. Taken together, a surface
density of 1.56 ± 0.02 molecules/nm2 with a coverage of 0.51 ± 0.01 is
achieved in saturation. The coverage of aniline adsorbed on Ru is compa-
rable to the Hacac coverage found in previous work, see Appendix 8.A,
which raises the question why aniline is more e�ective at precursor blocking.
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Figure 8.5: Random sequential adsorption simulation results for aniline ad-
sorption on a Ru(0001) surface. (a) Simulation progression during an aniline
dose for each adsorption con�guration. (b) Histograms showing the density of
gaps per e�ective gap size for an aniline-functionalized Ru surface. The red
dashed line indicates the size of a dimethylamino precursor ligand.

Figure 8.5b shows the e�ective gap size distribution for an aniline-
functionalized Ru surface determined from the RSA simulation results.
These distributions are �rst compared here to the size of a dimethylamino
ligand (with a characteristic radius of 0.33 nm), which is the smallest ligand
in TDMAT and TBTDMT. The results show that the density of gaps larger
than a dimethylamino precursor ligand is 0.13 ± 0.1 gaps/nm2. Considering
that the precursor molecules are larger than a single ligand (with character-
istic radii of > 0.42 nm) the simulations suggest that there are no gaps that
are large enough for precursor adsorption. RSA simulations on the e�ective
gap size distribution for Hacac (Appendix 8.A) show that Hacac function-
alization leaves gaps larger than 0.4 nm. On an aniline-functionalized Ru
surface, such large gaps are not found. Therefore, although the density and
coverage of aniline in saturation is not signi�cantly larger than is observed
for Hacac, aniline only leaves relatively small gaps in the inhibitor layer
which is bene�cial for precursor blocking.

As mentioned above, aniline is expected to undergo catalytic surface
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reactions after adsorption on the Ru surface. Hydrogenolysis reactions can
take place where the amine group of the aniline splits o� from the ben-
zene ring and is expected to leave the surface. DFT calculations show that
aniline hydrogenolysis on Ru is favorable (-0.89 eV) in the presence of sur-
face hydrogen. Given that the co-reactant in our area-selective nitride ALD
processes is an Ar-H2 plasma, it is reasonable to assume that some surface
hydrogen is available during the inhibitor dose. Figure 8.6 shows the result
of RSA simulations for aniline adsorption on Ru assuming that each aniline
molecule adsorbing in the π-con�guration undergoes hydrogenolysis. The δ-
con�guration is assumed to be una�ected since the phenyl ring is required
to interact with the Ru surface during hydrogenolysis, for which there is no
space.
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Figure 8.6: Random sequential adsorption simulation results for aniline ad-
sorption on a Ru(0001) surface taking hydrogenolysis reactions into account.
(a) Simulation progression for each adsorption con�guration during an aniline
dose. (b) Histograms showing the distribution of gaps per e�ective gap size
for an aniline-functionalized Ru surface. The red dashed line indicates the size
of a dimethylamino precursor ligand.

Hydrogenolysis can a�ect precursor blocking in several ways. Firstly, the
amine group leaves the surface, which frees up part of the surface, poten-
tially leading to more aniline adsorption. Furthermore, in the π-con�guration,
the amine group of the aniline is in principle accessible for interactions with
incoming precursor molecules, which could lead to loss of selectivity. Hy-
drogenolysis eliminates these amine groups from the surface, thereby mak-
ing the inhibitor layer more chemically inert. Figure 8.6a shows that, the
aniline density and coverage remain similar (1.59 ± 0.02 molecules/nm2,
0.51 ± 0.01) as compared to the case without hydrogenolysis (1.56 ± 0.02
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molecules/nm2, 0.51 ± 0.01), when hydrogenolysis reactions are included.
However, the distribution of aniline adsorption con�gurations changes. 82
± 2% of the aniline adsorption including hydrogenolysis reactions is pre-
dicted to occur through the more strongly bonded π-con�guration, whereas
only 68 ± 2% of the aniline is expected to adsorb in the π-con�guration
without hydrogenolysis. As shown in Figure 8.6b, hydrogenolysis decreases
the number of gaps that are larger than a dimethylamino ligand from 0.13
± 0.1 to 0.10 ± 0.1 gaps/nm2. The RSA simulations therefore suggest that
hydrogenolysis of adsorbed aniline is bene�cial for precursor blocking and
leads to a better physical barrier.
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Figure 8.7: TaN growth per cycle (GPC) as a function of (a) TBTDMT
precursor dose, and (b) Ar-H2 plasma exposure as measured by ellipsometry.
The GPC was determined by depositing 50 cycles of TaN while performing
an in situ ellipsometry measurement every 10 ALD cycles.

8.4 Experimental results for area-selective ALD of
TaN

To ensure good ALD behavior, the process was �rst studied without includ-
ing the inhibitor dose. Figure 8.7 shows the saturation curves obtained for
the precursor dose and co-reactant exposure. The precursor dose was found
to saturate after two seconds of dosing, after which the growth per cycle con-
tinues to increase slightly as a function of precursor dose. This so-called soft
saturation could be an indication that the TBTDMT precursor thermally
decomposes to some extent on the surface during the precursor dose. This
is further supported by the fact that the soft saturation at 200 ◦C is less
pronounced as compared to 250 ◦C. When just dosing the precursor with-
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out any co-reactant exposures, a growth of 0.005 nm/s of TBTDMT dosing
was observed (0.0002 nm/s at 200 ◦C), which is in agreement with the hy-
pothesis that thermal decomposition occurs. This results in 0.02 nm/cycle
TaNx deposition despite having no co-reactant step to remove the precursor
ligands from the surface.

Soft saturation was also observed for the plasma exposure, see Fig-
ure 8.7b. The GPC was found to saturate between 5 and 10 s of Ar-H2

plasma exposure. Soft saturation as function of the plasma exposure has
also been reported in literature for plasma-assisted ALD of TaN.[33] In
those earlier studies, �soft saturation� was found to be caused by a change
in material properties as function of plasma exposure. The TaNx �lm was
found to be nitrogen-rich for short plasma exposures (i.e., corresponding
to Ta3N5), while the obtained �lms became more metallic (i.e., TaN) for
long the plasma exposures.[33] Similarly, in this work a decrease in nitrogen
content was observed when extending the duration of the Ar-H2 plasma
exposure, see Appendix 8.B. A change in material properties therefore
explains the soft saturation observed in Figure 8.7b. For the area-selective
ALD process, a 4 s precursor dose and a 10 s plasma co-reactant exposure
were used. Further details on the process conditions and �lm quality are
provided in Appendix 8.B.
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Figure 8.8: TaN nucleation curves as measured by XPS on Si, SiO2, SiNx,
Co, and Ru starting surfaces. (a) Measured area of the Ta4f7 XPS peak as
a function of cycles, and (b) estimated �lm thickness based of the XPS and
ellipsometry results, see Appendix 8.C.

Area-selective TaN ALD was studied in this work by adding an aniline
inhibitor step to the abovementioned ALD process, resulting in an ABC-
type cycle. The nucleation behavior of the ABC-type area-selective TaN
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ALD process was studied using XPS. Figure 8.8 shows that TaN growth
nucleates immediately on the studied dielectric surfaces (Si, SiO2, and SiN),
while reduced growth is measured on the Co and Ru metal non-growth
areas. In addition, less deposition is observed on Ru as compared to the Co
surface. The material-selectivity (i.e., deposition on dielectrics but not on
metals) observed for this process is in agreement with our results for area-
selective ALD of TiN.[13] The Ta4f7 peak area from Figure 8.8a, obtained
from XPS, was converted into an estimated �lm thickness (Figure 8.8b)
using the method described in Appendix 8.C. This analysis shows that
after 50 ALD cycles, there is 3.1 ± 0.2 nm TaN deposited on SiO2, compared
to 0.2 ± 0.1 nm on Ru, meaning that ∼3 nm TaN can be deposited with
a selectivity (see Equation 1.1) of 0.86. After 100 cycles, there is 6.2 ± 0.3
nm TaN on SiO2 and 0.8 ± 0.1 nm on Ru, which gives a selectivity of 0.76.

Although the observed selectivity is a good starting point, it is signi�-
cantly lower than what was measured for the area-selective TiN ALD pro-
cess in previous work where no deposition was measured on Ru up to 200
ALD cycles. This raises the question why a lower selectivity is obtained for
ASD of TaN as compared to ASD of TiN, despite both processes being very
similar. It should be noted that the development of the TaN process has
not been as extensively optimized yet as the TiN process. In addition, there
are two main di�erences between these two area-selective ALD processes:
(i) the employed precursors, and (ii) the TiN process employs a substrate
bias during the Ar-H2 plasma co-reactant step whereas the TaN process
does not. TBTDMT was shown to decompose slightly on the substrate sur-
face during ALD which might cause the precursor to �t into smaller gaps
between the inhibitor molecules. A potential solution to precursor decom-
position could be to use a lower substrate temperature for the ASD process,
but this could a�ect the TaN �lm properties. Another explanation for the
lower selectivity could be that TBTDMT is simply more di�cult to block
than TDMAT, consistent with the results in Chapter 6 where we found
that the choice of precursor can strongly a�ect the selectivity.[17] Moreover,
it has been reported that background species in the reactor can introduce
oxygen contamination in a growing nitride �lm during plasma-assisted ALD.
These background species could also a�ect the metal non-growth area. Be-
cause aniline adsorbs on metals but much less strongly on metal oxides,[39]
aniline adsorption could be hindered. These oxygen impurities could poten-
tially be removed every cycle by using substrate biasing.[37,38] In future
work, area-selective ALD of TaN (and TiN) will therefore be studied using
di�erent biasing conditions.
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8.5 Conclusion

Aniline adsorption on a Ru non-growth area was studied computationally
using DFT calculations and RSA simulations. Two main reasons for the ex-
cellent precursor blocking of aniline were identi�ed. Firstly, all adsorption
con�gurations of aniline were found to be bonded strongly to the Ru surface,
which is bene�cial for suppressing inhibitor desorption and displacement.
All aniline adsorption con�gurations are therefore expected to block precur-
sor adsorption. The RSA simulations suggest that a signi�cant fraction of
the aniline molecules adsorbed on the surface in saturation are adsorbed in
the δ-con�guration, and therefore the fact that this con�guration can block
precursor adsorption in essential for obtaining high selectivity. Moreover,
for the δ-con�guration, the reactive amine group on the aniline is sterically
inaccessible for the incoming precursor molecule, which avoids attractive in-
teractions between the inhibitor and the precursor. Unlike for Hacac, having
a mixture of bonding con�gurations for aniline therefore does not seem lead
to a loss of selectivity. Secondly, the RSA simulations show that aniline ad-
sorption leaves no gaps that are large enough for the precursor to interact
with the non-growth area. The results therefore suggest that aniline pro-
vides an e�ective physical barrier that blocks the precursor from reaching
the surface. In addition, the e�ect of catalytic hydrogenolysis reactions on
the precursor blocking by adsorbed aniline was studied. Hydrogenolysis was
found to: (i) remove potentially reactive NH2 groups of the π-con�guration
from the surface, (ii) increase the fraction of aniline adsorbed in the π-
con�guration, and (iii) reduces the number of gaps larger than a precursor
ligand. To gain more insight into the adsorption and precursor blocking of
aniline inhibitor molecules it is vital to also study the adsorption of aniline
experimentally on transition metal surfaces.

A new TaN ALD process was developed using TBTDMT as the pre-
cursor and an Ar-H2 plasma as the co-reactant. Using aniline as inhibitor
molecule, area-selective TaN ALD was studied on several dielectric and
metal surfaces. Reduced growth was observed on Co and Ru while immedi-
ate growth was obtained on the dielectric growth areas. When considering
Ru as the non-growth area, 3.1 ± 0.2 nm of TaN can be deposited on a
SiO2 surface with a selectivity of 86%. The development of this process is
work in progress and can therefore likely be optimized further in order to
achieve an even better selectivity.
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8.A RSA simulations for Hacac

RSA simulations were performed to gain insight into the packing of Hacac
on α-Al2O3. A hexagonal lattice with a surface area of 2680 nm2 without
boundary conditions was used. The lattice with a lattice constant of 0.48
nm[38] represents the (0001) surface of the α-Al2O3. The resulting gap size
distribution is shown in Figure 8.9

Figure 8.9: Histograms showing the distribution of gaps per e�ective gap size
on an Hacac-functionalized Al2O3 surface obtained from the RSA simulations.
The simulations show a saturated Hacac density and coverage of 1.7 ± 0.1
molecules/nm2, 0.54 ± 0.03, respectively.

8.B TaN ALD

The TaN ALD process conditions are shown in Table 8.1. The cycle has 5
individual steps per ALD cycle. First a gas stabilization step is employed
to ensure stable reactor conditions during the precursor dose. This step
simultaneously acts as purging step for the Ar-H2 plasma from the previous
cycle. Next, the precursor is dosed into chamber using Ar as the carrier gas,
after which the reactor chamber is purged. Another gas stabilization step is
then employed to ensure a stable gas �ow before striking the plasma in the
last step.
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Table 8.1: TaN ALD process conditions during a single ALD cycle.

Gas stab. TBTDMT dose Ar purge Gas stab. plasma exposure

Ar purge (sccm) 50 50 200 0 0

Ar bubbling (sccm) 200 50 10 10 10

ICP �ow (sccm) 200 Ar 200 Ar 10 Ar 10 Ar 10 Ar

40 H2 40 H2 40 H2

Pressure (mTorr) 80 80 0 0 0

RF power (W) 0 0 0 0 100

Step length (s) 4 2 3 3 10

The resulting �lm properties were studied using XPS depth pro�ling,
four-point-probe (FPP), ellipsometry, and X-ray re�ection (XRR) measure-
ments. Three plasma conditions were studied: 10 second plasma without
bias (used for experiments in the main text), 30 seconds of plasma without
bias, and 10 seconds of plasma with a substrate bias. The �lm quality was
compared to results for Langereis et al.[33] for plasma-assisted TaN ALD
using pentakis(dimethylamino)tantalum, see Table 8.2. The results espe-
cially show a higher C contamination in the TaN �lm which could be due
to decomposition of the TBTDMT precursor. In addition, the plasma con-
ditions were found to strongly a�ect the material properties. Especially, the
[N]/[Ta] ratio and resistivity were found to decrease with increasing plasma
exposure time and substrate biasing. In addition, the �lm density was found
to increase greatly when using a substrate bias with respect to the grounded
substrate case. The plasma conditions during ALD can therefore be tailored
to achieve the desired �lm properties for the application.

Table 8.2: TaN material quality for the deposited �lms using di�erent plasma
conditions.

Plasma Thickness Resistivity Density Content (at. %) [N]/[Ta]

conditions (nm) (µΩcm) (g/cm3) [Ta] [N] [O] [C] ratio

10 s plasma 37.3 9.2·103 10.2 37 32 10 21 0.86

30 s plasma 43.8 1.3·3 10.7 38 27 11 24 0.71

5 s + 5s with 20W bias 28.8 2.0·2 13.9 44 24 04 27 0.54

Langereis et al. 31.6 1.23 12.0 58 28 12 <2 0.49
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8.C Estimated thickness from XPS

The measured XPS Ta4f7 peak area does not show a linear trend with
respect to TaN �lm thickness. This is due to XPS being more sensitive to
the material at the surface as compared to deeper in the �lm. Therefore,
when assessing the selectivity using XPS data, the calculated selectivity is
typically lower than in reality. This can be corrected for by extracting a
�lm thickness from the XPS data. This was achieved by �tting the Ta �lm
peak and Si substrate peak using an exponential decay function for TaN
grown on a SiO2 substrate, see Figure 8.10. Using the GPC obtained from
ellipsometry, the XPS peak area can then be converted to an estimated
thickness. The resulting formula was subsequently also applied to the XPS
data measured on the other substrates.
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Figure 8.10: Graph showing the exponential decay �t for the Ta and Si XPS
peak area as a function of TaN ALD cycles on a SiO2 substrate. Exponential
decay constants of 44 and 39 ALD cycles were obtained for the Ta and Si
peak area, respectively.
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9
A Mechanistic Study of Precursor Blocking during

Area-Selective ALD using Small Molecule
Inhibitors: Acetylacetone as a Model System

In order to achieve area-selective atomic layer deposition (area-selective
ALD) with a high selectivity, it is important to understand what mecha-
nisms play a role in achieving selective deposition and how selectivity is
eventually lost. There are two general categories of inhibitors to enable
area-selective ALD for self-aligned fabrication: (i) self-assembled monolayers
(SAMs),[1-4] and (ii) small molecule inhibitors (SMIs).[5-8] Area-selective
ALD processes based on SAMs as inhibitors generally report longer nucle-
ation delays as compared to processes involving SMIs. However, SAMs are
conventionally applied before the ALD process using wet chemistry and are
therefore very sensitive to degradation during the ALD process because of
e.g.� high substrate temperatures or the use of highly reactive co-reactants
such as plasma or ozone. In addition, due to their relatively large size,
SAMs are not compatible with sub-10 nm device applications.[9] Alterna-
tively, SMIs can be employed to block precursor adsorption. The main merit
of SMIs is that they can be dosed in situ and in vapor-phase, such that in-
hibitor functionalization can take place during the ALD process, e.g., as
part of an ABC-type ALD cycle.

Although SAMs have been extensively studied, reported mechanisms on
precursor blocking mostly discuss the formation of a sort of physical barrier
between the non-growth area and the incoming precursor molecules. SAM
monomers are composed of a head group that binds to the surface, a long
alkyl chain that causes the formation of a dense and ordered layer, and a tail
group that is inert with respect to precursor adsorption.[10] Especially the
relation of SAM ordering and defectivity has been studied with respect to
precursor blocking.[11,12] Less is known about using SMIs for area-selective
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ALD. Considering that most of the reported SMIs in literature are not
simply smaller versions of known SAM monomers, it can be assumed that
the mechanisms behind precursor blocking are di�erent for SAMs and SMIs.
Eventually, the most e�cient inhibitors will likely incorporate properties
from SMIs and SAM monomers to combine the best of both to achieve
area-selective deposition (ASD) with high selectivity.

In this thesis, mechanistic studies on area-selective ALD were carried
out using acetylacetone (Hacac) inhibitor molecules as model system (see
Chapters 4-6). Hacac is an interesting inhibitor because of its ability to
form stable metal acetylacetonates.[13,14] Such molecules have been re-
ported to be suitable for self-limiting adsorption reactions during ALD,[15,
16] meaning that precursor adsorption is blocked for a surface saturated
with acac ligands. The studied model system comprises an ALD cycle with
three steps: the Hacac inhibitor dose (step A) during which the non-growth
area is selectively functionalized with SMIs, the precursor dose (step B) dur-
ing which precursor adsorption on the non-growth area should be blocked
by the adsorbed inhibitors, and the co-reactant exposure (step C) during
which the precursor ligands and possibly the inhibitors are removed from
the surface.

In earlier work,[6] we demonstrated proof-of-concept for area-selective
ALD using Hacac as SMI in a three-step (ABC-type) SiO2 ALD process. It
was shown that Hacac can provide selectivity between di�erent oxide mate-
rials depending on their surface acidity. In our model system, we speci�cally
focus on the adsorption of Hacac on an Al2O3 non-growth area in the pres-
ence of a SiO2 growth area. Al2O3 provides the longest nucleation delay of
all substrates tested, while immediate growth is obtained on SiO2 surfaces.
In addition, both materials are largely transparent for mid-infrared radia-
tion, and are therefore viable substrates for the IR studies discussed in this
dissertation. This chapter provides an overview of the most important ob-
tained insights into precursor blocking using SMIs, which are compared to
known mechanisms for precursor blocking using SAMs. In addition, general
criteria for inhibitor selection are distilled from the insights obtained using
the Hacac model system.

This chapter discusses the steps of the ABC-type model system sepa-
rately in terms of the mechanisms that play a role in precursor blocking
and/or loss of selectivity. Each subsection in this chapter discusses a gen-
eral conclusion about the mechanisms of precursor blocking using inhibitor
molecules that can be drawn from the observations discussed in this disser-
tation. In these subsections, �rst a short summary of the results from the
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model system is provided followed by the consequences that these results
have for SMI and process design. Next a link is made to similar mechanisms
observed in other area-selective ALD literature, for example for SAMs and
inherently selective ALD processes. Lastly, a more general conclusion is
provided that can be applied to all types of inhibitor molecules.

B: PrecursorA: Inhibitor

Non-growth 
area

Growth
area

C: Co-reactant

A1 B2

C3

B3A2/A3

C1 C2

B1 C4

Figure 9.1: Schematic overview on the interactions that play a role in se-
lectivity for each step of the ABC-type ALD cycle. The inhibitor (step A)
interacts every cycle with the non-growth (A1) and growth (A2) areas (or
deposited material (A3) on the growth area). Subsequently, for the precursor
(step B) several interactions are important for area-selective ALD. Firstly, in-
teractions between inhibitor molecules adsorbed on the non-growth area and
the incoming precursor molecules (indicated by the two arrows at B1) should
lead to precursor blocking. These interactions are largely responsible for pre-
cursor blocking during area-selective ALD. In addition, the precursor interacts
with the growth area (B2) and preferably not with the non-growth area (B3).
Lastly, the co-reactant (step C) removes inhibitor molecules (C1) and precur-
sor ligands (C2) from the surface but also interacts with the non-growth (C3)
and growth areas (C4). Note that all arrows indicate surface reactions and
not gas-phase reactions.
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An overview of the interactions found to play a role in area-selective
ALD is provided in Figure 9.1. The �rst step to selectivity is provided by
inhibitor adsorption on the non-growth area (A1), while no inhibitor ad-
sorption should take place on the growth area (A2) and on the deposited
material (A3), although there is some leeway for inhibitor adsorption on
these surfaces as shown in Chapters 7 and 8. Subsequently, precursor
adsorption should be blocked by the adsorbed inhibitors (B1), while regu-
lar self-limiting precursor adsorption should take place on the growth area
(B2). As discussed in Chapter 6, the reactivity of the precursor with the
surface sites on a non-growth area without inhibitor molecules (B3) can also
a�ect precursor blocking. Lastly, the co-reactant can form defects in the in-
hibitor layer (C1), should remove the precursor ligands (C2) and could lead
to chemical alterations of the growth and non-growth area (C3 and C4).
Although all of the abovementioned interactions play a role in area-selective
ALD, these interactions are not all equally important for obtaining selec-
tivity. For example, some of these interactions are simply intrinsic require-
ments to achieve ALD, such as (B2 and C2) and are therefore discussed
to a lesser degree in this chapter. Selectivity is largely provided by inhibitor
adsorption on the non-growth area (A1), together with precursor blocking
by adsorbed inhibitors (B1) and these interactions were therefore studied
in more detail.

9.1 Inhibitor dose (A)

9.1.1 Not all surface sites can be covered by the inhibitor
molecules (A1)

A high inhibitor coverage is important for precursor blocking, especially
when relying on steric e�ects to prevent the precursor from reaching the
surface.[17] Any gaps in the inhibitor layer that are large enough to �t a
precursor molecule can act as nucleation sites for ALD growth.[2] However,
as is discussed in Chapters 4 and 6, when using SMIs it is challenging
to achieve the high surface packing (i.e., coverage and ordering) required
for precursor blocking, see Figure 9.2a. This is a result of SMI adsorption
taking place in a disordered manner during the vapor-phase dosing of the in-
hibitor, which can be understood through the random sequential adsorption
(RSA) model, as discussed in detail in Chapter 8. In short, adsorption is
assumed to take place one molecule at a time, on a random surface site, and
in a random orientation (Figure 9.2a). In addition, SMIs typically adsorb
too strongly (and irreversibly) to the non-growth area to allow for surface
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di�usion, and therefore no reorganization of the inhibitor molecules can
take place after adsorption.[18] Even if inhibitor di�usion could take place,
adsorbed SMIs typically do not interact strongly enough with neighboring
adsorbed SMIs to promote the formation of an ordered layer. As a result, a
lower coverage is obtained as compared to the ideal situation where a fully
ordered inhibitor layer is achieved, causing relatively large gaps to remain
after functionalization, see Figure 9.2. It is known in mathematics that dis-
order leads to a lower coverage as compared to an ordered structure, e.g.,
for circular objects a coverage of ∼0.91 for an ordered layer is predicted
(i.e., hexagonal closely packed) whereas in the case of random adsorption a
maximum coverage of ∼0.55 can be obtained.[19�21]

Figure 9.2: Illustrations showing the resulting inhibitor layer for (a) disor-
dered and (b) ordered inhibitor adsorption. Disordered inhibitor adsorption
leads to gaps in the inhibitor layer, as indicated by the circles, while the ideal
case (i.e ordered inhibitor adsorption; typically not achievable for SMIs) leads
to a higher inhibitor surface coverage without any gaps in the inhibitor layer.

SAMs exploit van der Waals forces between SAM monomers to form a
dense layer with high surface ordering.[11,22] As mentioned above, an or-
dered layer provides a more e�ective physical barrier to prevent the ALD
precursor from reaching the surface by increasing the density of inert tail
groups (e.g., CH3 groups) on the surface and avoiding the formation of
gaps in the layer. The strength of these van der Waals forces, and there-
fore the degree of SAM ordering, depends strongly on the length of the
alkyl chain.[11,23] For example, Chen et al. reported that an alkyl chain
of at least 12 carbon atoms is required to e�ectively block HfCl4 precur-
sor adsorption. Although some SAM monomers have been reported to be
compatible with vapor-phase dosing,[2, 24�26] due to their relatively low
volatility, each functionalization step typically takes 20-30 minutes which is
unviable when functionalizing every cycle.
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In general, when dosing the inhibitor every cycle, relying on van der
Waals forces for inhibitor ordering likely requires too large molecules, which
are not volatile enough for fast functionalization steps in the order of sev-
eral seconds. There are two strategies to deal with the consequences of
disordered adsorption: (i) induce surface ordering in the inhibitor layer by
increasing the interactions between adsorbed inhibitors (e.g., H-bonds) and
(ii) supplementing the steric shielding (i.e., physical blocking) with chemi-
cal passivation to improve precursor blocking, see Section 9.2.1. Stronger
intermolecular interactions (e.g., hydrogen, or metal coordination bonding)
could be employed as inhibitor-inhibitor interactions for SMI ordering. How-
ever, it will likely be challenging to achieve strong inhibitor-inhibitor inter-
actions on the surface while avoiding those interactions in the inhibitor
container where such interactions would lead to a low vapor-pressure, i.e.,
reducing the viability of dosing the inhibitor in situ during the ALD process.
In order to decouple the vapor pressure of the inhibitor from the inhibitor-
inhibitor interactions, surface mediated reactions could be employed (e.g.,
metal coordination bonding or through catalytic surface reactions) or a
second molecule could be dosed with the inhibitor to facilitate these inter-
actions.

9.1.2 Small molecule inhibitors adsorb in a mixture of bond-
ing con�gurations (A1)

The inhibitor is required to adsorb strongly on the non-growth area (A1)
such that no signi�cant desorption takes place between the inhibitor and
precursor dose and such that the inhibitor is more di�cult to displace by
the precursor (see Section 9.2.2). However, this binding strength depends
strongly on the inhibitor adsorption con�guration. In Chapter 4, it was
observed that Hacac adsorbs in a mixture of adsorption con�gurations when
dosed in saturation, as illustrated in Figure 9.3. Due to steric constraints
near saturation, the inhibitor partly adsorbs in a �secondary� adsorption
con�gurations that are less strongly bonded than the most favorable adsorp-
tion con�guration. [27-32] Typically not all of these bonding con�gurations
are equally suited for precursor blocking. For example, Hacac adsorbed in
monodentate con�guration was found to thermally desorb from the non-
growth area, see Chapter 4. Aside from being less strongly bonded, the
monodentate leaves unreacted functional groups on the non-growth area,
i.e., only one of the carbonyl groups binds with the surface and the other
group remains free to interact with incoming precursor molecules (Figure
9.3). These unreacted functional groups could interact attractively with
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the incoming precursor molecules (B2), which can be a starting point to
inhibitor displacement as is discussed in Section 9.2.2. Because it is typi-
cally extremely challenging to avoid a mixture of adsorption con�gurations
when dosing the inhibitor during area-selective ALD, it should be ensured
that all inhibitor adsorption con�gurations block precursor adsorption in
order to achieve a high selectivity.

Figure 9.3: SMI adsorption typically takes place in a mixture of bonding
con�gurations. The �gure illustrates two adsorption con�gurations observed
for Hacac.

Many SAM monomers contain multiple functional groups in their head-
group (e.g., -COOH headgroup),[10, 22, 33] and can therefore be expected
to also adsorb in a mixture of con�gurations. However, this mixture of bond-
ing con�gurations plays a much smaller role in the selectivity of ASD using
SAMs for several reasons. Firstly, SAM monomers are not only stabilized on
the surface by the binding to the substrate, but also by the van der Waals
interactions with neighboring SAM monomers (∼0.3 eV per neighboring in-
hibitor). Inhibitor-inhibitor interactions can therefore easily add up to more
than 1 eV, making variations in surface binding less critical. In addition, the
van der Waals interactions, that order the SAM, limit the degrees of free-
dom of the SAM monomers.[23] As a result, unreacted functional groups on
the head group of the SAM monomer are unavailable for interactions with
incoming precursor molecules.
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a) b) HthdHacac

Chelate

Monodentate

Not favorable

Figure 9.4: Illustrations based on DFT calculations for (a) acetylacetone
(Hacac) and (b) tetramethylheptanedione (Hthd) adsorbed in chelate and
monodentate con�guration on an Al2O3 surface. Due to the bulky shape of
the Hthd, the unreacted OH group for the monodentate con�guration cannot
point away from the surface, thereby interactions between the unreacted OH
group and incoming precursor molecules are avoided.

For inhibitor molecules in general, a mixture of inhibitor adsorption con-
�gurations needs to be avoided or all adsorption con�gurations need to block
precursor adsorption. It is typically very challenging to prevent a mixture of
inhibitor adsorption con�gurations in saturation. Monofunctional inhibitor
molecules could be considered to avoid a mixture of con�gurations, but
these molecules generally bond less strongly to the non-growth area. There-
fore, ensuring that all adsorption con�gurations block precursor adsorption
is a more robust strategy. The results for using aniline as SMI, see Chap-
ters 7 and 8, show that e�ective precursor blocking can be obtained, even
if the inhibitor adsorbs in a mixture of con�gurations. Density functional
theory (DFT) calculations show that all adsorption con�gurations of ani-
line on a transition metal are bonded to the surface with more than 1 eV
bond strength, see Chapter 8. This strong bonding is one of the reasons
why precursor adsorption can be blocked by all adsorption con�gurations
of aniline. In addition, a more bulky inhibitor could be employed to restrict
the degree of freedom for adsorbed inhibitors. Recent work on using tetram-
ethylheptanedione (Hthd) instead of Hacac as inhibitor shows that the size
of Hthd prevents unreacted functional groups on the inhibitor from reacting
with incoming precursor molecules, see Figure 9.4.
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9.1.3 Complete inhibitor saturation is vital (A1)
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Figure 9.5: Complete inhibitor saturation is essential for area-selective ALD.
(a) The requirement for precursor and inhibitor saturation. (b) E�ect of in-
complete precursor saturation on ALD growth. (c) E�ect of incomplete in-
hibitor saturation on the nucleation curve of an area-selective ALD process.
The 100% coverage curve was based on the area-selective SiO2 process dis-
cussed in Chapter 5, which was used as starting point for the calculation.
Please note that, in reality, the inhibitor dose in this process is not necessarily
in complete saturation. The conditions and assumptions of the study used to
make these graphs are discussed in Appendix 9.A.

Saturation is a de�ning feature of ALD. However, depending on the sub-
strate topography, dosing until complete saturation is not always essential,
see Figure 9.5b. Especially in industry, the ALD precursor is typically not
dosed in complete saturation to save precursor and processing time. Any
negative e�ects on �lm uniformity are corrected for by tool optimization
(i.e., by injecting the precursor as uniformly as possible on the substrate).
As shown in Figure 9.5, complete saturation of the inhibitor adsorption step
is much more essential. Based on the ABDC-type SiO2 process discussed
in Chapter 5 as example, it was modeled how critical inhibitor saturation
is for the selectivity of an area-selective ALD process using the nucleation
model developed by Parsons,[34] see Figure 9.5c. The conditions and as-
sumptions used in this study are discussed in Appendix 9.A. The results
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show that the degree of inhibitor saturation strongly a�ects the nucleation
delay of an area-selective ALD process. A much shorter nucleation delay is
obtained, compared to complete saturation, even when the inhibitor dose is
at 99.9% coverage.

What does this mean for inhibitor design and dosing strategies? Firstly,
the evaluation above assumes that every molecule that is missing with re-
spect to saturation results in a nucleation site. However, this assumption
depends on whether the gaps left by the missing inhibitor molecules are large
enough for precursor adsorption. In other words, this assumption depends
on the size of the employed inhibitor with respect to the precursor size. In
addition, the inhibitor exposure can be optimized to ensure inhibitor satu-
ration. Assuming �rst order Langmuir adsorption,[35] it takes a three times
higher dose to proceed from 95% saturation to 99.99% saturation. Dosing
the inhibitor at a high pressure presumably speeds up inhibitor saturation,
which limits the e�ects on cycle time (i.e., throughput) at the expense of
more inhibitor consumption.

9.2 Precursor dose (B)

9.2.1 Steric shielding and chemical passivation are required
in concert for precursor blocking (A1&B1)

There are two general strategies to precursor blocking: (i) using inhibitors
to sterically shield the non-growth area from the precursor and (ii) chem-
ically passivating the non-growth area by removing precursor adsorption
sites from the surface, see Figure 9.6. As discussed in Section 9.1.1, the
SMI cannot cover the entire surface of the non-growth area and can there-
fore not cover all precursor adsorption sites. As a result, steric shielding is
typically insu�cient for precursor blocking when using SMIs. In order to
improve precursor blocking, chemical passivation can be employed to com-
plement the steric shielding. Chemical passivation, explained in more detail
in Chapter 6, requires a good overlap between the surface sites on which
the inhibitor and precursor adsorb. Since Hacac adsorbs only on the iso-
lated OH groups of Al2O3 and not on the vicinal OH groups, any precursor
that can adsorb on vicinal OH groups is more challenging to block using
Hacac. Due to this required overlap in precursor and inhibitor adsorption
sites, there is interplay between the choice of inhibitor and precursor which
needs to be considered for area-selective ALD, see also Section 9.2.3.
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Figure 9.6: Schematic illustration showing precursor blocking through (a)
only steric shielding and (b) through a combination of steric shielding and
chemical passivation.

As partly discussed in Section 9.1.1, to maximize the steric shield-
ing component of precursor blocking, SAM literature provides insight into
potential improvements to SMI design. Typically, a dense and highly or-
dered layer is required to form an e�ective physical barrier between the
non-growth area and the incoming precursor molecules. In addition, order-
ing of the adsorbed inhibitor molecules improves their coverage and thereby
the shielding of reactive surface sites. To better understand chemical passi-
vation, an analogy with inherently selective ALD studies can be made. For
example, a commonly used non-growth area for inherently selective ALD is
hydrogen-terminated (H-terminated) Si,[36-40] which is formed by dipping
a Si substrate in HF solution in order to strip any oxide and OH groups
from the Si substrate. Similarly, chemical passivation by SMIs is obtained
by removing reactive surface groups from the surface such that they are no
longer available for precursor adsorption. Literature reports on inherently
selective ALD can therefore provide information on what surface sites play
a role in the adsorption of speci�c ALD precursors and what kind of defects
on the non-growth area lead to loss of selectivity.

For inhibitors in general, it is challenging to rely completely on either
steric shielding or chemical passivation. Relying completely on steric shield-
ing might be possible for SAMs, but the long formation times required to
form a defect free SAM indicate how challenging this is. Reacting with all
surface sites on the non-growth area such that precursor blocking can only
rely on chemical passivation is equally unviable, because even SMIs are
typically larger than the spacing between surface sites. Therefore, inhibitor
molecules should be designed to exploit both steric shielding and chemical
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passivation. To supplement the chemical passivation achieved with SMIs,
surface pretreatments could be considered to reduce the number of reactive
surface groups for precursor adsorption on the non-growth area, similar to
how HF can be used to make H-terminated Si. For example, a high temper-
ature anneal could be employed to bring down the OH group density on an
oxide non-growth area before area-selective ALD,[41, 42] making chemical
passivation of the remaining OH groups by the inhibitor easier to achieve.
Overall, in order to fully exploit steric shielding and chemical passivation,
the inhibitor molecule should be chosen depending on the surface sites that
are important for precursor adsorption.

9.2.2 Attractive interactions between incoming precursor
and adsorbed inhibitor molecules lead to loss of se-
lectivity (B1)

Adsorbed inhibitor molecules should be inert towards the incoming precur-
sor molecules for precursor blocking. Any attractive interaction between
the precursor and inhibitor molecules increases the probability that in-
hibitor displacement reactions can take place, see Figure 9.7. In addition,
such attractive interactions can potentially promote precursor nucleation
on top of the inhibitor layer. The interactions between the adsorbed in-
hibitor molecules and the incoming precursor molecules depend on: (i) the
adsorption con�guration of the inhibitor, and (ii) the precursor chemistry.
When the inhibitor adsorption con�guration has functional groups that are
not bonded to the surface, these groups could potentially interact with the
incoming precursor. For example, in Chapter 4 it was found that BDEAS
interacts with the free OH group of Hacac in monodentate con�guration,
which is the starting point of Hacac displacement and BDEAS adsorption,
see Figure 9.7. This interaction was found to be more attractive when the
BDEAS molecule approaches the surface with an amine ligand pointing to-
wards the surface as compared to with an -H ligand, thereby showing that
the precursor ligands also plays an important role. Whether inhibitor dis-
placement by the precursor is favorable (∆Hdisp < 0) can be calculated
by:

∆Hdisp = [∆Hinh−surf + ∆Hprec−inh]− [∆Hinh−prec + ∆Hprec−surf ] (9.1)

where ∆Hinh−surf and ∆Hprec−surf are the adsorption energies of the in-
hibitor and precursor molecules on a non-functionalized non-growth area
respectively, ∆Hprec−inh is the interaction energy of the precursor with an
inhibitor-functionalized non-growth area, and ∆Hinh−prec is the interaction
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energy of the inhibitor with an adsorbed precursor molecule on the non-
growth area.[43] The adsorption energy of the precursor and inhibitor with
the non-growth area (B3&A1) therefore also play a role in displacement
because they are a metric of how favorable precursor and inhibitor adsorp-
tion is respectively. To keep the balance from Equation 9.1 positive, it is
preferable to use a precursor that chemisorbs less strongly to the non-growth
area.

Figure 9.7: Schematic illustration showing the four stages of inhibitor dis-
placement by a precursor molecule and the role that attractive interactions
between the incoming precursor and adsorbed inhibitor molecules play in dis-
placement.

For SAMs, attractive interactions between the inhibitor and the ALD
precursor are also known to lead to loss of selectivity.[44-46] Such interac-
tions allow the precursor to remain physisorbed longer on or in the SAM,
thereby leading to CVD like behavior. The functionality of the SAM tail has
been reported to a�ect how strong the interactions between the precursor
and SAM are.[9, 47] Furthermore, Oh et al. showed that precursor molecules
with a higher Lewis acidity lead to a stronger physisorption of the precursor
on/in the SAM and therefore require longer purging to ensure a high selec-
tivity.[44] Although the reported mechanisms to loss of selectivity for SAMs
are di�erent than those for SMIs, they all start with an interaction between
the inhibitor and precursor. It is therefore important to have mechanistic
understanding of the interactions that happen at the inhibitor-precursor
interface during area-selective ALD.[9]

In summary, any attractive interactions between the incoming precur-
sor and adsorbed inhibitor molecules on the non-growth area need to be
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avoided. Such interactions make inhibitor displacement reactions more likely
and promote precursor nucleation on the inhibitor layer. The inhibitor ad-
sorption con�guration and the precursor chemistry play an important role
in whether these interactions are possible. Precursor nucleation on top of
the inhibitor layer can be suppressed by extending the purging step after
precursor dosing,[44] lowering the precursor dosing pressure,[48] or increas-
ing the process temperature. To prevent inhibitor displacement, the binding
strength of the inhibitor on the non-growth area (∆Hinh−surf ) should be
as high as possible. In addition, having signi�cant inhibitor-inhibitor inter-
actions, as discussed in Section 9.1.1, could help to further stabilize the
inhibitor layer, thereby suppressing inhibitor displacement.

9.2.3 Some precursor molecules are more di�cult to block
than others (B1)

Figure 9.8: Schematic illustration showing that some precursors are more
di�cult to block than others.

From what has been reported in the literature in the �eld of ASD, it is
evident that some materials are more di�cult to deposit selectively than
others.[46, 49, 50] For example, much lower selectivity is reported for area-
selective ALD of Al2O3 as opposed to ZnO, even for identical growth/non-
growth areas and employed inhibitors.[46] Aside from steric shielding, Sec-
tions 9.2.1 and 9.2.2 describe that e�ective precursor blocking requires:
(i) overlap in the precursor and inhibitor adsorption sites (i.e., chemical
passivation) and (ii) a lack of attractive interactions between the incoming
precursor molecules and adsorbed inhibitor molecules. Both of these require-
ments are a�ected by the choice of precursor for area-selective ALD. Taken
together, the abovementioned mechanisms described in Sections 9.2.1 and
9.2.2 therefore explain why some ALD precursors are more di�cult to block
than others.
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The choice of precursor establishes which surface groups need to be
chemically passivated by the inhibitor. For example, TiCl4 has been re-
ported to be able to chemisorb on an OH-terminated Si surface but not on
an H-terminated surface,[36] while the reverse is true for AllylCo(CO)3.[39]
Similarly, precursor adsorption was observed to be selective for distinct sur-
face sites on the same surface depending on the employed precursor, see
Chapter 6. In the case of a precursor that is less sensitive to which surface
sites it adsorbs on (e.g., TMA), a larger diversity and therefore number of
surface sites needs to be blocked by the inhibitor, making precursor block-
ing more di�cult. In addition, inhibitor displacement is a�ected by how
strongly the precursor adsorbs on the non-growth area and whether any
interactions between the precursor and adsorbed inhibitor are possible, as
discussed in Section 9.2.2. The choice of precursor therefore a�ects how
easy precursor blocking can be achieved. In terms of precursor chemistry,
there are therefore three main aspects to consider for area-selective ALD:
(i) which surface sites can the precursor adsorb on, (ii) how strong does
the precursor adsorb on the non-growth area, and (iii) are there any at-
tractive interactions possible between the precursor and adsorbed inhibitor
molecules.

a) b) Dimeric TDMAAMonomeric TDMAA

Access to metal center

Figure 9.9: Illustration showing (a) monomeric and (b) dimeric TDMAA.
While for the monomeric TDMAA the metal center is sterically accessible, the
dimeric TDMAA is covered in all directions with CH3 groups which sterically
shield the Al metal centers.

The choice of precursor also a�ects precursor blocking, in terms of steric
shielding. The larger the precursor molecule (or precursor complex) the eas-
ier it is to sterically shield the non-growth area. Oh et al. reported that the
size and whether or not the precursor is a dimer a�ects precursor block-
ing.[44] Similarly, Kim et al. showed that DMAI dimers are more easily
blocked than TMA and DMAI monomers using the SMI ethanethiol.[7] In
that case, dimerization was shown to increase the size of the precursor (com-
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plex) and decrease the reactivity towards the surface. Many ALD precursors
can be a dimer, or even a trimer, depending on the process temperature and
pressure. Dimers are typically less reactive than their monomer equivalent,
because in a dimer the metal center is sterically less accessible. For exam-
ple, Figure 9.9 shows TDMAA in monomeric and dimeric form, where in
the dimeric form the metal center and reactive amino groups are better
surrounded by inert methyl groups.

A precursor that has a relatively low reactivity to the surface sites on
the non-growth area (∆Hprec−surf ) and to the adsorbed inhibitor molecules
(∆Hprec−inh) is desired. Such precursors are more easily blocked through
chemical passivation and are less likely to displace adsorbed inhibitor molecules.
In terms of steric shielding, the ALD precursor preferably should be rela-
tively large such that small gaps in the inhibitor layer do not directly lead
to loss of selectivity. Precursor dimerization could be desirable since it de-
creases the precursors reactivity and increases the precursors size. Overall,
it is important to consider the precursor chemistry and size in order to
achieve area-selective ALD with high selectivity.

9.2.4 The mechanisms that lead to loss of selectivity can be
a function of precursor exposure (B1)

 

 

Th
ick

ne
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Number of cycles

Precursor exposure

Figure 9.10: Illustration showing how precursor exposure a�ects the nucle-
ation delay of an ASD process, where the nucleation delay is strongly de-
creased when the precursor exposure is increased. This illustration is based
on the data for area-selective SiO2 ALD on an Al2O3 surface shown in Figure
4.7a.
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One of the de�ning traits of ALD is that the growth per cycle (GPC) is inde-
pendent of the precursor dosing time and �ux, as long as the exposure is in
saturation. However, as discussed in Chapter 4, the nucleation delay of an
area-selective ALD process can depend strongly on the precursor dose, see
Figure 9.10. This is because selectivity is often lost through side reactions
(e.g., inhibitor displacement) which are not necessarily self-limiting.[51] This
dependency can have consequences for area-selective ALD in 3D structures.
Especially for high-aspect 3D structures, the precursor dose often needs to
be extended such that all surfaces in the structure receive the minimal re-
quired precursor exposure for saturation.[52-54] As a result, a large part of
the structure is exposed to an oversaturated precursor dose, making precur-
sor blocking more challenging, depending on the position of the non-growth
area in a 3D structure.

The dependence of the selectivity on the precursor exposure partly ex-
plains why the reported selectivity for area-selective CVD processes are
typically better than for area-selective ALD processes.[55, 56] As shown in
Figure 9.11, CVD makes more e�cient use of the precursor exposure for
�lm deposition than ALD. ALD �wastes� part of the precursor exposure
for achieving self-limiting adsorption. As the surface �ll up with adsorbed
precursor molecules during ALD precursor adsorption, a relatively large ex-
posure is required to ensure precursor adsorption also takes place on the
few remaining free surface sites. In other words, the probability that an in-
coming precursor molecule �nds a free surface site decreases with increasing
precursor coverage. Because selectivity is often dependent on the precursor
exposure, CVD can therefore typically deposit more material on the growth
area before selectivity is lost on the non-growth area.

To suppress the loss of selectivity during area-selective ALD, the min-
imal precursor dose to achieve uniform and conformal deposition should
be used. In other words, the precursor dose should be in saturation on all
substrate surfaces, but not larger than is required for saturation. Regarding
selective deposition within 3D structures, research is required on the use
of SMIs within high-aspect ratio structures. Whether the ALD precursor
exposure needs to be extended to ensure a high conformality in 3D struc-
tures depends strongly on the sticking probability s of the precursor within
the structure.[57] In case the sticking probability is low, the precursor dose
might not need to be extended. This raises the question whether inhibitor
functionalization a�ects the precursor dose that is required for conformal de-
position. Inhibitor-functionalized surfaces should be inert towards incoming
precursor molecules (i.e., s ≈ 0) and an inhibitor-functionalized 3D struc-
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ture should therefore have a lower average sticking probability than the
same structure before dosing the inhibitor. The reduction is average sticking
probability after inhibitor functionalization should lead to a relatively low
precursor dose to saturate all surfaces. Overall, in order to minimize loss of
selectivity through oversaturated precursor doses on parts of the substrate,
optimization of the ALD reactor tool and ALD process is required.
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Precursor exposure (L)

CVD
ALD

Figure 9.11: Deposited �lm thickness obtained for CVD and ALD with re-
spect to cumulative precursor exposure. Whereas CVD growth occurs linearly
with the precursor exposure to the substrate, during ALD self-limiting pre-
cursor adsorption requires a relatively high precursor exposure.

9.3 Co-reactant exposure (C)

9.3.1 Incomplete removal of the inhibitor by the co-reactant
can lead to defects (C1)

The advantage of cyclewise functionalization of the non-growth area is that
this degradation of the inhibitor layer can be repaired at the start of ev-
ery cycle. During an ALD cycle, aside from inhibitor displacement, degra-
dation of the inhibitor layer can occur through: (i) desorption of the in-
hibitor molecules, (ii) inhibitor removal by the co-reactant, and (iii) disso-
ciation/fragmentation of the adsorbed inhibitor molecules, e.g., as a result
of the co-reactant exposure. However, simply redosing the inhibitor does
not always fully restore the inhibitor layer. As discussed in Chapter 5,
the co-reactant exposure can be a cause of selectivity loss, depending on
whether and how the co-reactant removes the SMIs from the surface. In the
case of inhibitor dissociation/fragmentation, persisting inhibitor fragments
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on the surface after the co-reactant can hinder reapplication of the inhibitor
molecules while they do not necessarily e�ectively block precursor adsorp-
tion, see Figure 9.12. Inhibitor dissociation/fragmentation is especially ex-
pected to play a role when using a plasma as the co-reactant because of
the highly reactive radicals and ions in the plasma. When inhibitor dissoci-
ation/fragmentation occurs during the co-reactant step, it is essential that
all inhibitor species are removed from the surface before the start of the
next area-selective ALD cycle.

Defects

Incomplete removal

Co-reactant exposure

Persisting fragments hinder inhibitor functionalization

Figure 9.12: Schematic illustration showing how incomplete removal of the
inhibitor molecules during the co-reactant exposure can lead to defects.

Although regeneration of the inhibitor layer can be employed to com-
bat degradation of the inhibitor layer,[6, 8, 24] it is important to consider
whether the previous inhibitor layer needs to be removed before reapply-
ing the inhibitor. In many cases, the adsorbed inhibitor species left after
the previous cycle can hinder the formation of an e�ective inhibitor layer
during reapplication. It can therefore be bene�cial for the selectivity to in-
clude a correction or surface cleaning step before reapplying the inhibitor,
indicated as step D in this dissertation, see Figure 2.5. For example, to
prevent Hacac fragments from hindering inhibitor functionalization, an H2

plasma step was added to our model system for area-selective SiO2 ALD
to completely remove the inhibitor every cycle, see Chapter 5. Overall,
although the co-reactant step plays a relatively small role in the selectivity
when functionalizing the surface with inhibitors every cycle, there are still
mechanisms that can lead to loss of selectivity during this step that should
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not be overlooked.

9.3.2 The surface chemistry of the non-growth area should
remain the same during area-selective ALD (C3)

Figure 9.13: Schematic illustration showing how alterations of the non-
growth area by the co-reactant can lead to loss of selectivity. (a) The non-
growth area is exposed to the co-reactant every cycle, causing a fraction of
the surface sites to be altered. (b) For example, in case the inhibitor does not
adsorb, or adsorbs less strongly, on these altered surface sites, ALD growth
can nucleate on there.

Selectivity is often lost during area-selective ALD because the surface chem-
istry of the non-growth area changes as a function of ALD cycles.[51] For
example, imperfect precursor blocking leads to small amounts of deposition
on the non-growth area, and therefore to less inhibitor adsorption and worse
precursor blocking. In this manner, loss of selectivity becomes increasingly
signi�cant as function of ALD cycles. During the co-reactant step, one thing
to consider is whether the co-reactant exposure can a�ect the surface chem-
istry of the non-growth area (C3). Even small alterations to the surface
can have signi�cant e�ects after a number of ALD cycles, because the non-
growth area is exposed to the co-reactant every cycle, see Figure 9.13. These
alterations should therefore be corrected for to prevent loss of selectivity. In
addition, any correction or surface cleaning steps could also induce changes
to the non-growth area. Such changes to the surface chemistry could hinder
or weaken inhibitor adsorption leading to loss of selectivity. For example,
the H2 plasma correction step discussed in Chapter 5, can potentially re-
duce an oxide surface to a more metallic surface onto which the inhibitor
might not be able to adsorb. On the other hand, when using a metal as
non-growth area, a H2O or O2 co-reactant could oxidize the surface, lead-
ing to a di�erent surface chemistry for inhibitor adsorption. Whether the
H2 plasma should be included before or after the co-reactant step therefore
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depends on the material system used during area-selective ALD. The order
of the co-reactant (C) and correction step (D) should therefore be chosen
such that the surface chemistry of the non-growth area during inhibitor
reapplication is always the same.

9.4 What is required for e�cient precursor block-
ing using SMIs?

By studying the Hacac model system, several interactions that play a role
in selective deposition were identi�ed, see Figures 9.14 - 9.16. Here the
selection criteria are discussed regarding the choice of the SMI, precursor,
and co-reactant. Please note that many of the mentioned criteria in�uence
each other, meaning that there can be some leeway in the requirements
depending on how well the other criteria are met.

Desorption
Strong

adsorption

Intermolecular 
    interaction

Unreacted 
functional

groups

Mixture
of adsorption

con�gurations

Figure 9.14: Mechanisms that play a role during the inhibitor dose. The
inhibitor needs to strongly adsorb on the non-growth area to avoid inhibitor
desorption and displacement reactions. Furthermore, a mixture of inhibitor
adsorption con�gurations is typically obtained in saturation. A fraction of
these con�gurations can leave unreacted functional groups on the surface
which need to be inaccessible for interactions with the precursor to avoid
displacement (shown in Figure 9.15). In order to obtain a dense and ordered
inhibitor layer, it can be bene�cial to allow for inhibitor di�usion and inter-
molecular interactions between adsorbed inhibitors on the surface.



9

208 | Mechanisms of precursor blocking during area-selective ALD using SMIs

Regarding the SMI, the mechanisms that play a role in the formation of
an e�ective inhibitor layer are illustrated in Figure 9.14. It was found that
SMI adsorption typically takes place in a mixture of adsorption con�gura-
tions. A relatively low bonding energy or the availability of an unreacted
functional group for an adsorption con�guration can lead to loss of selectiv-
ity through inhibitor displacement reactions by the precursor. In addition,
disordered adsorption of the SMI leads to gaps in the inhibitor layer making
it a less e�ective physical barrier for precursor blocking. Overall, the fol-
lowing SMI requirements can be distilled on top of the requirements stated
in Chapters 1 and 2: (i) strong adsorption on the non-growth area for
all adsorption con�gurations, (ii) any unreacted functional groups for ad-
sorbed inhibitor molecules should be sterically or chemically unavailable for
interactions with the precursor, (iii) intermolecular interactions between in-
hibitors should preferably be possible in combination with surface di�usion
to promote the formation of an ordered inhibitor layer.

Blocking

Overlap in
adsorption

 sites

Displacement

Adsorption
in gaps

Figure 9.15: Mechanisms that play a role in the selectivity during the pre-
cursor dose. Selectivity is lost in this step through inhibitor displacement and
precursor adsorption in the gaps that remain after inhibitor functionalization.
Inhibitor displacement typically occurs if the precursor can interact attrac-
tively with the adsorbed inhibitor molecules or if the adsorption energy of the
precursor is much larger than for the inhibitor. Moreover, a good overlap in
the inhibitor and precursor adsorption sites is required for e�ective precursor
blocking.

The mechanisms that play a role in selectivity with respect to the choice
of precursor are summarized in Figure 9.15. It was found that ALD precur-
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sor blocking is achieved through chemical and physical contributions, both
of which are required for e�ective precursor blocking using SMIs. For the
chemical contribution, it is important that the inhibitor and precursor ad-
sorb on the same surface sites. Chemical passivation is more easily achieved
for precursors that can only adsorb on a small selection of distinct surface
sites as compared to precursors that can adsorb anywhere. Furthermore, one
of the main mechanisms that causes loss of selectivity was found to be in-
hibitor displacement reactions involving the incoming precursor molecules.
The precursor a�ects inhibitor displacement through its binding energy with
the non-growth area and interaction energy with the adsorbed inhibitors.
In addition, the physical blocking of the precursor is easier to achieve if the
precursor is relatively large with respect to the gaps in the inhibitor layer.
To summarize, the following precursor selection criteria can be de�ned: (i)
the di�erent types of surface sites the precursor can react with should be
limited, (ii) the precursor binding strength to the non-growth area should be
small, (iii) no attractive interactions should be possible with available unre-
acted functional groups on adsorbed inhibitor molecules, and (iv) preferable
the precursor should be relatively large to make physical blocking easier.

Inhibitor
removal

Modi�ed
surface
site

Persisting
fragments

Figure 9.16: Mechanisms that play a role in the selectivity during the co-
reactant dose. Incomplete inhibitor removal during the co-reactant exposure
can leave persisting inhibitor fragments on the surface. Moreover, the co-
reactant exposure can modify the surface chemistry of the non-growth area.
These mechanisms a�ect the selectivity by hindering the formation of an ef-
fective inhibitor layer in the next ALD cycle.
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The choice of co-reactant plays a smaller role in the selectivity but should
not be overlooked. The mechanisms that play a role in selectivity for the
inhibitor are shown in Figure 9.16. The co-reactant can create defects on the
non-growth area through: (i) incomplete inhibitor removal, and (ii) changes
in the surface chemistry of the non-growth area. These defects will typically
a�ect inhibitor adsorption in the next ALD cycle thereby leading to loss
of selectivity. These defects should be avoided or removed by choosing the
right co-reactant or through the addition of a correction step that removes
these defects.

Overall, many of the mechanisms leading to loss of selectivity involve
interplay between the size and chemistry of the inhibitor and precursor
molecules. As a result, the inhibitor and precursor for an area-selective
ALD process need to be carefully selected as a complementary set. An SMI
that works well for one precursor might not be able to e�ectively block
another precursor. Therefore, there is likely no universal SMI for a certain
non-growth area that works well for all precursor molecules. In order to
further study this interplay, a larger range of inhibitor molecules should be
studied to obtain more insight into how to improve precursor blocking, and
to expand the pool from which inhibitor molecules can be chosen.



9

Mechanisms of precursor blocking during area-selective ALD using SMIs | 211

9.A Appendix: description of the nucleation model

ALD nucleation can be described using the nucleation model developed by
Parsons[34], which builds on the Avrami method of nucleation analysis[59]:

dT

dt
= GPC · (1 − exp[−2π ·GPC2(N̂t2 +

1

3
Ṅt3)]) (9.2)

Where, T is the thickness of the growing layer, t is the number of ALD
cycles, GPC is the growth per cycle in the linear growth regime, N̂ is the
number of defects on the surface before ALD, and Ṅ is the number of defects
generated per cycle. Ṅ and N̂ can typically not be independently �tted and
therefore N̂ was set to 0 in our model, which gave the best �t. Applying this
model to the nucleation curve measured for the ABDC-type SiO2 process
from Chapter 5, results in Ṅ = 0.0015 sites/nm2/cycle. For the analysis
in this section, these numbers are assumed to correspond to 100% inhibitor
saturation. Please note that, in reality, the inhibitor adsorption reaction is
not necessarily in complete saturation, but instead this curve is used as a
starting point for the calculation. Hacac adsorbs with a surface density of
∼ 2.1 molecules/nm2 on Al2O3.[58] Therefore, in the case of Hacac, Ṅ can
be described as:

Ṅ = Ṅ100% + (1 − x) · 2.1 sites/nm2/cycle (9.3)

where Ṅ100% is the amount of defect generation corresponding to 100%
Hacac saturation (i.e., 0.0015 sites/nm2/cycle), and x is the fraction of in-
hibitor coverage with respect to saturation. For example, if Hacac is dosed
in 99% saturation (i.e., x = 0.99), then Ṅ = 0.0015 + (1 − 0.99) · 2.1
sites/nm2/cycle. This means that for 99.9% saturation, the number of nu-
cleation sites per cycle more than doubles. The main assumption here is that
each missing inhibitor molecule, due to incomplete saturation, causes a gap
large enough to be a nucleation site for ALD. This assumption depends
heavily on the sizes and shapes of the inhibitor and precursor molecules.
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10
Conclusions and Outlook

This dissertation presents a mechanistic study on the use of a relatively
novel type of inhibitor, small molecule inhibitors (SMIs), to block precur-
sor adsorption during area-selective atomic layer deposition (area-selective
ALD). In addition, several new area-selective ALD processes were devel-
oped. The following general conclusions can be drawn:

• SMI and precursor molecules need to be carefully selected to en-
able area-selective ALD with high selectivity. The SMI and precur-
sor molecules should not be selected independently, but instead they
form a complementary set of molecules that work together. Precur-
sor blocking was found to have physical and chemical contributions
(Chapter 6). The SMIs form a physical barrier between the non-
growth area and the incoming precursor molecules. The e�ectiveness
of this barrier is dependent on the size and shape of the SMI, but also
on the size of the precursor. Additionally, SMI adsorption consumes
surface sites that are subsequently no longer available for precursor
adsorption, referred to as chemical passivation. For this chemical com-
ponent of precursor blocking, it is important that the SMI and the
inhibitor adsorb at the same reactive surface sites.

• Loss of selectivity typically involves side reactions that are not neces-
sarily self-limiting surface reactions. Based on the mechanistic studies
reported in this dissertation, it is concluded that selectivity is typically
not just lost through precursor adsorption in between the inhibitors.
Often loss of selectivity occurs due to interactions between the incom-
ing precursor molecules and the adsorbed inhibitor molecules, leading
to inhibitor displacement. As a result, the selectivity of a process
can be a�ected by the precursor chemistry and dosing conditions (see
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Chapter 4). The dependence of the selectivity on the precursor
dose causes challenges, especially concerning deposition on 3D surface
topologies. In 3D structures, the precursor �ux in not equal through-
out the entire structure, meaning that the selectivity is not equal ei-
ther. Overall, fundamental insight into these side reactions that lead
to undesired precursor adsorption is required for the development of
area-selective ALD with high selectivity, as discussed below.

• The two main mechanisms that lead to loss of selectivity for area-
selective ALD using SMIs were found to be: (i) the built-up of defects
in the inhibitor layer during ALD despite the cycle-wise functionaliza-
tion (see Chapter 5) and (ii) inhibitor displacement by the incoming
precursor (see Chapters 4 and 6). The built-up of defects can be
prevented by proper removal and reapplication of the inhibitor at
the end and start of every cycle, respectively (Chapter 5). Inhibitor
displacement appears to be more di�cult to prevent, because it is
a�ected by the inhibitor chemistry, the precursor chemistry, and the
interactions between the two molecules. A complicating factor is that
inhibitor adsorption typically takes place in a mixture of adsorption
con�gurations, while some of these con�gurations can be displaced
by the precursor. To prevent inhibitor displacement, the SMI needs
to bond very strongly to the non-growth area regardless of the ad-
sorption con�guration. However, increasing the binding strength of
the SMI on the non-growth area typically also makes the SMI more
reactive with the growth area where no SMI adsorption is desired. At
the same time, it is preferred to use a precursor with a relatively low
precursor adsorption energy, while being sensitive to the availability
of distinct surface sites (see Chapter 6). The ALD precursor there-
fore should have a relatively low reactivity while still satisfying the
requirements of ALD. A more detailed overview of all mechanisms
identi�ed in this work that play a role in selectivity is provided in
Chapter 9.

• Aromatic molecules are suitable inhibitor molecules for metal/dielectric
selectivity. Aromatic molecules can form strong (1-4 eV) π-bonds with
transition metal surfaces, while these bonds cannot be formed on
the surface of a dielectric. In addition, random sequential adsorption
(RSA) simulations suggest that the gaps left in a layer of adsorbed
aniline inhibitor molecules are too small for precursor adsorption (see
Chapter 8). Using aniline, area-selective ALD of high-quality TiN
and TaN was demonstrated with a high selectivity. Especially the
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area-selective TiN ALD process (see Chapter 7) was found to have
excellent selectivity up to at least 200 ALD cycles, corresponding to
∼6 nm TiN on the growth area. Therefore, aniline seems to be a
very e�ective inhibitor for blocking precursor adsorption on transi-
tion metal surfaces. The results in this dissertation, therefore, estab-
lish that high selectivity can be achieved using SMIs that are dosed
in vapor-phase during area-selective ALD.

• From a technological perspective, SMIs have a high potential to be ap-
plied for area-selective ALD applications in future technology nodes,
see Chapter 3. The capability of dosing the inhibitor in vapor-phase
enables easy incorporation into high-volume manufacturing. Because
SMI molecules are typically smaller than 1 nm in all dimensions, they
can easily �t in even the smallest features for state-of-the-art appli-
cations. SMI dosing can take place in the same vacuum vessel as the
deposition and therefore inhibitor functionalization can be performed
during ALD. The capability to functionalize the surface every cycle
with inhibitors provides the opportunity to use a plasma as the co-
reactant during area-selective ALD. The compatibility with plasma-
assisted ALD allows for new materials to be deposited using area-
selective ALD, as was demonstrated in this work by area-selective
ALD of SiO2, TiN, and TaN.

• SMIs were found to be compatible with nanoscale patterns, provid-
ing a similar selectivity as was observed during blanket studies. To
demonstrate area-selective ALD on relevant dimensions, patterned
substrates are required with line widths in the order of 10 nm. Because
the advanced lithography tools required to fabricate such patterns are
often not available in (academic) research, a method for the fabri-
cation of nanoscale pattern demonstrators without lithography was
employed. On these nanoscale patterns, area-selective ALD of TiN
was achieved without observable deposition on the metal non-growth
areas.



10

218 | Conclusions and Outlook

The following recommendations for future research related to this work can
be provided:

• Research on using SMIs for area-selective ALD has only very recently
started. As a result, SMI design and selection can be optimized signif-
icantly. Self-assembled monolayers (SAMs) have been studied much
more extensively, and therefore more is known on the mechanisms
that underly precursor blocking using SAMs. The ideal inhibitor will
likely involve properties from SMIs and SAM monomers to combine
the best of both. For SMIs this likely means exploring ways to obtain
inhibitor surface ordering, similar to how van der Waals interactions
between neighboring inhibitors lead to an ordered layer for SAMs. Van
der Waals interactions for SMIs are generally too weak to lead to or-
dering due to the smaller size of SMIs, but stronger interactions (e.g.,
H-bonds) could potentially be explored to obtain an ordered inhibitor
layer.

• The use of ALD precursors as SMI to block the precursor adsorption
of a second ALD precursor should be studied in more detail. Perhaps
the most common example of ALD precursor blocking is ALD precur-
sor adsorption itself. ALD precursor adsorption takes place in a self-
limiting manner. In other words, a surface functionalized with ALD
precursor ligands blocks precursor adsorption. Therefore, it seems log-
ical to use precursor ligands as a starting point for SMI design, e.g.,
acetylacetone as inhibitor based on metal acetylacetonate precursors.
Many di�erent precursor ligands have been reported in literature to
lead to self-limiting adsorption (e.g., halides, alkyl ligands, aromatic
structures etc.). It can be expected that these ligands are not all
equally suited for precursor blocking, which is supported by the fact
that some ALD precursors show soft-saturation behavior instead of
complete saturation (i.e., precursor blocking is not perfect when the
surface is functionalized with ALD precursor ligands). It is typically
challenging to use an ALD precursor as SMI to block the adsorption
of another ALD precursor because the precursor used as SMI needs to
adsorb selectively and not react with the employed co-reactant used
for deposition. However, insight into precursor blocking can still be
gained by studying precursor blocking using another ALD precursor
as SMI in blanket studies. Such a study could be carried out by study-
ing ABC-type cycles, where in the �rst step precursor 1 is dosed (step
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A), then precursor 2 is dosed after the surface is saturated with pre-
cursor 1 (step B), and lastly the surface is exposed to the co-reactant
(step C), see Figure 10.1. By varying the choice of precursors for this
study, insight can be obtained into which ligands are e�ective at pre-
cursor blocking and which precursors are relatively di�cult to block.
Both insights are extremely valuable for the design of area-selective
ALD processes.

A: Precursor 1 B: Precursor 2

Result

C: Co-reactant

Figure 10.1: Schematic illustration of an ABC-type ALD cycle which com-
prises two di�erent precursors and a co-reactant step. In step A, the surface is
saturated with precursor 1. Subsequently, precursor 2 is dosed (step B) which
should be blocked (mostly) by the ligands of precursor 1. Lastly, during step C
the surface is exposed to the co-reactant which removes the ligands of precur-
sor 1 and 2 from the surface. The fraction of material deposited by precursor
2 in the resulting �lm is a metric how e�ective precursor 1 is at blocking the
adsorption of precursor 2.

• The formation of an inhibitor layer using two inhibitor molecules with
a di�erent size should be explored for precursor blocking during area-
selective ALD. As discussed in Chapter 4, having a mixture of mul-
tiple inhibitor adsorption con�gurations can lead to loss of selectiv-
ity because these di�erent adsorption con�gurations are typically not
equally suited for precursor blocking. On the other hand, the RSA sim-
ulations presented in Chapter 8 show that having multiple inhibitor
adsorption con�gurations can be bene�cial for obtaining a high in-
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hibitor coverage. Therefore, having a mixture of inhibitor adsorption
con�gurations improves the coverage but does not necessarily improve
the selectivity depending on whether all con�gurations support pre-
cursor blocking. For example, for Hacac a mixture of bonding con�gu-
rations leads to loss of selectivity because the monodentate con�gura-
tion does not support precursor blocking. On the other hand, aniline
also adsorbs in a mixture of bonding con�gurations but these can all
block precursor adsorption and therefore the improvement in cover-
age obtained by the mixture of bonding con�gurations is bene�cial
for the selectivity. Alternatively, the use of two SMIs with a di�er-
ent size and/or shape could be explored to achieve the same e�ect.
This way, two inhibitors can be selected to complement each other
sterically such that a high inhibitor coverage can be achieved.

• The adsorption and precursor blocking mechanisms for aromatic in-
hibitor molecules should be studied experimentally on transition metal
surfaces. In Chapters 7 and 8 it was established that aromatic
molecules are very good inhibitors for precursor blocking on these
surfaces. The mechanisms behind this high performance were par-
tially explored using RSA and DFT simulations. However, it can be
expected that these aromatic molecules undergo catalytic surface re-
actions after adsorption on the transition metal surface. It is currently
uncertain what inhibitor species remain on the surface after adsorp-
tion and therefore what adsorbate structure is leading to the e�ective
precursor blocking observed in Chapters 7 and 8. However, the
experimental strategy used in this work to study surface reactions
through transmission IR spectroscopy cannot be used for these stud-
ies, because metals are not transparent to IR radiation. A re�ection
adsorption IR spectroscopy set-up has recently been built such that
the adsorption of aromatics on metal surfaces can be studied. This
set-up allows investigation of inhibitor adsorption, the inhibitor ad-
sorption con�gurations, and precursor blocking for metallic substrates
similar to the mechanistic studies in this dissertation for Hacac on di-
electrics through transmission IR spectroscopy.

• Precursor blocking should be studied for a wide range of inhibitor
molecules that satisfy the obtained inhibitor selection criteria of Chap-
ter 9. The results in this thesis provide a better understanding of the
mechanisms involved in the loss of selectivity during area-selective
ALD (see Chapter 9). However, using this knowledge to prevent loss
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of selectivity is not trivial for many of the identi�ed mechanisms. The
mechanistic study focusing on Hacac as model system provides us
with a set of selection criteria for the inhibitor. By studying precursor
blocking for other inhibitor chemistries, a deeper understanding can
be obtained on the mechanisms involved in precursor blocking and
therefore the selection criteria for the inhibitor can be narrowed down
further. In addition, by testing a larger range of inhibitor chemistries,
insight can be obtained into how to suppress the identi�ed mecha-
nisms that lead to loss of selectivity.

• As discussed in Chapter 3, the exact chemistry of the non-growth
area can greatly a�ect the selectivity of an area-selective ALD process
(e.g., as-deposited metal surface vs. metal surface after chemical me-
chanical polishing). The nanoscale patterns studied in this work pro-
vide a good starting point in demonstrating selectivity on substrates
with relevant pattern dimensions, but these are not completely rep-
resentative of the surface chemistry and topography relevant during
device fabrication. Therefore, ASD should also be studied on device
structures that more closely represent the substrate that would be
used in the application. Such studies would be extremely valuable in
terms of identifying selectivity loss mechanisms and other integration
issues relevant for ASD applications. These insights would help align
academic research more with the priorities in industry.
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Summary

As the semiconductor industry advances to smaller features and increasingly
complex 3D device geometries, conventional top-down fabrication schemes
can no longer satisfy all of the requirements for device fabrication. A so-
lution is to use area-selective deposition (ASD) in bottom-up fabrication
schemes in order to mitigate or prevent current and future issues related to
downscaling, e.g., with alignment and device reliability. However, achieving
ASD with a high selectivity is extremely challenging.

This dissertation focuses on gaining mechanistic understanding of the
factors that a�ect selectivity during area-selective atomic layer deposition
(ALD) and on the development of new area-selective ALD processes, mostly
considering plasma-based processes. To this end, the mechanisms that play
a role during area-selective ALD were investigated in experimental and the-
oretical studies. The insights obtained from these studies were employed to
develop and tailor area-selective ALD processes.

Our toolbox for area-selective ALD relies on multistep ALD cycles,
where a patterned substrate is selectively functionalized every cycle with
small molecule inhibitors (SMIs) to block precursor adsorption. Acetylace-
tone (Hacac) as inhibitor was investigated as model system to study the
mechanisms of precursor blocking. It was found that SMIs adsorb on the
surface in a mixture of bonding con�gurations, which are not all equally
suited for precursor blocking, leading to inhibitor desorption and displace-
ment. In addition, it was found to be essential to completely remove the
inhibitors adsorbed on the non-growth area (i.e., the area where no de-
position is desired) during the co-reactant exposure, in order to prevent
persisting inhibitor fragments from compromising the selectivity.

Besides the inhibitor chemistry, the precursor chemistry is vital to con-
sider. Because the inhibitor cannot cover all the surface sites on the non-
growth area, it is important that the inhibitor and precursor have a good
overlap in the surface sites they adsorb on. Good overlap ensures that pre-
cursor blocking occurs through chemical passivation in concert with steric
shielding. In addition, attractive interactions between the precursor and the
inhibitor in�uence the degree of inhibitor displacement during the precur-
sor dose. Precursor blocking is therefore a�ected by the reactivity of the
precursor with respect to di�erent types of surface sites and with respect to
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the inhibitor. As a result, some precursors are more di�cult to block than
others.

Our ASD toolbox was expanded to also enable area-selective ALD of
nitrides. Nitrides are a relatively unexplored class of materials in the �eld
of ASD because they are typically deposited using plasma-assisted pro-
cesses. An area-selective TiN ALD process was developed using the aro-
matic molecule aniline as inhibitor to achieve metal/dielectric selectivity.
The aniline inhibitor was observed to result in a much higher selectivity
than the Hacac inhibitor. This was attributed to the strong π-bonds that
can be formed between aromatic molecules and the surface of a transition
metal. In addition, the process was demonstrated to deposit high-quality ni-
tride material and was shown to also have excellent selectivity on nanoscale
patterns.

To conclude, area-selective ALD was studied on a fundamental and tech-
nological level. The fundamental studies show that, in order to achieve a
high selectivity, it is important to carefully consider the inhibitor, the pre-
cursor, and any potential interactions between these two molecules. In ad-
dition, this work shows the value of combining experimental and theoretical
studies to gain mechanistic understanding of an (area-selective) ALD pro-
cess. Our toolbox for area-selective ALD was expanded to ASD of nitrides.
In addition, aromatic molecules were identi�ed as an interesting class of
SMIs that can selectively block precursor adsorption on transition metal
surfaces. The research in this dissertation shows that SMIs have a high
potential for area-selective ALD applications in future technology nodes,
especially considering their compatibility with the extremely challenging
nanoscale patterns.



Samenvatting

De halfgeleiderindustrie maakt continue voortgang naar kleinere chipcom-
ponenten en meer complexe 3D structuren, en daardoor voldoen de conven-
tionele �top-down� fabricatietechnieken niet meer aan de eisen voor chipfab-
ricatie. Een oplossing voor dit probleem is het gebruik van plaats-selectieve
depositie (ASD) in zogenaamde �bottom-up� fabricatie systemen om de
huidige problemen met de uitlijning en betrouwbaarheid van chips te ver-
lichten, of zelfs geheel te vermijden. Echter, is het momenteel een uitdaging
om ASD met een hoge selectiviteit te verkrijgen.

Dit proefschrift richt zich op het verkrijgen van mechanistische inzichten
in de factoren die invloed hebben op plaast-selectieve atoomlaagdeposi-
tie (ALD) en het ontwikkelen van nieuwe plaats-selectieve ALD processen,
met de focus op processen die gebruik maken van plasma's. De mechanis-
men die een rol spelen voor plaats-selectieve ALD zijn zowel experimenteel
als doormiddel van simulaties bestudeerd. De inzichten van deze studies
zijn vervolgens gebruikt voor de ontwikkeling en verbetering van plaats-
selectieve ALD processen.

Onze strategie voor plaats-selectieve ALD is gebaseerd op multi-staps
ALD cycli, waarbij een substraat met een patroon elke cyclus selectief ge-
functionaliseerd wordt met kleine, vluchtige inhibitors om precursor ad-
sorptie te blokkeren. Acetylaceton (Hacac) inhibitors zijn bestudeerd als
modelsysteem in de mechanistische studies. Het werd bevonden dat deze
inhibitors adsorberen in een mengsel van adsorptie con�guraties, en deze
zijn niet allemaal even geschikt voor het blokkeren van de ALD precur-
sor, waardoor de selectiviteit verloren raakt. Bovendien, is het essentieel
dat de inhibitors tijdens de plasma stap aan het eind van de ALD cyclus
volledig verwijderd worden om te voorkomen dat inhibitor fragmenten de
selectiviteit verminderen.

Naast de gebruikte inhibitor, is het ook belangrijk om de gebruikte pre-
cursor kritisch te beschouwen. De inhibitors kunnen niet alle reactieve op-
pervlaktegroepen bedekken en daarom is het belangrijk dat de inhibitor en
precursor op dezelfde oppervlaktegroepen adsorberen. Een goede overlap
zorgt ervoor dat precursor blokkering ook een chemische component krijgt.
Daarnaast heeft de reactiviteit van de precursor invloed op de mate van in-
hibitor verzetting die plaats vindt tijdens het doseren van de precursor. De
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oppervlakte groepen waarmee de precursor reageert en de reactiviteit van
de precursor hebben daarmee invloed op precursor blokkering, waardoor
sommige precursoren makkelijk zijn om te blokkeren.

Onze strategie voor ASD is uitgebreid om ook nitriden te kunnen de-
poneren. Nitriden worden typisch gedeponeerd doormiddel van plasma-
geassisteerde ALD en daardoor zijn ze nog relatief weinig bestudeert in
het ASD-veld. Een plaats-selectief ALD proces voor TiN is ontwikkeld dat
gebruikt maakt van aniline inhibitors voor metaal/diëlektricum selectiviteit.
Het gebruik van aniline als inhibitor is bevonden tot veel hogere selectiviteit
te leiden dan Hacac. Dit is toegeschreven aan de formatie van sterke π-
bindingen die kunnen vormen tussen aromatische molecule en het oppervlak
van een transitie metaal. Tevens is gedemonstreerd dat het proces leidt tot
de depositie van nitride materiaal met hoge kwaliteit en zijn hoge selec-
tiviteit behoudt op substraten met nanoschaal patronen.

Ter conclusie, plaats-selectieve ALD is bestudeerd op een fundamenteel
en technologisch niveau. De fundamentele studies laten zien dat het be-
langrijk is om kritisch de inhibitor, precursor, en interacties tussen de twee
moleculen te beschouwen om hoge selectiviteit te verkrijgen. Daarnaast, laat
dit werk zien dat het combineren van experimenteel werk met simulaties heel
waardevol kan zijn voor het verkrijgen van mechanistisch begrip van een
(plaats-selectief) ALD proces. Onze strategie voor plaats-selectieve ALD is
uitgebreid naar ASD van nitriden. Bovendien zijn aromatische moleculen
geïdenti�ceerd als zeer e�ciënte inhibitors voor het blokkeren van ALD op
transitie metalen. Het onderzoek in dit proefschrift duidt aan dat kleine,
vluchtige inhibitors veel potentie hebben voor plaats-selectieve ALD vooral
met het oog op de extreem uitdagende patronen op de nanoschaal.
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