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Abstract

The alignment challenges associated with top-down patterning strategies are becoming a
limiting factor in the fabrication of nanoelectronics. Therefore, bottom-up fabrication strategies, such as the application of area-selective atomic layer deposition (ALD) in self-aligned
fabrication schemes, have been gaining a lot of interest. Area-selective ALD aims at deposition on only one specic material, in the presence of other materials on which no deposition is
desired. In this work, a new area-selective ALD approach is investigated that uses chemoselective inhibitor molecules to block precursor adsorption in an ABC-type (i.e. three step) ALD
process. Specically, area-selective ALD of SiO2 , using acetylacetone (Hacac) inhibitor (step
A), bis(diethylamino)silane (BDEAS) precursor (step B) and O2 plasma co-reactant (step C)
pulses was studied. This area-selective ALD approach shows great promise due to its compatibility with plasma as a co-reactant and its ability to distinguish between dierent oxide
starting surface (e.g. it leads to growth on GeO2 , SiO2 , WO3 and not on Al2 O3 , TiO2 , HfO2 ).
The goal of this work was to gain fundamental understanding of the mechanisms involved to
improve the achievable selectivity (i.e. the maximum thickness that can be deposited in an
area-selective manner).
In order to study the blocking of precursor adsorption, a characterisation technique was
required that is able detect sub-monolayer levels of precursor adsorption. Therefore, a new

situ

in

Fourier transform infrared spectroscopy (FTIR) measurement procedure was developed,

which makes use of a SiO2 powder as the substrate.
for the detection of

∼1%

This procedure was found to allow

of a monolayer of BDEAS precursor, and is therefore suitable for

investigating precursor blocking.
The FTIR measurements conrmed: (i) selective adsorption of Hacac on Al2 O3 surfaces,
(ii) precursor blocking by the adsorbed Hacac on Al2 O3 , (iii) unrestricted deposition on SiO2 .
However, some precursor adsorption (∼8%) was measured on Al2 O3 despite the blocking
layer. After a BDEAS dose, desorption of 6% of the Hacac molecules was observed, which
most likely, plays a large role in the loss of selectivity. Moreover, FTIR measurements after
plasma exposure of adsorbed Hacac showed that the Hacac molecules are not completely
removed from the surface at the end of the cycle. This leaves inhibitor fragments that hinder
the subsequent Hacac dose, thereby contributing to the loss of selectivity.
Based on these results, several improvements of the area-selective ALD approach were
investigated. Alcohols were found to possess the ability to block BDEAS adsorption, but were
not as eective as Hacac. Combing Hacac and methanol as inhibitor layer, showed promise
for increasing the selectivity. Based on the newly acquired insights into the mechanisms that
limit the selectivity, future work should allow for improving the area-selective ALD process,
bringing it one step closer to the applications.
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Introduction

During the last few decades, a lot of research has been performed to enable the production of smaller patterns for microelectronics applications.

Currently, top-down patterning

strategies are being used in the industry, which suer from limitations in minimum feature
sizes and alignment. Considering the ever present demand for the production of smaller and
cheaper features, the alignment issues of these top-down approaches are becoming a limiting
factor in the progress towards smaller devices. [1, 2] Therefore, various bottom-up approaches
are under investigation to compliment the traditional top-down patterning techniques. [39]
In this work, a recently developed bottom-up patterning approach is investigated. [10] The
approach, uses chemoselective inhibitor molecules in atomic layer deposition (ALD) to enable
area-selective deposition of SiO2 . This chapter discusses the challenges of top-down patterning strategies, and introduces ALD and area-selective ALD. In addition, the goals of this work
are presented and discussed.

1.1 Patterning
For microelectronics applications, patterned structures are required.

Currently, these

structures are formed by depositing a lm over the entire substrate, after which this lm
is partially removed by etching.

Traditionally, the patterning is achieved by lithography,

which is illustrated in gure 1.1a. Lithography consists of, spinning a layer of photoresist on
the lm and exposing this resist to light using a mask. Subsequently, the resist is developed
resulting in a patterned resist layer. The substrate is then exposed to an etchant, which only
etches the lm on areas that are not covered with resist. Afterwards, the resist is stripped
from the surface, leading to the desired pattern. Due to the use of light in photolithography,
the wavelength of the light limits the feature size that can be achieved according to its diraction limit.

Extensive research has been performed to circumvent this fundamental limit in

feature size by using for example double patterning, as illustrated in gure 1.2. [1114] Double
patterning makes use of clever additional deposition and etching steps that double the number
of features created by photolithography. However, even the limits of this technique are being
reached.

1

Chapter 1.

Introduction

a

Film deposition and
application of photo-resist

Light exposure through
photo-resist using a mask

Resist development,
etch of material and
stripping of resist
EPE

resist
film

b

Patterned surface

Bottom-up growth
of material

Bottom-up growth of
patterned material

Self-alligned

(a) Schematic illustration of the top-down processes involved in patterning a deposited lm using lithography. The blue area indicates where the deposition of green material
was intended, with the edge placement error (EPE) indicating the error made. (b) Schematic
illustration of area-selective deposition, showing its self-aligning nature.

Figure 1.1:

Moreover, aside from achieving smaller feature sizes, when using lithography the proper
alignment of these features is also a challenge. This allignment issue has always existed within
lithography but has become increasingly troublesome as the feature sizes became smaller and
smaller.

A microelectronics device consists of a stack of patterned layers and in order to

create such a device multiple consecutive depositions and patterning steps are required. The
latest devices use up to 100 photolithography steps during device fabrication. [2] Accurately
aligning those patterning steps with respect to each other is very challenging. In photolithography there is always some error in the alignment between consecutive patterns called the
edge placement error (EPE), which is indicated in gure 1.1a.

The EPE is dened as the

displacement in the edges of the deposited feature as compared to the intended position. The
EPE illustrated in gure 1.1a is an oversimplication of an actual EPE in device manufacturing. Devices have 2D or even 3D requirements for the position of the deposited feature.
Moreover, due to the stochastic nature of the used light and the resist, the etched features
do not have straight edges, leading to a line width roughness (LWR). The edge placement
error is, therefore, aected by systematic eects in the patterning tool causing the features
to be deposited shifted from the intended position and by a line width roughness resulting
in relatively small or large local errors.

Lastly, global eects like overlay (the amount of

overlap between the deposited feature and the wafer pattern) and thickness uniformity of the
deposited features play a role in the EPE. [15, 16]
In order for a device to function properly, the EPE typically needs to be smaller than
roughly a quarter of the pitch size. [2, 15] The requirement for the maximum tolerable EPE
is dependent on the feature size. Therefore, the EPE is generally a relatively large issue for
smaller features, causing devices to not function properly. Currently, this has already come
to a point that increasing the resolution of a lithography tool no longer automatically reduces
chip cost. Therefore, not only the ability to pattern small features, but EPE is preventing
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the implementation of smaller feature sizes in commercial devices. [1, 2]

Figure 1.2: Schematic illustration on the steps involved in double patterning. [11] The patterned
resist is conformally coated by a spacer layer, which is anisotropically etched. After removal of
the resist layer this results in an etching mask that has a doubled pattern with respect to the
original resist pattern.

Due to the alignment issues with the traditional top-down patterning strategies, bottomup strategies, as shown in gure 1.1b, are being considered. Therefore, area-selective atomic
layer deposition (ALD) for self-aligned fabrication schemes has been gaining a lot of interest.
Area-selective ALD uses a previously dened pattern to selectively deposit material without
EPE. If properly developed and implemented, such a bottom-up patterning strategy should
either be able to eliminate top-down patterning steps or enable the use of less accurate topdown patterning steps by forming self-aligned mask layers.

1.2 Atomic layer deposition
Atomic layer deposition (ALD) is a cyclic deposition technique consisting of a precursor
molecule dose and a co-reactant dose. ALD allows for sub-monolayer control of the thickness
of the deposited material. Moreover, ALD results in very uniform and conformal deposition
on dicult topologies; e.g. narrow trenches or overhanging structures. [17, 18] ALD is therefore very useful for modern microelectronics applications. An example of such a demanding
substrate topology is illustrated in gure 1.3. During ALD, consecutive self-limiting surface
reactions result in a limited amount of growth per cycle on the entire surface.

Once this

growth is reached, additional precursor exposure no longer results in more growth. Therefore,
the growth per cycle should be equal over the entire surface independent of the topology, as
long as enough precursor dose is supplied. This prevents any variation in lm thickness on the
substrate and inside trenches or pores. ALD is unique in allowing for excellent conformality
and uniformity even for high aspect ratio structures.

Figure 1.3: Illustration of a possible substrate topology indicating the requirements of lm
growth on the structure, showing the control ALD has on uniformity (same lm thickness over
the entire wafer), conformality (same constant thickness on or in a surface feature e.g. a trench)
and lm growth. [19]
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For ALD to work, at least two dierent chemicals are needed, a precursor and a coreactant. The requirement for self-limiting growth is that the precursor and co-reactant react
with the surface but not with themselves. By dosing the chemicals alternately, a lm can be
grown, while keeping precise control over lm thickness and having excellent uniformity and
conformality. A typical example of ALD, is the deposition of Al2 O3 by trimethylaluminium
(TMA) and water, as schematically illustrated in gure 1.4.

Consider a substrate surface

that is terminated by hydroxyl groups. Exposure of the surface to TMA causes the methyl
ligands of the precursor to react with the hydroxyl groups, resulting in volatile CH4 and
chemisorption of the precursor molecule. Once the surface is terminated by methyl ligands,
the reaction stops because TMA cannot chemisorb to such a surface, resulting in a self-limiting
step. After purging all remaining gas-phase TMA molecules from the chamber, the surface is
exposed to water vapour. The water interacts with the methyl ligand creating new hydroxyl
surface groups and volatile CH4 .

This cycle can be repeated until the desired Al2 O3 lm

thickness is reached. After the chamber is purged from remaining gas-phase water and CH4 ,
the cycle can restart with a TMA dose on the layer of the newly deposited Al2 O3 .
The ALD principle explained in gure 1.4 is, however, a simplication of the actual ALD
process. The ligands of an adsorbed precursor molecule prevent further precursor adsorption
on neighbouring hydroxyl groups through steric hindrance. This eect is more pronounced
for precursors with large ligands leading to a lower growth per cycle.

Moreover, an oxide

surface is not solely terminated by hydroxyl groups, but also oxygen anions, metal cations
and defects exist on the surface.

ALD cycle
first half-cycle
Precursor
Purge

second half-cycle
Reactant
Purge

Schematic illustration of one Al2 O3 ALD cycle using TMA and water doses. These
doses are separated by purge steps to make sure no gas-phase TMA and water are present in the
reactor chamber simultaneously. [20]

Figure 1.4:

Aside from using water, other co-reactants can be used to remove the precursor ligands
and oxidise the deposited layer.

Particularly interesting, is using an oxygen plasma as the

co-reactant, leading to a plasma-enhanced ALD process. In general, plasma-enhanced ALD
processes can achieve high-quality lms for deposition at low substrate temperatures. [11,
21, 22].

Being able to deposit at low substrate temperatures is an advantage since high

temperatures are not always compatible with device fabrication, depending on the materials
present in the device.
The ALD process of SiO2 is slightly more complex than Al2 O3 ALD. Thermal ALD of
SiO2 can be achieved using SiCl4 and water, which requires relatively high temperatures. [23]
SiO2 ALD has also been developed using precursors with amino ligands.

However, these

processes have either a low growth per cycle (GPC) or require strong oxidizing agents such
as H2 O2 , O3 or an O2 plasma as co-reactant. [21, 22, 24, 25] In this work, ALD of SiO2 was
achieved using bis(diethylamino)silane (BDEAS) as precursor, which is shown in gure 1.5,
and an oxygen plasma as the co-reactant.
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Illustration of the bis(diethylamino)silane precursor molecule.

The BDEAS molecule, consists of a silicon atom bonded to: two diethylamino ligands and
two hydrogen atoms.

The hydrogen atoms that are bound to the silicon, instead of larger

ligands, suppress steric hindrance signicantly. However, they are dicult to remove meaning
either H2 O2 , O3 or an O2 plasma is required as co-reactant. [21, 25]
Normally, ALD consists of two steps, a precursor and co-reactant dose. This results in
a xed amount of precursor adsorption per cycle, depending on steric hindrance and the
surface density of functional groups.

However, a study by Yanguas-Gil

et al.

has shown

that the amount of precursor adsorption can be controlled by adding a step to the regular
two-step ALD process, resulting in an ABC-type (i.e. three step) ALD cycle.

Prior to the

precursor dose, the substrate is exposed to additional molecules called inhibitors that adsorb
to the surface.

These inhibitors partly block precursor adsorption during the subsequent

step. After the precursor dose, the substrate is exposed to the co-reactant which removes the
precursor ligands and adsorbed inhibitor molecules from the surface. Inhibitor molecules can,
in principle, be any molecule as long as it inhibits precursor adsorption and does not leave
any material on the surface at the end of the cycle. However, inhibitor molecules are generally
small, fast reacting molecules since they need to be applied every ALD cycle.
The goal of their study was to reduce the amount of precursor adsorption in an ALD
cycle, such that lms with a high doping eciency could be deposited. An example of such
a doped layer is aluminium-doped zinc oxide.

By inhibiting the TMA adsorption during

the Al2 O3 ALD cycles, as shown in gure 1.6, the deposited Al2 O3 layer is less dense as
compared to a layer deposited by a regular (i.e. two step) ALD cycle. This leads to more
ecient aluminium spacing in the Al-doped ZnO layer. For this reason, Yanguas-Gil

et al.

investigated the inhibition by several molecules for ALD processes, and found that many of
the investigated inhibitor molecules were able to signicantly decrease the GPC of the ALD
processes.

Schematic illustration on the ABC-type ALD cycles employed by Yanguas-Gil
in order to control the amount of precursor adsorption during an ALD cycle. [26]

Figure 1.6:
al.
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1.3 Area-selective ALD
Area-selective ALD, is based on the fact that ALD strongly relies on the surface chemistry
of the substrate. Small dierences in surface hydroxyl group densities have been shown to
inuence the GPC of an ALD process. [18, 20, 21] Consider a substrate that consists of two
materials with dierent surface chemistries. The material on which deposition is desired is
referred to as growth area and the material on which no deposition is desired is referred to
as non-growth area. Dierences in surface chemistry, either intrinsic or induced, can be used
to achieve area-selective deposition. As shown in gure 1.7, using this principle, ALD growth
can be delayed for a number of cycles on the non-growth area. However, at some point the
growth initiates, causing a loss of selectivity. Here the selectivity,

S=
where

θns

θgs

S,

is dened as:

θgs − θns
θgs + θns

(1.1)

is the amount of deposited material on growth area, expressed in an thickness and

is the amount of deposited material on the non-growth area. [27] One of the challenges of

Thickness

area-selective ALD is to delay the nucleation for as long as possible.

Growth area

selective deposition

Non-growth area

Number of cycles
Figure 1.7: Schematic illustration of area-selective ALD showing a delayed initiation of the
ALD growth on the non-growth area, and immediate, linear growth on the growth area. The
dashed line indicates the linear growth on the non-growth area that occurs after selectivity has
been completely lost.

Conventionally, self-assembled monolayers (SAMs) have been used to achieve area-selective
ALD. The molecules used to form a SAM, are long chainlike organic molecules having a
reactive head and a long alkane chain. These chains cause the adsorbed molecules to arrange
into a dense monolayer through van der Waals interactions between the chains. [28] Figure
1.8 shows an area-selective ALD process involving SAMs.

Depending on the headgroup of

the molecule, it only adsorbs on specic materials. This allows a SAM to be formed on only
the non-growth area. In other words, by carefully choosing the headgroups of the used SAM
molecules, area-selective adsorption can be achieved on a patterned surface. For this purpose.
thiols, amines, alcohols, silicates and many other headgroups are being used. [29] Afterwards,
a regular ALD process is applied to the surface. The adsorbed SAM molecules block ALD
growth on the non-growth area. This results in an area-selective ALD process that makes use
of the previously dened pattern in order to grow the next layer in a self-aligned, bottom-up
fashion, therefore, having no issues with edge placement errors.
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Figure 1.8: Example of an area-selective ALD process based on the use of a self-assembled
monolayer (SAM). [30] First, the patterned surface is exposed to molecules that selectively adsorb.
This creates a well-ordered monolayer of adsorbed molecules on the non-growth areas. Afterwards,
ALD is applied on the surface leading to area-selective ALD on the growth areas.

The use of SAMs has been researched for self-aligned fabrication and found to be eective
up to a certain degree.

Selective growth up to 100 cycles has been reported, but only for

specic materials like ZnO. [5] Typically only roughly 30 ALD cycles can be blocked depending
on the used precursor. The use of SAMs has several disadvantages. The rst one is that it
is very hard to create defect-free SAMs and the slightest defect in the SAM can have a large
inuence on the selectivity. [31] Because a very high-quality SAM is required, the preparation
of the layer takes a long time. In the eld of microelectronics, throughput is very important
and therefore long processes in the device fabrication scheme are undesirable.
the SAMs are prepared before starting the ALD process.

Moreover,

Therefore, any damage to the

SAMs during deposition signicantly decreases the selectivity. This means that SAMs are not
compatible with high temperatures or H2 O2 , O3 , or plasmas as co-reactant. [32]

Figure 1.9: Illustration, inspired by a gate-all-around transistor device, showing how a device
consists of multiple dierent materials and typically deposition is only desired on one of the
materials.

Instead of blocking precursor adsorption, intrinsic dierences in local surface chemistries
on the patterned substrate itself, can be employed to achieve area-selective ALD. However, this
is only possible if the materials that make up the device allow for a large enough dierence in
ALD nucleation. However, the nucleation dierences only allow for up to 2 nm of area-selective
ALD. [9] Recently, a technique has been developed in order to reset the nucleation by means
of etching, potentially extending selective growth. [7] However, this technique uorinates the
grown material and can also alter or damage the non-growth area depending on the used
material.

Moreover, as shown in gure 1.9, a device normally consists of many dierent
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materials, and growth is typically only desired on one of those materials. Therefore, dierences
in growth nucleation can only be used for very simple and specic device structures.

1.4 A new approach to area-selective ALD
The requirement of an oxygen plasma as the co-reactant for the ALD of SiO2 , makes
the development of an area-selective ALD process for SiO2 challenging. Therefore, for areaselective ALD of SiO2 , an aproach is required that is compatible with an oxygen plasma.
SAM-based approaches cannot be used, since an oxygen plasma quickly degrades a SAM. [29]
Fortunately, an area-selective deposition approach, that is compatible with the use of a plasma,
has been recently developed. [10]

Schematic illustration of the ABC-type approach to area-selective ALD. During step A the inhibitors are dosed, and selectively adsorb on the non-growth area. Subsequently, during step B the precursor is dosed, which adsorbs on the growth area but is blocked
from adsorbing on the non-growth area by the adsorbed inhibitor molecules. Lastly, during step C, the substrate is exposed to an oxygen plasma, removing the inhibitor molecules
and precursor ligands from the surface. This process is also explained in a video found on:
http://www.atomiclimits.com/2017/07/14/new-developments-in-area/
Figure 1.10:

The new approach was inspired by the work of Yanguas-Gil

et al. [26] They used inhibitor

molecules to lower the amount of adsorbed precursor molecules in order to enhance the doping
eciency (e.g. aluminium-doped zinc oxide). However, this principle can be extended towards
(almost) completely blocking precursor adsorption.

Mameli

et al.1

developed a new area-

selective ALD approach, as illustrated in gure 1.10, which is compatible with the use of
a plasma. [10] Similar to the work of Yanguas-Gil

et al.,

this approach makes use of ABC-

type ALD cycles. During the A step, the inhibitor molecules are applied to the surface and
selectively adsorb on the non-growth area. Subsequently, the precursor molecules are dosed
during step B. During this step, the adsorption of the precursor molecules is blocked on the
non-growth area by the inhibitor molecules. Lastly, the co-reactant is dosed, which removes

1

Before the start of this MSc. project, some initial experiments on area-selective ALD of SiO2 were per-

formed. As part of the work described in this MSc. thesis in situ FTIR experiments were carried out to study
the reaction mechanisms of the SiO2 area-selective ALD process. A selection of the FTIR data was already
reported in the publication of Mameli et al.

8

Chapter 1.

Introduction

the ligands together with the adsorbed inhibitor molecules. Since the inhibitor molecules are
applied every cycle before precursor dosing, the removal of adsorbed inhibitors by the plasma
has no inuence on precursor blocking.
The approach is similar to the use of SAMs in the sense that molecules are used that
selectively adsorb on the non-growth area that should block the ALD growth. The dierence
between SAMs and the use of inhibitors, however, lies in when the blocking layer is applied. A
SAM is applied before the ALD process. In the new ABC-type area-selective ALD approach,
the blocking layer is re-applied at the start of every ALD cycle, making it compatible with the
use of a plasma. Since the inhibitor molecules are the determining factor in the area-selective
deposition, specic inhibitor molecules can be selected according to the chemistries of the
starting surfaces on which area-selective ALD is desired.
Deposition using the ABC-type ALD process was shown to initiate dierently on various
starting surfaces, for which the ellipsometry results are shown in gure 1.11a.

The results

show that Hacac is able to delay growth on HfO2 , TiO2 and Al2 O3 , with nucleation delays
of up to 15 ALD cycles. In contrast, on SiO2 , SiNx , GeOx and WOx linear growth occurs
(almost) instantly.

These results conrm that the approach is able to deposit in an area-

selective manner. The approach therefore is able to distinguish between dierent oxide starting
surfaces, which is a unique type of selectivity. The discussed ABC-type ALD process is able to
selectively deposit 1 nm of SiO2 , which is considering the use of an oxygen plasma exceptional.
However, for industrial applications the selectivity needs to be improved further. Since the
process shows the largest dierence between growth on SiO2 and Al2 O3 , area-selective ALD of
SiO2 on these surfaces is the focus of this report. In order to prove area-selective deposition,
ABC-type ALD was performed on a patterned sample consisting of Al2 O3 and GeO2 areas.
The time-of-ight secondary ion mass spectroscopy (TOF-SIMS) results after 15 cycles of
ABC-type ALD of SiO2 are shown in gure 1.11b.

a

b

c

d

b

(a) Ellipsometry results from our work for ABC-type ALD of SiO2 on various
starting surfaces, (b-d) TOF-SIMS mapping results after 15 cycles of ABC-type ALD of SiO2
showing (b) Ge+ in gray, (c) Al+ in yellow, (d) Si+ in green and (e) the measured intesities for
all investigated elements as function of distance. [10]

Figure 1.11:

1.5 Applications of area-selective ALD of SiO

2

SiO2 has proven to be very useful in in the eld of microelectronics. It has been used in
eld-eect transistors, capacitors and memory devices. [3335] For these applications, highquality, uniform and conformal SiO2 layers are required.
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towards even smaller and 3D structures, creating these structures using conventional deposition and patterning procedures is becoming a challenge.
In the front-end-of-line (FEOL), where the individual devices (e.g. transistors) are patterned, SiO2 was traditionally used as a gate dielectric. However, SiO2 has been replaced by
high-κ materials as a result of the increasing material requirements due to device downscaling.
Nowadays, SiO2 is mostly used as spacer and liner material, which act as barriers that isolate
the conducting elements of the layer stack. Especially for three-dimensional structures, areaselective ALD of spacers and gate dielectrics could signicantly decrease the complexity of the
fabrication scheme. [34, 35] In the example illustrated in gure 1.9, a layer is deposited around
the previously formed nanowires, which would be very challenging using top-down patterning
strategies only. Using a bottom-up approach, however, this is far more easily achieved.
For back-end-of-line (BEOL) applications, where the individual chip devices get connected
with the chip wiring, area-selective ALD is also suited. Firstly, the fabricated devices, in the
FEOL, form a pattern that can be used to guide bottom-up processing. Moreover, plasma
deposition of material might be important at this stage since temperature-sensitive materials
are present in FEOL. In addition, it is important that BEOL processing does not introduce
shorts between individual devices, making patterning alignment critical. One example of how
area-selective ALD of SiO2 could be implemented in BEOL is discussed in more detail in this
section.

Figure 1.12:

Cross-section TEM image of a multilayer interconnect structure. [36]

The discussed application of the area-selective ALD of SiO2 is not about replacing topdown patterning steps, but about mitigating EPEs.

By forming self-aligned mask layers,

larger EPEs can be allowed in the subsequent patterning step. One of the main challenges
in BEOL, is the vertical interconnect access (VIA) alignment, which can result in shorts. [37]
VIAs are conducting pillars that connect conducting trenches at lower levels with conducting
trenches further to the top of the layer stack, as shown in gure 1.12.

The VIAs enable

a connection from the circuit outside the chip down to the individual devices, meaning any
shorts of these pillars with neighbouring trenches will cause the device to not function properly.
Therefore, there are strict requirements for the proximity of a deposited VIA with respect
to the neighbouring trenches, which puts severe limitations on the EPEs in VIA deposition
that are acceptable. In order to avoid shorts, both the line edge roughness (LER) and the
overall proximity of the VIA to the neighbouring trenches, as shown in gure 1.13, needs to
be accurately controlled, while keeping a good contact area with the underlying trench, as
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illustrated in gure 1.13a. [38]

a

b

VIA
EPE

Proximity

Recess

c

VIA
EPE

Proximity

Recess

VIA
EPE

Proximity

Spacer

Schematic cross-section illustration of (a) a VIA with EPE without recess etch,
(b) a VIA with EPE after a small recess etch (c) a VIA with EPE after a large recess etch

Figure 1.13:

Before VIA deposition, the surface consists of conducting metal trenches (e.g. copper)
separated by dielectric barriers.

Currently, recess etching is being used to allow for larger

alignment errors without introducing shorts, as shown in gure 1.13. During recess etching,
the copper is oxidised using a H2 O2 solution and etched using an HF-based solution. This
selectively-etches the copper trenches while leaving the dielectric barriers unaected, resulting
in a physical barrier of spacer between the conducting trenches, that allows for a larger EPE
of the VIA without inuencing device performance. [37, 38]
Instead of etching part of the conducting trench, area-selective deposition of a barrier
could achieve the same eect. In order to do this, area-selective ALD of a dielectric material
is required on the dielectric spacer in between the conducting trenches, which eectively
achieves the same surface topology as the recess etch. An area-selective deposition step, as
shown in gure 1.14, would allow for relatively large EPEs in the VIA deposition, without
aecting the device performance. Area-selective ALD of SiO2 could therefore solve the current
alignment issues of VIA deposition.

4. Via Etch

1. Bottom metal trenches

Etch contrast
provides
self-alignment

2. Selective Deposition

3. Blanket ULK Deposition

Dielectric
with etch
contrast to
ULK

5. Line Trench Etch

6. Metal Fill

VIA deposition scheme showing area-selective ALD in step 2, which creates a recess
that enables the use of patterning techniques with relatively large EPE. After the area-selective
deposition of SiO2 , a regular top-down VIA fabrication scheme is used. Due to the etch contrast
between the SiO2 and the ULK spacer material, a barrier that mitigates EPEs in VIA deposition
is left after the line trench etch in step 5.(ULK = ultra low κ)
Figure 1.14:
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1.6 Goals
The goals of this work can be divided into two main parts, i.e. a fundamental and practical part. Firstly, the goal was to gain fundamental understanding of the area-selective ALD
approach introduced in our work. In order to investigate precursor blocking, a characterisation method capable of detecting sub-monolayer levels of precursor adsorption was required.
Moreover, to investigate all steps involved in the area-selective ALD approach, an

in-situ

de-

tection approach was needed. Therefore, a new measurement procedure that satises these
requirements, had to be developed and characterised.

situ

This was achieved by performing

in

Fourier transform infrared spectroscopy (FTIR), on a SiO2 powder substrate.

Using this procedure, FTIR measurements were performed of the ABC-type SiO2 ALD
process on Al2 O3 and SiO2 surfaces. The goal of these measurements was to investigate; in
what conguration Hacac adsorbs, how adsorbed Hacac blocks BDEAS adsorption and what
mechanisms are involved in the eventual loss of selectivity. The FTIR studies were used to
obtain a deeper understanding on precursor blocking in order to nd potential adaptations to
the approach that could lead to improved selectivity.
The reported area-selective ALD process is able to reach 1 nm of area-selective ALD,
but, improvements on selectivity are desired for industrial applications.

Considering these

applications, the goal was to explore the obtained possible improvements of the approach and
measure their inuence on selectivity.
Furthermore, an initial screening of other molecules that could potentially act as an inhibitor for area-selective ALD of SiO2 was performed and compared to Hacac. This was done
to obtain understanding of what molecular properties are important for an inhibitor in order
to block precursor adsorption. Especially alcohols were investigated, which were also studied
by Yanguas-Gil

et al.

In summary, the research questions of this work are:
1.

2.

3.

4.

Can we use FTIR to detect sub-monolayer levels of precursor adsorption during areaselective ALD of SiO2 ?
How does Hacac block BDEAS precursor adsorption during the area-selective ALD of
SiO2 and what mechanisms are causing the eventual loss of selectivity?
Based on the information acquired by the FTIR measurements on the area-selective ALD
process, can we decrease the inuence of the mechanisms involved in the eventual loss
of selectivity?
What are good properties for a molecule in order to act as an ecient inhibitor?
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The choice of inhibitor molecules used in the new approach of area-selective ALD, is
obviously the determining factor in the selectivity that can be achieved.

For that reason

there are a number of qualities that an inhibitor molecule should possess in order to achieve
area-selective ALD. Ideally, the following requirements should be met:

•

The inhibitor should selectively adsorb

•

Adsorbed inhibitor molecules should block precursor adsorption

In addition, it is preferred that the inhibitor molecules do not signicantly alter the ALD on
the growth area (e.g. by introducing contaminations or reducing the GPC). However, these
requirements can never be satised completely. There are always defects on the surface such
as; trace amounts of impurities or voids. These defects might inuence inhibitor adsorption
and thereby selectivity.

Once a few precursor molecules adsorb on the non-growth area,

selectivity is quickly lost since the ALD growth can nucleate on these sites. In this chapter,
the inhibitor requirements and their inuence on selectivity and the performance of Hacac
with respect to these requirements is discussed.

2.1 Selective adsorption
The most important requirement of an inhibitor molecule is that it aects ALD on the
non-growth area but not the growth area. In order to achieve this, selective adsorption of the
inhibitor molecules on the non-growth area is desired.

In self-assembled monolayer (SAM)

literature, the selective adsorption of SAMs with various headgroups has been extensively investigated. [29] This information should also translate, to some extent, to inhibitor molecules
in terms of functional groups that could allow for selective adsorption. However, since much
smaller molecules are being used in this work, as compared to conventional SAMs, the headgroups is not solely determining for the adsorption behaviour. Therefore, more direct information of the selective adsorption of potential inhibitor candidates is desired.

Information

on the binding energy of these molecules on various surface materials is ideal for determining
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selective adsorption. This could for example be obtained by density functional theory (DFT),
but this requires calculations for every potential candidate on various starting materials which
is extremely time consuming.

a

I

desorption rate(a.u.)

desorption rate(a.u.)

Temperature window

II
Temperature

b

I

II
Temperature

Figure 2.1: Schematic example of the temperature programmed desorption (TPD) behaviour
on two dierent surfaces (I and II) illustrating (a) a molecule suitable for selective adsorption
and (b) a molecule unsuitable for selective adsorption. The suitability of a molecule for selective
adsorption is determined by the amount of overlap between the TPD curves on surface I and II.
Ideally there is no overlap, resulting in a temperature window where all molecules have desorbed
from surface I while thermal desorption plays no role on surface II. In addition, if the ALD
temperature falls within this window, the molecule is a suitable candidate for area-selective ALD.

Therefore, as an indication of how a molecule adsorbs on dierent surfaces at a specic
temperature, the thermal desorption behaviour can be considered. Thermal desorption has
been quite extensively studied for many molecules on various surfaces. [3943] This is most
commonly investigated by a temperature programmed desorption (TPD) measurement. Before a TPD measurement, the investigated molecule is dosed on the surface at a low temperature. Subsequently, the amount of desorbing molecules are measured while ramping up the
temperature with a heating rate of typically a few kelvin per second. In gure 2.1 schematic
examples are shown of the TPD curve of a molecule for two dierent surfaces (surface I and
II).
A TPD curve shows at which temperatures the molecule desorbs, giving information on
the adsorption energy for this molecule on the surface. Therefore, TPD curves of a molecule
on dierent surfaces can be used to determine whether or not selective adsorption is possible.
In general, for the non-growth area, any desorption measured by TPD at or below the ALD
temperature is undesirable. No desorption at the ALD temperature, guarantees a full monolayer of adsorbed molecules on the surface during ALD. For the growth area, ideally all the
molecules should have completely desorbed at this temperature, as shown in gure 2.1a. TPD
curves, however, cannot be used as a direct measure of binding energy. For strongly-bonded
molecules, dissociative desorption starts at lower energies rather than intact desorption. [44]
When dissociative desorption occurs, adsorbed fragments of the molecule are still bonded to
the surface and could potentially contribute to precursor blocking.
The example shown in gure 2.1a is the desired one since there is a temperature window
for which all species of the molecule have desorbed from surface I while surface II is still
fully covered by adsorbed molecules. This means that when the molecule is dosed within the
temperature range, no adsorption on surface I should occur, or at least direct desorption after
adsorption, while on surface II a monolayer of adsorbed inhibitors should be present. In the
case of gure 2.1b, there is no such temperature range. There is too much overlap and even
though selective adsorption might be possible to some extent, for higher temperatures the
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molecules suer from low surface coverage due to thermal desorption.

Moreover, since the

inhibitors are not very strongly bonded to the surface they are most likely easily removed.
Therefore, an inhibitor is a suitable candidate for area-selective ALD if it has a temperature
window that allows for selective adsorption and if the ALD temperature falls within this
window.
Aside from TPD, for inhibitors that exist as ligands for precursor molecules, the thermal
stability of these precursors can be investigated to give an indication of the adsorption behaviour of the inhibitor on a surface. For example, acetylacetonate (acac) exists as a ligand
for various metal precursors, including Al(acac)3 , of which the thermal stability is known. [45]
The thermal decomposition temperature of Al(acac)3 , for example, indicates at what temperatures acac starts to desorb from an Al2 O3 surface. An inhibitor molecule with a binding
energy that is as high as possible on the non-growth area, while having a small binding energy
on the growth area, is desired. This dierence in binding energy originates from the surface
chemistry of dierent materials.

Physisorption on oxide surface

Chemisorption on acidic hydroxyl groups
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Illustration of the possible interactions of an inhibitor with an OH terminated

In this work, the area-selective ALD of SiO2 on a SiO2 surface in the presence of Al2 O3
was investigated.

Considering a completely pure oxide without voids, the surface consists

of oxygen anions, aluminium or silicon cations and hydroxyl groups. Depending on the inhibitor, reactions with either the anions or cations on the surface is possible. However, more
relevant for inhibitor adsorption, are the hydroxyl groups on the surface. These groups are
the most abundant surface species and are mostly responsible for precursor adsorption, as is
demonstrated in chapter 4 and 5. Inhibitors can have three dierent interactions with these
hydroxyl groups as illustrated in gure 2.2; they can simply physisorb to the group or they
can chemisorb to the surface by either an acidic or alkaline reaction.
Firstly, inhibitor molecules that only physisorb to the surface are undesired since these
inhibitors are only weakly bonded to the surface.

Regarding the two chemisorption cases,

the energies involved in an acidic and alkaline reaction, depend on the surface acidity of the
substrate material. When an acidic inhibitor molecule is dosed on a surface (e.g. Al2 O3 or
SiO2 ), the inhibitor molecule adsorbs on surfaces with alkaline hydroxyl groups (e.g. Al2 O3 )
but not on surfaces with acidic hydroxyl groups (e.g. SiO2 ).

In contrast, when dosing an

alkaline inhibitor molecule, adsorption takes place on surfaces with acidic hydroxyl groups
but not on materials with alkaline hydroxyl groups.
The surface acidity of an oxide can be predicted considering the electronegativity of the
cation element and the stoichiometry of the oxide. [10, 46] Depending on the acidity of the
used inhibitor, dierent selectivities can be achieved on a patterned substrate consisting of
materials with dierent surface acidities. Of course, this means that area-selective ALD using
this principle is only possible between surfaces with a suciently large dierence in acidity.
The surface acidity is strongly dependent on the oxidation state of the cations, and since
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the surface might consist of a sub-oxide this could result in a lower surface acidity than
predicted form the fully oxidised state.

Moreover, the amorphous nature of ALD-grown

oxides can result in local sites with a relatively low oxidation state, and therefore relatively
low surface acidity, due to the distribution of various oxidation states on the surface. [4749]
For Al2 O3 , which is relatively alkaline, this means the hydroxyl groups become more alkaline,
which for Hacac adsorption is benecial. However, for hydroxyl groups on SiO2 , more alkaline
groups could potentially allow for Hacac adsorption which is undesirable.

2.2 Precursor blocking
Once the conditions for selective adsorption of the inhibitor are satised, the inhibitor
molecule should block precursor adsorption on the non-growth area. Therefore, as mentioned
before, the adsorption energy of the inhibitor molecules needs to be as high as possible.
Moreover, any interactions between adsorbed inhibitor molecules and incoming precursors
should be considered as well.

Studies by Bent

et al.

have demonstrated the blocking of

tetrakis(dimethylamido)titanium adsorption by aniline on silicon and germanium surfaces. [50]
In addition, the work of Yanguas-Gil

et al. gives insight into the blocking of TMA adsorption

on an Al2 O3 surface. [26] However, in general, literature on precursor blocking by using
inhibitors is scarce.

This leaves, to some degree, the exact mechanism causing precursor

blocking open to speculation.

a

b

Amino ligand

Oxygen atom

Silicon atom

Hydrogen atom

Adsorbed inhibitor

Illustrations showing how (a) small precursors can access hydroxyl groups at small
defects in the blocking layer more easily than (b) large precursors.
Figure 2.3:

Blocking precursor adsorption by SAMs, on the other hand, has been investigated in more
detail. The question is, whether the blocking mechanisms involved in the use of SAMs are
similar to those involved in the use of inhibitors. Most SAM molecules that are used for ALD
precursor blocking, consist of a large alkane chain and a reactive headgroup. [4, 5, 51] Precursor blocking is achieved by creating an inert layer on the non-growth area which physically
prevents the precursor from reaching the surface. For this reason, having long hydrocarbon
chains is benecial for selectivity since it creates a thicker, better ordered blocking layer,
which is discussed in more detail in section 7.2. [51] Aside from degradation of the SAM,
due to the ALD process, the limiting factor for blocking precursor adsorption by SAMs was
found to be the physisorption of trace amounts of precursor molecules on and in between the
individual SAM molecules and cannot be easily purged from the chamber. [4,5] This allows for
ALD to nucleate on these sites. For the ABC-type area-selective ALD approach, the inhibitor
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layer is reapplied every cycle, therefore trace amounts of physisorption on and in between the
inhibitor molecules might be removed together with the inhibitor layer.
Regarding the mechanisms involved in blocking of precursor adsorption using inhibitors,
there are a few aspects to consider. Firstly, the surface sites at which inhibitor and precursor
molecule adsorb are important. BDEAS precursor molecules are known to primarily adsorb on
surface hydroxyl groups, although this does not exclude the possibility of adsorption on other
sites. [21] Therefore, it seems logical to select inhibitor molecules that inuence the hydroxyl
groups.

Adsorption of inhibitors to surface hydroxyl groups consumes the reactive surface

groups and thereby prevents precursor adsorption. Inhibitors can chemically react with surface
hydroxyl groups resulting in a chemisorbed inhibitor and a product. This product should be
volatile, otherwise competitive adsorption and associative desorption of the inhibitors could
hinder the inhibitor adsorption.
Precursor molecules should not be able to chemically react with the adsorbed inhibitor
molecules since this would compromise the blocking ability of the inhibitors. As mentioned
before, this is one of the mechanisms that cause the loss of selectivity for SAMs. Therefore, in
order to achieve a high selectivity, selecting specic inhibitor molecules is not the only aspect
to consider. Normally, highly reactive precursor molecules with small ligands are desirable for
ALD, which ensures a high GPC at relatively low temperatures. However, a highly reactive
precursor might not be advantages for area-selective ALD. Firstly, small precursors t more
easily into voids of the blocking layer, as shown in gure 2.3.
Yanguas-Gil

et al.,

For example in the work of

the blocking ability of Hacac for TMA adsorption was investigated and

found to be much less eective as compared to what was found for BDEAS blocking in our
work. [10, 26] Therefore, selecting less reactive, bulkier precursors could be essential for areaselective ALD with high selectivity.

a

b
Blocked area
Blocked area

Inhibitor molecule

Oxygen atom
Silicon atom

Hydrogen atom

Illustration showing the inuence of the orientation of adsorbed molecules on the
surface area covered by a single inhibitor molecule.

Figure 2.4:

The chemistry of the entire blocking layer should also be considered. Intuitively, the higher
the surface density of adsorbed inhibitor molecules on the non-growth area, the better the
blocking that can be obtained. This is based on the assumption that inhibitor molecules block
precursor adsorption by acting as a physical barrier. Therefore, ideally the ALD process needs
to take place at a temperature where TPD shows no desorption for the non-growth area at
all, which ensures a high coverage of inhibitor molecules. However, the density of adsorbed
molecules is not the only important parameter to take into account.

Surface coverage is

often dened as the amount of adsorbed molecules per surface area, however, the size and
orientation of adsorbed inhibitors have a large inuence on the actual surface covered, as
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shown in gure 2.4.
The size and orientation of the adsorbed inhibitor molecules, therefore, inuence the blocking layer as a whole. Both the use of small and large inhibitors have their advantages and
disadvantages. Most likely, there is an optimum is inhibitor size for achieving high selectivity.
Larger molecules generally cause more steric hindrance, meaning less molecules adsorb to the
surface in saturation. Therefore, missing inhibitor molecules, caused by e.g. desorption, leave
larger voids in the blocking layer. Moreover, due to steric hindrance the inhibitors can not
react with all surface hydroxyl groups, leaving voids in the blocking layer. Depending on the
size and orientation of the adsorbed inhibitor, these voids might be large enough for precursor
adsorption. In general, this eect is more prominent for larger molecules, however, this also
depends strongly on the orientation of the adsorbed molecules.

a

b

Defect site

Oxygen atom

Adsorbed inhibitor

Silicon atom
Figure 2.5: Illustration showing the inuence of (a) small inhibitor molecules and (b) large
inhibitor molecules on shielding defect sites in the non-growth area from precursor adsorption.

Even though the size of the voids in a blocking layer are likely to be smaller for smaller
inhibitors, large inhibitors have advantages as well. One advantage is that larger inhibitors
might be able to shield defect surface sites by adsorbing near to them. Depending on the size
of the inhibitor, the defect site can be shielded from precursor adsorption, which is illustrated
in gure 2.5.

2.3 Hacac
Acetylacetone (Hacac), shown in gure 2.6a, is a weak acid, with a pKa value of 9.0

◦

in aqueous solution at 25 C. [52] This means it should react more favourably with alkaline
hydroxyl groups (e.g. on Al2 O3 ) as compared to acidic hydroxyl groups (e.g. on SiO2 ). Both
the DFT studies from our work and the FTIR results, presented in chapter 5, conrm this. [10]
Hacac is a diketone which in gas-phase preferentially exists in its enol forms, illustrated in
gure 2.6a. In the gas-phase FTIR spectrum of Hacac, as shown in gure 2.6b, therefore also
-1

an OH stretch is observed at 3650 cm
between 3000-2700 cm
-1

at 1720 cm

-1

. [5355] The spectrum also shows the CH stretch

[21, 53], a C-O stretch at 1620 and 1300 cm
-1

[53], some C-C stretches around 1300 cm
-1

wavenumbers smaller than 1100 cm

.
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(a) Illustrations of the dierent forms of Hacac in gas-phase [56] and (b) infrared
(IR) absorbance spectrum of gas-phase Hacac.
Figure 2.6:

◦

Hacac has shown to exhibit blocking ablilities for SiO2 ALD on Al2 O3 at 150 C and

◦
200 C. [10] Moreover, TPD measurements in gure 2.7 show that Hacac desorption from Al2 O3
◦
only starts at 250 C meaning the ABC-type ALD process should have a nucleation delay on
◦

◦

Al2 O3 up to 250 C. There is no adsorption of Hacac on SiO2 above 200 C [39] and area-

◦
selective deposition was conrmed at 150 C, [10] indicating (almost) no Hacac adsorption on
◦
SiO above 150 C. Hacac is likely a good inhibitor since metal acetylacetonates are commonly
2

used as precursor for the ALD of metal oxides. [5759] Therefore, not only does this give some
indication of which metal oxide surfaces can be used as non-growth areas (CuO, NiO CoOx ,
Fe2 O3 , Cr2 O3 and Al2 O3 ), it also shows that acac is able to block precursor adsorption for
self-limiting precursor steps in ALD. That is to say, during ALD these acac ligands block
the adsorption of more metalacetylacetonate precursor molecules which is what causes selflimiting precursor adsorption. Therefore, because acac has been proven to function well as
precursor ligand, adsorbed Hacac is expected to exhibit eective precursor blocking. Since
acac is used as a precursor ligand, the thermal stability of acetylacetonate precursors can also
be used as an indication for inhibitor adsorption as function of temperature.

The thermal

decomposition curve of Al(acac)3 shows similarities to the TPD curve of Hacac on an Al2 O3
surface, which is shown in gure 2.7. The temperature at which decomposition/dissociative

◦

desorption starts is 250 C for both cases and the dominant reaction products (acetone and
CO2 ) are identical, with similar trends as function of temperature.

Figure 2.7:

The thermal desorption behaviour of adsorbed Hacac on an Al2 O3 surface. [39]
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In our work, DFT calculations were performed of the adsorption of Hacac on
and

α-Al2 O3 (0001)

surfaces, which are shown in gure 2.8. [10] The calculation starts with

the physisorption of Hacac on both surfaces.
conguration were tested for both surfaces.
appendix A.

α-SiO2 (0001)

A horizontal and vertical physisorbed Hacac
The results of these calculations are shown in

After physisorption, Hacac reorientates in several intermediate acac surface

complexes, before it ends up in the chelate bonded surface conguration, indicated by the
blue points in gure 2.8. A chelate conguration is where both the oxygen atoms, of the acac,
bond to the cation, forming a ring-like surface group, as shown in gure 2.9a. The chelate
conguration leaves the Hacac mostly horizontal to the surface.

For both surfaces, Hacac

3+ /Si4+ cation, forming H O as by-product.
2

adsorbs by forming a chelate bond with the Al

The H2 O is expected to remain on the surface where it forms H-bonds, which stabilises the
chelate complex. In contrast, DFT shows that the monodentate conguration, shown in gure
2.9b, is not stable on either surfaces.

Figure 2.8: Calculated DFT results for (a) Hacac adsorption on an Al2 O3 surface and (b) on a
SiO2 surface. Below the gures the physisorbed state in yellow, the intermediate state in green
and the chelate bonded acac in blue are shown. [10]

The minimum energy paths, shown in gure 2.8, conrm the selective adsorption of Hacac
on Al2 O3 . The entire adsorption process of Hacac is energetically favourable on Al2 O3 , with

∆Etotal = −0.49 eV, while on SiO2 the process is not energetically favourable, with ∆Etotal =
0.98 eV. Therefore, the DFT results suggest that selective adsorption of Hacac occurs on
Al2 O3 due to the adsorption process being exothermic on Al2 O3 while being endothermic on
SiO2 . Moreover, the intermediate chemisorbed species result in a small energy barrier of 0.25
eV on a Al2 O3 surface, while on a SiO2 surface there is an energy barrier of 2.35 eV.

a

b

Schematic illustration of (a) the chelate adsorption conguration of Hacac, which
leaves the carbon chain mostly horizontal on the surface, and (b) the monodentate adsorbed
conguration of Hacac. [10]

Figure 2.9:
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The two primary characterisation methods used in this study were
form infrared spectroscopy (FTIR) and

in situ

in situ

Fourier trans-

spectroscopic ellipsometry (SE). This chapter

discusses both measurement techniques and how they are implemented in the dierent setups.

3.1 FTIR
The interaction between light and matter is a widely used principle for the characterization
of material properties due to its non-intrusive nature and relative ease of use.

Depending

on the energy of the used light, a wide range of material properties can be investigated.
In the case of mid-infrared light, the interaction with matter is mostly dominated by the
adsorption of light through transitions in vibrational states of molecular bonds. Infrared (IR)
spectroscopy is, therefore, able to detect the presence of precursor ligands and reactive surface
groups. In order to acquire information about these molecular bonds, a relatively large range
of wavelengths in the infrared regime needs to be measured. This takes a long time when using
dispersive measurement methods, that use prisms or gratings to split a broadband light beam
into separate wavelengths. For this reason, Fourier transform infrared spectroscopy (FTIR)
was developed which uses a Michelson interferometer that allows for the measurement of
multiple wavelengths simultaneously.

3.1.1

Reactor chamber

All FTIR measurements were performed in a home-built ALD reactor called ALD-I, which
is schematically illustrated in gure 3.1. The reactor consists of a stainless steel reactor which
is pumped down using a turbo-molecular pump and roughing pump, to a base pressure of

∼10-6

mbar.

The chamber is connected to an inductively coupled plasma (ICP) source.

Additionally, the infrared source and detector are attached to the reactor chamber. The IR
beam was allowed in and out of the vacuum chamber from the source to the detector through
KBr windows that can be shielded from the inside of the chamber using gate valves.
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The vacuum vessel is connected to four precursor lines, which were used for dosing BDEAS,
TMA, water and Hacac during the FTIR experiments. The precursors are fed into the reactor
using a vapour-drawn process, making use of evapouration to extract the precursor from the
container. The precursors were dosed using ALD valves that can reach actuation times of 5
ms. [60] In order to prevent any unnecessary precursor loss, the precursors were dosed with
the gate valves to the pump and ICP closed, trapping the precursors in the vessel. As listed
in table 3.1, some of the containers were heated to increase the precursor's vapour pressure.
Moreover most of the lines connecting the bubblers to the vacuum chamber were heated to
prevent precursor condensation in the line. In order to prevent condensation the walls of the
vacuum vessel were heated to 100

◦ C.

O2
ICP
source
Gate valve

IR light source
+ interferometer

Purge box
Gold-coated
mirror
Powder sample
Gate valve
KBr window
Turbo
MCT detector
pump

Figure 3.1: Illustration of the ALD-I setup consisting of a stainless steel vacuum vessel, with an
inductively coupled plasma (ICP) and a turbo molecular pump connected to the vessel through
gate valves. The in situ FTIR equipment is attached to the vessel, using KBr windows to isolate
the vacuum with gate valves, which can be closed to protect the KBr widows from precursor
doses.

One downside of vapour-drawn processes is that long dose times, especially repeated long
dose times, deplete the evaporated gas-phase precursor molecules in the container, resulting
in a signicant decrease of precursor molecules actually being dosed per pulse.

The liquid

precursor in the bubbler needs some time to replenish the gas-phase precursor by evaporation.
For this reason, when longer dose times were required, these precursors were dosed in short
pulses adding up to a certain dose time. Details on the various precursors used during the

in situ

FTIR measurements are given in table 3.1. Whenever a precursor dose is reported in

this work, the total reported dose time consists of a number of pulses, dened in table 3.1,
that add up to the total dose time, e.g. 1 s of reported BDEAS dose time is actually dosed in
ve pulses of 200 ms.
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Details of the used precursors, water and inhibitors. The reported vapour pressures
are for the liquids at bubbler temperature. (RT=room temperature)

Table 3.1:

Bubbler

Vapour

Pulse

Line

temperature ( C)

pressure (mbar)

time (ms)

temperature ( C)

BDEAS

50

11 [21]

200

70

Water

RT

23.4 [61]

100

40

TMA

RT

14.7 [21]

100

RT

Hacac

RT

1.3 [62]

5000

30

Methanol

RT

130 [63]

100

40

◦

◦

The ICP source was primarily used to produce an oxygen plasma. The plasma was created
using a copper coil connected to a 13.56 MHz RF power supply operated at 100 W. During
plasma exposures, a constant ow of oxygen was supplied from the top of the ICP source
leading to a 0.015 mbar chamber pressure. Moreover, the chamber was pumped down with
the turbo-molecular pump in order to evacuate the plasma reaction products which could
otherwise be redeposited on the surface. The redeposition of plasma species is strongly dependent on the residence time of volatile reaction products, therefore, pumping down while
the plasma is ignited ensures that redeposition occurs as little as possible. [64]

C

A
C

B

Illustration of the manipulator arm onto which the sample is clamped. A is the
ange with sealing ring, B is the manipulator rod with sample mount, and C the handwheels
allowing for precise sample movement in the vacuum vessel in X, Y and Z direction and rotation
around the Z axis (along the rod of the manipulator). [65]
Figure 3.2:

For FTIR measurements, the infrared light needs to pass through the sample. For this
reason the sample needs to be vertically mounted inside the deposition chamber. The sample
was therefore mounted onto a Prevac manipulator [66] which allows for precision movement
along X, Y and Z axes direction.

Moreover, the manipulator also enables rotation around

the Z axis. A picture of the manipulator arm is shown in gure 3.2. The manipulator was
mounted onto the vacuum vessel of ALD-I at the position of the normally used access door.
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FTIR spectrometer and detector

A broadband infrared light source and infrared detector were attached to ALD-I as shown
in gure 3.1. The Bruker Optics Vector 22 FTIR spectrometer consists of: a Globar infrared
-1

source with a range of 10000-50 cm

, a Michelson interferometer, an internal infrared detector,

and a purge box isolating everything from atmosphere. A schematic overview of the FTIR
set-up and the beam paths of the IR light is shown in gure 3.3. All volumes through which
the IR beam passes need to be either at vacuum or purged with nitrogen to avoid interference
from infrared active molecules in air, such as CO2 and H2 O.
The IR beam that is used in the FTIR experiments is created by passing the source light
through a beam splitter, resulting in two beams that are both reected on mirrors A and B
at dierent distances from the beam splitter, creating a dierence in travelled optical path
length. These beams are recombined at the beam splitter forming the IR beam used in the
experiment which is directed into the reactor.
When directed into the chamber, the beam is sent through a KBr window, through the
sample, and out of the chamber through the other KBr window, and into the purge box of the
detector. Here the beam is focused by an o axis gold-coated parabolic mirror onto a liquid
nitrogen-cooled mercury cadmium tellurium (MCT) detector with a range of 12000-550 cm

-1

.

During a measurement, mirror A is slowly moved, leading to an interference signal as function of mirror displacement. Simultaneously, a HeNe laser is also used to send a monochromatic beam with well-known frequency through the Michelson interferometer.

Using the

resulting interference pattern measured for this laser frequency, the displacement of the mirror can be very accurately monitored. The dierence between the two travelled optical paths
results in a series of frequencies that interfere constructively and a series of frequencies that
interfere destructively. As the mirror moves during an experiment, dierences in intensity as
function of mirror position is used to calculate the frequency dependency of the intensity of
the infrared beam by Fourier transforming the measured signal.

A

B

Figure 3.3: Overview of the setup used for FTIR measurements showing, how the IR source
and detector are attached to the ALD-I reactor chamber, and the IR beam path from the globar
to the detector.

One full cycle of the mirror, which is referred to as one scan, therefore, already results in
an entire spectrum. Speed and amplitude of the mirror movement can be adjusted to achieve
the desired spectral resolutions. For the measurements presented in this report, unless stated
-1

otherwise, a spectral resolution of 4 cm

was used.

a full scan can take only 200 ms or up to a second.
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-1

A resolution of 4 cm

was chosen to
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keep measuring time to a minimum while being able to resolve small energy shifts in the
infrared peaks. However, one scan results in very high noise levels, which does not allow for
the detection of a monolayer or sub-monolayer levels of molecules. Therefore, an average of
multiple scans can be taken to increase signal-to-noise, as is discussed in section 3.1.3.

3.1.3

Sample preparation

Previously, in this group,

in situ

transmission FTIR measurements were performed on at

double-side polished silicon wafer samples. However, it was found that achieving acceptable
signal-to-noise ratios can be challenging using this method.

√

FTIR increases with

N

[67], where

N

The signal-to-noise ratio for

is the number of scans.

Therefore, for measuring

small signal intensities, very long measurements are required. The dependency of the FTIR
noise levels on the number of scans over which is averaged, is shown in gure 3.4.

Taking

longer measurements can only improve signal-to-noise up to a certain point. Therefore, some
peaks cannot be measured even with very long FTIR measurements.

The minimum noise

−5 .

level that can be achieved by increasing the amount of scans is roughly 10

Typically,

an IR peak that exceed the noise by a factor of three are judged to be real. [67] In order

−6 are

to properly measure sub-monolayer levels of precursor adsorption, noise levels of 10
required.

Therefore, on at wafer samples sub-monolayer levels of precursor adsorption, is

impossible to detect.

Figure 3.4: Graph showing FTIR noise level as function of the number of scans over which
was averaged, for transmission FTIR using a wafer substrate. [65] The minimum noise level that
can be achieved is 10−5 , while noise level of 10−6 are required to properly detect sub-monolayer
levels of precursor adsorption. Performing transmission FTIR on wafer substrates is therefore an
unsuitable measurement procedure for investigating precursor blocking.

Sub-monolayer information on the adsorption of inhibitor molecules and precursor is desired in order to investigate the area-selective ALD process.

This requires noise levels of

−6 , [65] which is not achievable by transmission FTIR measurements on a wafer

at least 10

sample. For this reason, a new measurement procedure needed to be developed. FTIR measurements performed on SiO2 powder substrates, was chosen for this new procedure. Using a
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powder simply increases the signal by increasing the surface area. This makes it possible to
achieve the signal-to-noise levels required in order to detect sub-monolayer levels of precursor
adsorption.

a

b

Tungsten mesh

Readout
connection

Thermocouple

(a) Picture of a mounted FTIR sample, which consists of the SiO2 powder pressed
into a tungsten mesh with a thermocouple welded onto the mesh. (b) Picture of the mounted
sample with the thermocouple connected to the temperature readout.

Figure 3.5:

The FTIR measurements were performed on non-porous AEROSIL OX 50 SiO2 powder.
Using a non-porous powder is important since pores make the saturation of inhibitor, precursor
and co-reactant doses very dicult. The specic surface area (BET) of the powder is 35-65
2

m /g [68] which is relatively low for a SiO2 powder. For FTIR measurements, the powder
was pellet-pressed into a tungsten gauze (Alfa Aesar, woven from a 0.05 mm diameter wire
with a 0.2 mm opening width). [69] A picture of such a tungsten mesh mounted on the
manipulator is shown in gure 3.5.

During experiments, an electrical current was passed

through the mesh in order to heat the sample. The temperature is not only important for
the behaviour of the area-selective ALD process, but FTIR measurements are also sensitive
to temperature uctuations due to variable transparency of the SiO2 powder. [70] Therefore
unless reported otherwise, all FTIR experiments in this work were performed at 150

◦ C. The

temperature of the sample was continuously monitored using a thermocouple that was welded
to the tungsten mesh prior to pressing the SiO2 powder onto it. The welded thermocouple
ensures good thermal contact throughout the experiment. These thermocouples were tested
in an oven at various temperatures and were found to give reproducible and accurate results.
The sample is clamped onto the manipulator and the thermocouple wires are connected to a
temperature readout outside of the reactor as seen in gure 3.5.

3.2 Ellipsometry
Ellipsometry is a measurement technique that uses the change in polarization state of
light upon reection from a substrate surface, to measure the optical properties and thickness
of the sample. The advantage of spectroscopic ellipsometry is that, like FTIR, it is a nonintrusive measurement technique that can be easily mounted on a reaction chamber, allowing
for

in situ

measurements. Therefore this technique is ideal for investigating the nucleation

behaviour of area-selective ALD, as is shown in gure 1.11.
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Figure 3.6:

Schematic illustration on the principles of spectroscopic ellipsometry measurements.

During ellipsometry measurements, a polarized beam of light is reected on the sample at
an angle, as illustrated in gure 3.6. The reected light beam has a phase-shift

∆

between

the perpendicularly polarized light component (Es ) and the parallel polarized light component (Ep ). Moreover, the reectivity of the substrate is dierent for

Ep

as compared to

according to Fresnel's equations of reection. [71] This results in an angle
arctangent of the amplitude ratio between

Ep

and

Es .

Ψ,

Es ,

given by the

By measuring these two parameters

over a range of wavelengths, the lm thickness, roughness and optical constants of the lms
can be modelled. There are various models that can be used to t the data depending on
the material that is being measured. The details on the used models are discussed in section
3.2.2.

3.2.1

Reaction chamber, spectrometer and sample preparation

All ellipsometry measurements were performed on an Oxford Instruments FlexAL reactor.
[72] This reactor is quite similar to the home-built ALD-I reactor and is shown in gure 3.7.
It is a vacuum vessel that is equipped with a remote ICP source, a turbo molecular pump
and six precursor lines.

The dierence between this setup and the setup used on ALD-I

is that the sample was placed in the chamber on a heating stage and that the reactor has
a loadlock for introducing samples to the chamber without breaking vacuum. Ellipsometry
measurements were carried out, using a J.A. Woollam M2000D ellipsometer with a range of

◦

1.3-5 eV. Ellipsometry was executed at an angle of incidence of 70 .

ICP source
Gate valve

Detector

Source

Gate valve

Gate valve

APC valve
Gate valve
Pump

Illustration of the Oxford Instruments FlexAL reaction chamber showing: the
mounted ellipsometry source and detector, the ICP source and turbo molecular pump.
Figure 3.7:
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Similarly to the FTIR measurements, the ellipsometry measurements were performed on
SiO2 and Al2 O3 surfaces. For the measurement on an Al2 O3 surface, samples were prepared
by depositing 300 cycles of PE-ALD of Al2 O3 , using TMA and an oxygen plasma, on a silicon
wafer. This resulted in a sample with an Al2 O3 layer of roughly 30 nm thick. The deposition
was performed on 4" wafers which were taken out of the reactor after deposition and broken
up into pieces for the experiments. Ideally, these experiments would be carried out without a
vacuum break, but after Al2 O3 deposition the chamber needs to be reconditioned with SiO2 .
For the measurements on a SiO2 surface, a silicon wafer was loaded into the reactor and
coated using 50 cycles of PE-ALD of SiO2 from BDEAS and an oxygen plasma, resulting in

∼5

nm of deposited SiO2 . Afterwards, the experiment was performed on this sample without

a vacuum break.

◦

These experiments were all performed at 150 C, meaning the samples needed to heat up
before any experiment. However, since the thermal contact between the heating stage and
wafer piece is poor in vacuum, a heating step of 10 minutes before every experiment was
performed. During this heating step, a gas-ow of argon and oxygen was introduced to the
chamber leading to a 250 mTorr pressure.

Because of the increased pressure, the thermal

contact between the heating stage and sample is improved. After heating the sample, it was
exposed to 5 minutes of oxygen plasma to remove any surface contaminations present on the
surface.

3.2.2

SE models

An ellipsometry model is required to convert the measured data into the optical properties
and layer thickness that are being investigated.
layers of dierent materials.

The measured samples consist of multiple

The ellipsometry models used for tting the measured data,

therefore, consist of a stack of dielectric functions. These models are shown in gure 3.8.
For all models, a silicon wafer layer with native oxide was used as underlying substrate.
The native oxide thickness was xed at 1 nm for all ts. On top of this, either an Al2 O3 or
SiO2 layer was modelled. Both layers were tted with a Cauchy model given by:

n(λ) = B +
where

n

C
D
+ 4
2
λ
λ

is the refractive index as a function of the light's wavelength

tting parameters.

(3.1)

λ,

and

B, C

and

D

are

Both materials are non-conducting materials with an optical band gap

that is higher than the measuring range, [73, 74] allowing for the use of a Cauchy model to t
the layer. The thickness of the Al2 O3 or SiO2 layer was tted using the measurement after the
5 minute plasma treatment and thereafter xed for the ts of the other data points. On top
of this layer, a Cauchy model, representing the deposited material during the experiments,
was added. The thickness of this layer was then tted for all data point.

a

b

SiO2 Cauchy
Al2O3 Cauchy
native oxide
Si Wafer

SiO2 Cauchy
SiO2 Cauchy
native oxide
Si Wafer

Stack of ellipsometry models used for experiments performed (a) on a Al2 O3 surface
and (b) on a SiO2 surface.

Figure 3.8:

28

Chapter 3.

Experimental details

The top Cauchy model is used to t all measurement points, including those measured
after precursor or inhibitor adsorption. For these data points, the model therefore does not
give a correct thickness but an apparent thickness, which can be used as a measure of the
amount of adsorbing material. [75] The top Cauchy model does accurately t the amount
of deposited SiO2 , which is used as a reference in many ellipsometry experiments discussed
in this report. To accurately measure the apparent thickness, it is very important nothing
changes in the refractive index of the model, otherwise the apparent thickness will be strongly
inuenced. For the Al2 O3 model, (B =1.67,
and

A

C =0.00632, D=-0.00010152)

only the thickness

parameter were allowed to change during the tting process.

3.3 ALD processes
In this work, three ALD processes were used:

SiO2 ALD, Al2 O3 ALD and ABC-type

SiO2 ALD. Saturation of the separate pulses of these ALD processes was characterised for
wafer substrates previous to this work.

The pulse sequences and dose times of the used

ALD processes are illustrated in gure 3.9.

For the depositions of the powder substrates,

the saturation of the ALD pulses was characterised in this work, as discussed in section 4.5.
In order to prevent the reactor history from having any inuence on the experiment, the
reactor was conditioned before every set of experiments and before changing between SiO2
ALD to Al2 O3 ALD. Before the Al2 O3 ALD processes, the reactor chamber was conditioned
using 50 ALD cycles of thermal ALD, while before the SiO2 ALD processes, the reactor was
conditioned using 100 cycles of plasma-enhanced SiO2 ALD.

ALD of SiO2

a
A
Hacac

B

b
C

B

15 s

C

No inhibitor
200 ms

BDEAS

TMA
5s

O2 Plasma
Purge

ALD of Al2O3

3s

3s

40 ms
200 ms

H2O
3s

Purge

4s

7s

(Used ALD recipes for (a) SiO2 ALD and (b) Al2 O3 ALD. The A step in the SiO2
ALD recipe is only for area-selective ALD, and was removed when regular ALD was desired.

Figure 3.9:
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4

Characterization of using powder samples as
substrate in FTIR studies

FTIR has previously been used to perform

in situ

measurements during ALD in order to

investigate precursor adsorption and ligand removal mechanisms. [76,77] However, all previous
research in our group was performed on at wafer samples for which signal-to-noise can be an
issue, as discussed in section 3.1.3. [65] In this work, it was evaluated whether using powder
samples instead gives a suciently high signal-to-noise such that the mechanisms involved in
precursor blocking by inhibitor molecules can be investigated. Higher signal-to-noise ratios
enable the detection of sub-monolayer levels of precursor adsorption, which is required to
investigate the area-selective ALD process. Moreover, higher signal-to-noise ratios allow for
shorter measurement times, which is not only convenient, but also reduces the inuence of
temperature shifts in the liquid nitrogen-cooled infrared detector. However, saturation of the
adsorption of inhibitors, precursors and co-reactants on the powder sample is dierent from
saturation on a at wafer sample. This chapter discusses how FTIR on a powder sample is
dierent from FTIR on wafer substrates and what adaptations needed to be implemented to
be able to measure on a powder sample.

4.1 Sample preparation
In this work, the goal is to perform FTIR measurements for ALD on dierent starting
materials. As shown in gure 1.11, the ABC-type ALD of SiO2 , initiates dierently on various
starting materials, which is exploited for area-selective ALD. It is, therefore, important to
understand what is happening during an ALD cycle for both a material on which inhibition
occurs (e.g. Al2 O3 ) and for a material on which inhibition does not occur (e.g. SiO2 ).

To

create these starting surfaces, the powder was rst coated using 30 ALD cycles of the desired
starting material, i.e. SiO2 or Al2 O3 . The powder was then exposed to water for Al2 O3 or
oxygen plasma for SiO2 to ensure that the remaining precursor ligands from the ALD process
were removed. The employed water and oxygen plasma dose times during and after ALD are
discussed in section 4.5.
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4.2 FTIR interpretation
Simply taking an infrared spectrum of the sample results in a spectrum dominated by the
absorption of the silicon dioxide powder, as is shown in gure 4.5, while only the information
of the adsorbed molecules on the surface is required. [78,79] In order to extract the information
concerning the adsorption of the molecules dosed during the ALD cycle, infrared spectra were
taken before and after surface modications of the powder (e.g. a precursor, inhibitor or coreactant dose). The spectrum taken before the surface modication can be used as a reference
according to:

A = −log(
where

A

is the infrared absorbance,

modication and

I0

I

I
)
I0

(4.1)

is the transmitted intensity of the light after a surface

is the transmitted intensity of the light in the reference, which are all

a function of wavenumbers. This equation results in a spectrum giving information on the
formation and consumption of chemical bonds in the sample. The inuence of various chemical
reactions on the calculated IR spectrum are illustrated in gure 4.1.

a

b

c

Response of the calculated IR spectrum, with respect to the reference, for various
changes in surface groups. [65] (a) The peak response of an FTIR spectrum, where a positive
peak response corresponds to the formation of surface groups and a negative peak response
corresponding to the consumption of surface groups. Moreover, persisting surface groups do not
show up in the calculated spectrum. (b) The response of changes in the surface groups bonding
conguration resulting in both a negative and positive peak. (c) The response to changes in
backbonding of the surface groups also results in both a negative and positive peak, which are
often located very close together in terms of wavenumber.
Figure 4.1:

Generally, a positive peak corresponds to formed surface groups and a negative peak
corresponds to removal of surface groups. However, the surface groups themselves can also
change, illustrated in gure 4.1b, which is essentially the same as the combination of removal
and addition of species. In addition, backbonding of species, amongst others, can shift the
energy at which a bond absorbs light. [25, 80, 81] An energy shift of an IR peak is observed as
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a negative and positive peak very close to each other (in many cases overlapping each other),
which results in steep changes in the IR absorbance, as is illustrated in gure 4.1c.

Schematic illustration of the various stretching and bending modes that can absorb
infrared light.

Figure 4.2:

The measured IR absorbance is an indication for the bonds existing in the sample. As a
result of the absorption of IR light by molecular bonds, the bonds start to vibrate and deform,
as shown in gure 4.2. These deformations can be divided in two groups: deformations of the
molecular bonds in the axial direction, and deformations in the non-axial directions, referred to
as stretching and bending modes, respectively. IR absorption occurs at wavenumbers specic
to the bending and stretching modes that a molecular bond is capable of. This can be used
to identify which bonds are present on the surface. Relevant stretching and bending modes
for this report are listed in table 4.1. One thing to keep in mind is that the wavenumber at
which a modes appears is also dependent on the backbonded atoms. Therefore, a mode can
show up in a spectrum at a shifted wavenumber.

Table 4.1:

List of relevant bending and stretching modes and their IR adsorption range
−1 )

Mode

Peak(s) wavenumber(s) (cm

references

CH bend

1500-1300

[53]

C=O stretch

1700

[53]

SiH stretch

2100

[25, 53, 81]

CH stretch

3000-2700

[21, 53]

OH stretch

3800-3600

[21, 53, 82]

4.3 Use of FTIR reference spectra
The reference used to calculate an FTIR spectrum determines what specic IR absorption
information shows up in the spectrum and what information is ltered out. In most cases,
as much irrelevant IR adsorption information as possible needs to be ltered out such that
the focus is on what is being investigated. However, simply ignoring the species that show up
in the reference can result in wrong conclusions by misinterpreting the spectrum. Therefore,
depending on the surface modication being investigated dierent reference measurements
have been employed for the calculation of the FTIR spectra presented in this report. In gure
4.3 the dierent ways of using FTIR reference spectra are illustrated.
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Illustration of the various references spectra used to calculate the presented FTIR
spectra. The arrows indicate which FTIR measurement is used as a reference. (a) To calculate gasphase spectra, FTIR measurement were carried out before and after trapping gas-phase molecules
inside the reactor. (b) For saturation spectra, FTIR measurements were performed after multiple
pulses of dosing a single chemical using the rst spectrum as reference. In order to check saturation
a reference as indicated by the red arrow was used (c) Dierence spectra make use of an FTIR
measurement before and after a dose using the measurement before the dose as reference, (d) a
xed reference spectrum is very similar to a saturation spectrum but not one single chemical is
being investigated in this case, and all chemicals are dosed in saturation before taking an FTIR
measurement.

Figure 4.3:

The FTIR measurements performed in this work fall into four categories; gas-phase, saturation, dierence and xed reference. All measurements are shown and explained in gure
4.3. In the rest of this report, presented FTIR spectra refer back to this gure to clarify which
references were used to calculate the spectrum.

4.4 Background signal
The light source used in this work is a Globar mid-infrared source. A globar is a silicon
carbide rod which is heated by passing an electrical current through the rod.

This light

source is often used for infrared spectroscopy since it approximates a black body radiator.
The KBr windows, any trace amounts of infrared active molecules left in the beam path,
and the detector sensitivity have an inuence on the measured spectrum.

Especially the

detector sensitivity needs to be taken into account for subsequent measurements, since this
can vary due to temperature changes. Any inuence of the lamp spectrum and trace amounts
of infrared active molecules in the beam path are subtracted from the spectrum by using a
reference spectrum as explained in section 4.3.
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Transmitted IR light spectrum through an empty reactor, measured by the MCT

In gure 4.4 the transmission spectrum as measured with the MCT for an empty reactor is
shown. The measured spectrum represents a black body radiator relatively well, except for the
absorption by trace amounts of gas-phase H2 O and CO2 that are observed in the spectrum.
Evident from this graph is that the signal quickly drops for wavenumbers lower than 1000
cm

-1

-1

. Moreover, the FTIR spectrometer is most sensitive to wavenumbers at 2000-1500 cm

with a slowly decreasing sensitivity for higher wavenumbers.

b

a

Figure 4.5: (a) FTIR transmission spectrum of an untreated sample and (b) the FTIR dierence
spectrum after moving the untreated sample into the beam.

Normally, however, the IR light passes through the SiO2 powder substrate before it is
measured. The spectrum shown in gure 4.5a, is the IR light transmitted through the SiO2
powder substrate. The temperature of the SiO2 inuences this transmission spectrum, which
is why it is important to monitor and control its temperature throughout the experiment. [70]
Aside from a decreased overall intensity due to scattering of the IR light, the spectrum shows
that, the SiO2 bonds also adsorb IR light. The dierence spectrum after moving the untreated
sample into the IR beam in gure 4.5b, shows a similar absorbance spectrum for the SiO2
powder to what was reported in literature. [78, 79] The presence of surface hydroxyl groups on
-1

the SiO2 can be clearly seen at 3750 cm

and the absorption by SiO2 phonons in the powder
-1

is also clearly visible at wavenumbers of 2000 cm
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-1

up to 1300 cm

, these phonons dominate the transmission spectrum, meaning that extra care

needs to be taken when interpreting absorption peaks in this range. Signal-to-noise is very
poor below 1200 cm

-1

, and small uctuations in the detector sensitivity can result in apparent

absorption peaks with similar shape as the SiO2 phonon adsorption in this range.
Aside from inuencing signal-to-noise, the reference spectrum is simply subtracted from
all subsequent measurements and should, therefore, have no inuence on the measured results.
However, the sensitivity of the detector is temperature-dependent. Even though the detector
is cooled by liquid nitrogen and should have a relatively stable temperature, shifts are still to
be expected over time. Therefore, any peaks in the reference can show up in the calculated
spectrum due to variations in detector temperature.

Especially strongly absorbing modes,

like those of SiO2 , could easily show up in the spectrum due to this.

4.5 Sample coating
ALD processes are designed to deposit uniform and conformal layers, however this requires
the precursor and co-reactant doses to be in saturation. For some demanding topologies, conformal growth might not be possible, even with ALD. This needs to be taken into account
when changing from a at sample to a powder sample. The sample consisting of SiO2 powder pressed into the tungsten mesh has a very high surface-area with a demanding topology.
This topology results in slower saturation or even inaccessible parts of the surface. Therefore, since SiO2 and Al2 O3 starting surfaces are considered in this work, the saturation of
all doses involved in the ALD of these materials needed to be investigated.

The SiO2 was

◦
deposited at 150 C using BDEAS and oxygen plasma and the Al2 O3 was deposited using
◦
trimethylaluminium (TMA) and water at ∼300 C.
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Figure 4.6: FTIR dierence spectra after (a) a saturated BDEAS dose on a SiO2 -coated powder
and after (b) a saturated TMA dose on an Al2 O3 -coated powder. Saturation was checked by the
method shown in gure 4.3b.

The FTIR dierence spectra of adsorbed BDEAS and TMA are shown in gure 4.6. The
spectrum representing BDEAS adsorption clearly shows the consumption of hydroxyl groups
-1

around 3750 cm
-1

cm

[21,53,82] and the addition of CH and SiH bonds to the surface at 3000-2750
-1

[21, 53] and 2350-2050 cm

[25, 53, 81], respectively. The interpretation of this spectrum

is discussed in more detail in section 5.1. The spectrum representing TMA adsorption also
shows the CH stretch and bend as a result of the formed surface methyl groups. Moreover,
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the consumption of hydroxyl groups is observed, but by two peaks in stead of the one. These
two peaks correspond to basic and neutral hydroxyl groups, which are observed since an
Al2 O3 surface was used for the measurement. This is a rst indication of the dierent surface
chemistries of SiO2 and Al2 O3 . This is discussed in further detail in section 5.2.
The CH stretch of the adsorbed precursors, shows an absorbance in the order of
As shown in gure 3.4, IR peaks can be distinguished down to signals in the order of

10−2 .
10−5 ,

meaning that by using a powder substrate the set-up is easily capable of detecting submonolayer levels of precursor adsorption. To quantify the amount of adsorbing molecules, the
peaks corresponding to the bonds present in the adsorbed molecules can be integrated. For
the quantication of adsorbing BDEAS molecules, which is discussed in more detail in section
4.7, the SiH peak is mainly used. The SiH peak is convenient for quantication since it absorbs
in an IR region where the other molecules studied in this work are not active. Moreover, the
SiH peak is the most intense absorption peak in the BDEAS spectrum and is located in the
most sensitive wavenumber range for our FTIR setup. All peaks corresponding to CH bonds
have overlap with the CH peaks of the Hacac spectrum, demonstrated in section 5.2, making
the distinction between precursor CH bonds and Hacac CH bonds dicult. Quantication
of TMA adsorption is more dicult, since integration of the CH stretch is the best option.
This complicates the quantication of TMA if another CH bond containing molecule has been
previously dosed on the surface.

SiO2 ALD

Absorbance

0.06

0.04

1s
2s
3s
5s
7s
10 s

a

Integrated absorbance

4.5.1

0.02

0.00
2400 2350 2300 2250 2200 2150 2100 2050 2000
-1

SiHstretch

3

CHstretch

b

OHstretch
CHbend

2
1
0
-1
0

2

4

6

8

10

BDEAS dose time (s)

Wavenumber (cm )

(a) FTIR saturation spectra for BDEAS adsorption on a SiO2 surface focusing on
the SiH stretch. (b) Integrated absorbance of the bonds associated with adsorbed BDEAS on a
SiO2 surface as function of precursor dose, for the SiH stretch (2350-2050 cm-1 ), the CH stretch
(3000-2750 cm-1 ), the OH stretch (3800-3650 cm-1 ) and the CH bend (1500-1300 cm-1 ).

Figure 4.7:

The saturation of BDEAS adsorption on the powder, was investigated by performing a
saturation measurement, as shown in gure 4.3b. The SiH peak for dierent precursor doses
is shown in gure 4.7a. These peaks were integrated from 2350-2050 cm

-1

in order to quantify

the amount of adsorbed BDEAS molecules as function of precursor dose.
-1

done for the CH stretch peaks (3050-2750 cm
bend peaks (1500-1300 cm

-1

The same was

), OH stretch peaks (3800-3650 cm

-1

) and CH

). The resulting integrated IR absorption is shown in gure 4.7b.

Firstly, this gure shows that precursor adsorption saturates after 8 seconds of precursor
dosing.

Normally, on wafer samples, saturation of BDEAS adsorption saturates after only
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200 ms of precursor dosing. This indicates that there are signicant dierences between ALD
on a at substrate and a powder sample.
The plasma step of the ALD process is even more problematic regarding saturation. The
species in the plasma responsible for BDEAS ligand removal and oxidation of the deposited
Si atoms are oxygen radicals. [11, 83] These oxygen radicals are limited in the penetration into
the powder due to recombination on the powder surface. Consequently, the aspect ratio of
structures that can be coated by any ALD process using an oxygen plasma is limited. [11] The
oxygen radicals, might not be able to penetrate into the powder sample far enough in order to
fully remove all ligands. In gure 4.8, FTIR spectra for dierent plasma exposure times are
shown. After 40 minutes, most of the surface ligands were removed from the surface. All CH
bonds were removed after 30 minutes of oxygen plasma exposure. However, the SiH bonds are
more slowly removed by the plasma, and even after 40 minutes some SiH bonds persist. The
spectra after 30 minutes of plasma exposure, seems to suggest that more hydroxyl groups were
created after one ALD cycle as compared to the starting surface. However in the spectrum
-1

of gure 4.8a a negative peak at 3750 cm

is observed surrounded by a positive region. The

ALD process, therefore, results is a SiO2 layer with dierent surface hydroxyl groups than
the used SiO2 powder. This is due to H-bonded hydroxyl groups present in the ALD-grown
SiO2 which have a slightly shifted IR absorption with respect to the hydroxyl groups found
on the SiO2 powder. [54, 84]

a

b
?
CHstretch

SiHstretch

CHbend

OHstretch

Figure 4.8: (a) FTIR saturation spectra for oxygen plasma exposure of a monolayer of BDEAS
on a SiO2 surface. (b) Measured integrated absorbance of several surface bonds associated with
adsorbed BDEAS on a SiO2 surface as function of plasma exposure time. The integrated absorbance is presented for: the SiH stretch (2350-2050 cm-1 ), the CH stretch (3000-2750 cm-1 ),
the OH stretch (3800-3650 cm-1 ), the CH bend (1500-1300 cm-1 ) and the CO stretch (2350-2250
cm-1 ), where the SiH stretch was corrected by subtracting the measured integrated absorbance
of the CO stretch. The question mark indicates the CO stretch that is created as function of
plasma exposure.

Exposing the powder to 40 minutes of plasma every cycle, results in a too long ALD
process. For surface coating, 30 cycles of ALD are required adding up to at least 20 hours
of deposition when using 40 minutes of plasma every cycle. Fortunately, partial removal of
ligands in an ALD process can still results in high-quality lms. [85] Therefore, for the SiO2
coating recipe, a 10 second BDEAS dose was chosen with a 5 minute plasma exposure every
cycle. Using the trend shown in gure 4.8b, for this plasma exposure at least 50% of the ligands
are removed. After the 30 ALD cycles, the sample was cleaned with an additional plasma
exposure of 40 minutes, after which (almost) no precursor ligands persist on the surface.
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Schematic illustration of possible mechanisms creating O3 SiH surface groups during
an oxygen plasma exposure.

Figure 4.9:

In gure 4.8a, an IR peak appears at 2300 cm

-1

after the plasma exposure which can most

likely be attributed to carbon oxide species adsorbed on the surface.

These species could

arise from incomplete ligand removal or plasma redeposition. [64, 70] Another explanation for
the observation of this peak could be that it is caused by the formation of O3 SiH, illustrated
in gure 4.9, which also has a vibration energy around 2300 cm

-1

. [25] However, in section

4.7 it is demonstrated that this peak is removed upon a BDEAS precursor dose.

At these

temperatures, BDEAS should not be able to react with hydrogen-terminated silicon which
is used to achieve saturation for mono-aminosilane precursors (e.g. (N(C4 H18 )2 )H3 Si). [86]
Moreover, if BDEAS were able to chemically react with SiH bonds, this would result in gasphase reactions between BDEAS molecules. The peak is therefore attributed to carbon oxide
species on the surface. For Al2 O3 ALD, it was shown that TMA adsorption is not hindered
by carbon oxide surface groups, which seems also the case for BDEAS. [87]

4.5.2

Al2 O3 ALD

Similar to the SiO2 coating, saturation of the doses involved in Al2 O3 ALD needed to be
investigated. This is however a far more suitable ALD process for demanding topologies since
it is a thermal process that does not suer from surface recombination of radicals. However,
since it is a thermal process, TMA ligand removal requires slightly higher temperatures to

◦

remove all precursor ligands every cycle. [88] Therefore, the sample was heated to 300 C
during the deposition of Al2 O3 . Figure 4.10a shows the saturation behaviour of TMA dosing
and the water exposure steps.
of dosing.

The TMA adsorption shows saturation after two seconds

For the subsequent water dose, saturation occurs at 15 seconds.

During water

dosing the chamber was constantly pumped down to prevent build-up of water in the reactor
which can be dicult to remove. Unfortunately, most experiments were already performed on
Al2 O3 surfaces deposited using 5 seconds of water before this result was obtained. However,
the powder is exposed to 50 seconds of water after ALD which does remove all remaining
ligands. Therefore, in order to with previous experiments, ve seconds of water dose was used
as co-reactant step for coating the powder with Al2 O3 .
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a

b

(Integrated absorbance of the CH stretch as function of (a) TMA dose and (b) the
subsequent H2 O dose.
Figure 4.10:

4.6 Linearity between absorbance and amount of absorbed molecules
The surface area below an IR peak is a measure for how many of the corresponding
molecular bonds are present in the path of the beam. However, for exact quantication, a
relation between amount of IR absorbing bonds and peak area is needed. According to the
Beer-Lambert law, the signal intensity, transmitted through the sample,
proportional to the number density

N

I

is exponentially

of absorbing species:

I = I0 e−σN
where

I0

is the light intensity incident on the sample for a certain wavenumber, and

(4.2)

σ

the

cross-section for light absorption specic to that wavenumber. Combining this relation with
equation 4.1 results in a linear relation between the absorbance and the amount of adsorbed
species:

A = −log(

I0 e−σN
σN
.
)=
I0
ln(10)

(4.3)

This assumes there is no light scattering, which is not completely correct for our measurements. [53] Most of the scattering occurs in the SiO2 powder, and is is corrected for by
the reference measurements. However, high densities of adsorbed molecules could result in
non-linear behaviour of the absorbance.
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Measured integrated absorbance of gas-phase Hacac as function of pressure in the

Ideally, to check whether linearity between absorbance and the amount of adsorbed molecules
can be assumed, FTIR spectra need to be compared to known (relative) amounts of adsorbed
molecules. In order to do this, sub-monolayer information on the (relative) number of adsorbed
molecules is required, which was the goal to measure in the rst place. Therefore, linearity
between IR absorbance and the number of surface species cannot be directly investigated.
However, this can be investigated by measuring the IR absorbance of gas-phase molecules
as function of pressure.

Assuming the ideal gas law, the relation between absorbance and

pressure is equal to the relation between absorbance and the density of adsorbing molecules,
given by equation 4.2, aside from a factor

1
kb T , where

kb

is the Boltzmann constant and

T

is the temperature. Gas-phase FTIR measurements were performed for Hacac, for which the
integrated absorbance as function of pressure is shown in gure 4.11. The measured relation
between absorbance and pressure is linear for low pressures but deviates for high pressures.
Using the ideal gas-law, the pressure range for which linearity holds (upto 0.7 mbar), relates

20 of adsorbing particles. Assuming a coverage of

to 10

∼1

2 of adsorbed Hacac

molecules/nm

and assuming the sample has the dimensions 1x1x0.1 cm, one gram of fumed silica would be
needed to reach the number density associated with 0.7 mbar of gas-phase molecules. This
is much more than the amount of powder that was pressed into the tungsten gauze. For the
rest of the experiments, therefore, linearity in the relation between absorbance and amount
of absorbed species is assumed.

4.7 Normalization of FTIR spectra with respect to accessible
surface area of the powder
One of the advantages of FTIR is that it can give quantitative information on the relative
coverages of adsorbed molecules. The infrared absorption of a specic peak is a measure for
the amount of molecules that are adsorbed on the surface of the powder. By integrating the
infrared absorption peaks that are associated with a certain molecule, the amount of adsorbed
molecules can be compared to other FTIR measurements. For example, integrating the Si-H
peak between 2100 cm

-1

and 2200 cm

-1

gives an indication of the amount of adsorbed BDEAS.

However, the intensity of absorbed signal was found to vary for identical measurements on
dierent samples, which is attributed to dierences in the available surface area and powder.
This is due to the fact that the amount of applied SiO2 powder was not accurately quantied
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in any way before pressing it into the tungsten mesh. Therefore, there can be a dierence in
the amount of powder within the area the IR beam probes. Some powder can fall o while
handling the sample, causing more variation between dierent samples. Moreover, the signal
intensity representing precursor adsorption was found to decrease for adsorption on thicker
coating layers, which is also related to the amount of probed surface area.

a

b

(a) FTIR dierence spectra after a saturated BDEAS dose on SiO2 as function of
the number of SiO2 coating cycles and (b) the BDEAS dose required for saturation on SiO2 as
function of the amount of SiO2 coating cycles.

Figure 4.12:

Figure 4.12a shows how the absorption spectrum of BDEAS on SiO2 changes as function of
the number of coating cycles, used before the BDEAS dose, on the same sample. Concurrently,
the precursor dose time required for saturation decreased as function of the number of ALD
cycles used for coating, which is shown in gure 4.12b. The saturation trend suggests that
the eective surface area of the sample is reduced by coating it.
in gure 4.13.

This eect is illustrated

As the particles within the powder are coated by ALD, part of the surface

of the particles can become inaccessible from further coating, reducing the surface area that
contributes to the FTIR signals. Therefore, the (relative) surface area of a sample needs to
be measured before the infrared spectrum can be quantied. Information on relative surface
areas of the samples allows for the normalisation of the FTIR spectra with respect to each
other, which makes sample-to-sample comparisons possible.
All surfaces used in these experiments are OH-terminated, meaning that the intensity of
the OH peak gives an indication of the amount of surface area. [89] However, care needs to be
taken using this approach since closed cavities still show a signal for OH surface groups while
being inaccessible for adsorption of inhibitor and precursor molecules.

Moreover, the OH

signal was found to be dicult to integrate due to the energy shifts as a result of H-bonded
water and the presence of gas-phase water in the background. Therefore, this approach was
not used for surface area quantication.
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Before coating

After coating

Illustration of the inuence of ALD coating on the available surface area for FTIR
measurements. The blue particles represent the original powder particles, the green rings show
the deposited material and the red line indicates the area available for precursor or inhibitor
adsorption.
Figure 4.13:

Instead, FTIR measurements during the last ALD coating cycle, after precursor adsorption, were used in order to quantify the accessible surface area. The signal intensity representing the amount of adsorbed precursor during that cycle was then used as an indication of
the amount of available surface area, as illustrated in gure 4.14. After the sample has been
coated with 30 cycles of ALD, the surface is exposed to a long water or O2 plasma dose, which
removes any remaining ligands. Subsequently, the surface is exposed to the same precursor as
was used during the 30 ALD coating cycles. Characteristic peaks of the particular precursor
are then integrated, giving an indication of the amount of available surface area. After the
measurement, the surface is again exposed to a long water or O2 plasma dose after which
the rest of the experiment is performed on 31 cycles of ALD coating. However, this assumes
that the surface area does not decrease within this single cycle in terms of available surface
area. Our measurements suggest that dierences in accessible surface area between one cycle
should be small enough to neglect, especially after the bare sample has been coated with a
few ALD cycles.

I0 - coated surface
(30 ALD cycles)

I0 - cleaned surface
(31 ALD cycles)

I2 - after precursor

FILM

FILM

FILM

FILM

FILM

I1 - after precursor
without inhibitor

I1 - after inhibitor

Procedure used for quantifying the eective surface area accessible for FTIR experiments. The procedure starts with a coated powder. FTIR measurements are then performed
during one additional ALD cycle using the precursor adsorption during this cycle as benchmark
for the accessible surface area. Subsequently, the surface is cleaned once more and the rest of the
experiment is performed after 31 ALD cycles.
Figure 4.14:

For BDEAS for example, the peak area under the Si-H peaks and C-H peaks can be
used to compare dierent samples coated with SiO2 quantitatively. However, deposition on
both SiO2 and Al2 O3 surfaces was investigated in this report, meaning that Al2 O3 and SiO2
surfaces need to be compared. Therefore, FTIR measurements were performed of TMA and
BDEAS adsorption on the same Al2 O3 -coated sample. First, a sample was coated using 30
ALD cycles of Al2 O3 . Afterwards, TMA adsorption was measured by FTIR, and the ligands
were removed by water. Lastly, BDEAS adsorption was measured by FTIR. This allows for

43

Chapter 4.

Characterization of using powder samples as substrate in FTIR studies

the investigation of TMA and BDEAS adsorption on an almost identical surface. The results
of these measurements are shown in gure 4.15. They show that BDEAS adsorbs on Al2 O3 ,
but shows a slightly dierent absorption spectrum as compared to BDEAS adsorption on a
SiO2 surface in gure 4.6a, primarily in the Si-H peak. This can be attributed to the fact
that the Si atoms are probably dierently backbonded to oxygen atoms, which is discussed in
more detail in section 5.1.
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Figure 4.15: FTIR dierence spectra after (a) a saturated TMA dose and (b) a saturated
BDEAS dose on an Al2 O3 -coated powder.

Both spectra representing BDEAS and TMA adsorption on a Al2 O3 surface show a CH
stretch. Therefore, for comparing these surfaces, the integrated absorbance of this CH stretch
was used. By performing FTIR measurements after the adsorption of either TMA or BDEAS

st ALD cycle of coating, Al O -coated samples can be compared to SiO -coated
2
3
2

during the 31

samples in terms of available surface area.

This allows all performed experiments to be

normalised with respect to the amount of accessible surface area of the powder, thereby
allowing dierent samples to be compared to each other.
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FTIR study on area-selective ALD of SiO2

The reported approach for area-selective ALD of SiO2 , using Hacac as inhibitor, is currently limited to

∼1 nm of selective growth.

In order to understand how Hacac blocks precur-

sor adsorption, and investigate how the selectivity can be increased even more,

in situ

FTIR

measurements were performed during ABC-type ALD cycles and regular ALD (without the
use of an inhibitor).

This chapter, rstly discusses the regular ALD process itself.

Subse-

quently, the ABC-type ALD of SiO2 is investigated and compared to what was found for the
regular ALD process.

5.1 ALD of SiO

2

In order to understand the mechanisms involved in blocking precursor adsorption, it is
important to understand how precursor adsorption occurs in absence of an inhibitor. The ALD
process consisting of BDEAS and O2 plasma pulses was partly characterised by Dingemans

al.

et

[21] They reported that using this process, fast growing, high quality lms are deposited

with small amounts of impurities. They measured no contamination of nitrogen or carbon by
Rutherford back-scattering spectrometry (RBS) or elastic recoil detection (ERD). Burton

al. investigated the chemisorption reactions of several aminosilanes by in situ

et

FTIR on ZrO2

nanoparticles, and found that the amino ligands were relatively easy to remove as compared to
the hydrogen atoms in the precursors. [25] Moreover, they found that the SiH bonds could not
be completely removed from the surface by an H2 O pulse. Studies by Peña

et al. conrm, that

for monoamino silanes (e.g. (N(C4 H18 )2 )H3 Si) only SiH bonds remain on the surface remain,
after precursor adsorption. [86] This proves that for these precursors the amino ligand splits
o upon chemisorption.
In this section, the chemisorption of BDEAS on SiO2 and Al2 O3 surfaces is investigated
and compared to the literature. Moreover, the measured FTIR results are used as a reference
for the study on ABC-type ALD of SiO2 , described in section 5.2. Any precursor adsorption
measured during ABC-type ALD are reported as a percentage of what was measured during
regular ALD.
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FTIR study on area-selective ALD of SiO2

Results

The gas-phase FTIR spectrum of BDEAS is shown in gure 5.1a. In the gure, the CH
stretch is clearly visible at 3050-2750 cm
-1

cm

-1

, [21, 53] together with the SiH stretch at 2200-2050
-1

, [25, 53, 81] and the CH bend at 1500-1300 cm

[53]. Moreover, since this is a gas-phase

measurement, the experiment is not limited by the SiO2 phonons absorbing all the IR light
for lower wavenumbers.
-1

cm

Therefore, BDEAS peaks are also visible in the range below 1300
-1

, allowing us to observe the CN stretch around 1200 cm
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(a) FTIR gas-phase spectrum (gure 4.3a) of BDEAS molecules and (b) an FTIR
dierence spectrum (gure 4.3c) after a BDEAS dose on a SiO2 -coated powder. The arrows
indicate the amplitude of the SiH and CH stretch for both spectra.

Figure 5.1:

Comparing the gas-phase spectrum to the spectrum of chemisorbed BDEAS on a SiO2
surface, as shown in gure 5.1b, gives insight into the adsorption reaction of the precursor. As
illustrated in gure 5.2, the precursor chemisorbs to the surface by splitting o one or more
ligands, resulting in a chemisorbed molecule and a volatile reaction product. This is visible
through a dierence in the spectra representing the chemisorbed precursor and the gas-phase
species. Although dierences can also be caused by shifts in the IR peaks in the spectrum
representing adsorbed species, that are caused by the electronegativity of the backbonded
-1

atoms. [25, 81] For example, a SiH stretch in gas-phase BDEAS (2125 cm
dierent wavenumber than an OSiH stretch (2157 cm
O2 SiH stretch (2216 cm

-1

). [25]
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Illustration of the reactions involved in the chemisorption of BDEAS on a hydroxyl
terminated surface. Chemisorption results in single and double backbonded precursor species and
volatile diethylamine as the reaction product.

Figure 5.2:

Comparing the ratios of the CH and SiH stretches, gives insight into the adsorption reactions. For gas-phase BDEAS, the ratio between the integrated absorbance of the CH and
SiH stretches is 2.5. For absorbed BDEAS molecules, however, this ratio is only 0.6. Even
though exact comparison requires the cross-section of all stretches, it is clear that there are
less C-H bonds per molecule present in adsorbed BDEAS as compared to gas-phase BDEAS.
This suggests that upon BDEAS chemisorption, a ligand containing CH bonds splits o and
is pumped away as volatile product. Therefore, BDEAS seems to chemisorb to the surface by
splitting o one or two amino ligands. A schematic illustration of the adsorption reaction is
shown in gure 5.2. Moreover, the weakest bonds in this precursor are the bonds between the
silicon atom and the nitrogen atoms. [86, 90] In addition the nitrogen contamination of SiO2
lms grown using BDEAS and O2 plasma is very low. [21, 91] Therefore, the chemisorption
reactions of BDEAS seem to be as follows:

Si − OH∗ + SiH2 (N(C2 H5 )2 )2 (g) → SiO − SiH2 N(C2 H5 )∗2 + HN(C2 H5 )2 (g)

(5.1)

2Si − OH∗ + SiH2 (N(C2 H5 )2 )2 (g) → (SiO)2 − SiH∗2 + 2HN(C2 H5 )2 (g)

(5.2)

where the asterisks represent surface groups.

At least one amino ligands splits o from

the precursor molecule during the precursor pulse by protonation, leading to a chemisorbed
precursor molecule and volatile diethylamine bonded to at least one surface oxygen molecule.
As mentioned, the chemisorption reaction in which the amino ligand is eliminated, has also
been conrmed for monoamino silanes by

in situ
47

FTIR. [86]
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Figure 5.3:

FTIR measurements of BDEAS adsorption on SiO2 surfaces in gure 5.3 show, that the
SiH stretch shifts and splits into two peaks, as compared to the gas-phase spectrum. These two
SiH peaks correspond to the OSiH stretch and the O2 SiH stretch, where the OSiH stretch has
the lowest wavenumber. [25] On the bare SiO2 powder, this lower wavenumber peak is more
dominant, meaning that there is more single backbonded precursor than double backbonded
precursor. However, on the ALD-grown SiO2 surface, the double-bonded precursor is more
abundant. This is most likely caused by dierences in surface hydroxyl groups (e.g. H-bonded
hydroxyl groups), between the bare SiO2 powder and the ALD-grown SiO2 surface, resulting
in a dierent number of sites that allow for double backbonding. In section 4.5 the formation
of dierent hydroxyl groups as a result of the ALD growth of SiO2 was discussed.

It was

found, that after plasma exposure of the adsorbed precursor molecules, dierent hydroxyl
groups were produced that are not present on the bare silicon powder surface. This shows,
that even for experiments performed on a SiO2 surface, coating the powder with ALD-grown
SiO2 prior to the experiment is essential in order to measure reliable results.
On the Al2 O3 , on the other hand, there seems to be only a shift in SiH stretch wavenumber, as shown in gure 4.15d. However, upon closer inspection, the SiH stretch peak is much
broader than the peak for BDEAS in gas-phase and there is a tiny 'dip' in the center of this
peak (see the inset of gure 5.3).

There are two separate SiH peaks but they are close to

each other with similar intensities, making it look like a single broad peak. It can, therefore,
be concluded that, on the Al2 O3 the backbonding of adsorbed precursor molecules is slightly
dierent from the SiO2 surface. On the Al2 O3 there is an equal amount of OSiH and O2 SiH,
assuming the cross-section is similar, whereas on the SiO2 there is slightly more O2 SiH. The
steric hindrance is expected to have a slightly smaller eect on the ALD-grown SiO2 surface
as compared to an thermal ALD grown Al2 O3 surface, as is illustrated in gure 5.2. Moreover,
the resulting shifted peaks are wider and dierently shifted. This is most likely attributed to
the dierent surface acidities of SiO2 and Al2 O3 surfaces.
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In summary, BDEAS was found to chemisorb to SiO2 and Al2 O3 surfaces by splitting o
one or two amino ligands, while the SiH bonds remain intact. Moreover, the consumption of
hydroxyl groups was detected upon BDEAS adsorption. This indicates that hydroxyl groups
are mostly responsible for precursor adsorption, which corresponds well to what was found for
BDEAS and other aminosilane precursors in literature. Moreover, dierences in chemisorbing
BDEAS molecules by splitting o one or two amino ligands were found between bare SiO2
and ALD-grown SiO2 surfaces. This indicates that coating the powder before an experiment
is critical even for measurements on SiO2 surfaces. For the subsequent plasma exposure, it
was found that carbon oxides form during this exposure that remain adsorbed on the surface.
However, this only plays a role on the SiO2 -coated samples, since for Al2 O3 coating a thermal
process was used.

5.2 Area-selective ALD of SiO

2

Concerning ABC type ALD of SiO2 , there are a few things to investigate:

•

Does Hacac selectively adsorb on an Al2 O3 surface, and not on SiO2 ?

•

In what conguration does Hacac adsorb on (dierent) surfaces?

•

Does adsorbed Hacac block BDEAS adsorption and to what extent?

•

What mechanisms cause the limitations in BDEAS blocking?

The DFT calculations in our work show that Hacac should adsorb on Al2 O3 but not on SiO2
surfaces. They also show that Hacac should be adsorbed in chelate conguration. However,
these studies consider only one Hacac molecule that adsorbs on the surface, therefore, the
situation might be dierent for a monolayer of adsorbed Hacac.

5.2.1

Results

Figure 5.4 shows FTIR dierence spectra measured on SiO2 and Al2 O3 surfaces that
were exposed to Hacac molecules. The spectrum for the Al2 O3 -coated sample conrms the
-1

adsorption of Hacac on the Al2 O3 surface. The peaks at 1750-1250 cm

show that the acac

is bonded to an aluminium atom in chelate conguration. This is deduced from the pair of
peaks at 1600-1500 cm

-1

and the four peaks between 1480-1270 cm

-1

which correspond to the

CC and CO bonds in the carbon ring. [54, 55, 92, 93] Especially the absence of a C=O stretch
-1

at 1700 cm

conrms that there are no free ketonic bonds (C=O) meaning that both oxygen

atoms of the Hacac are bonded to the surface. The consumption of surface hydroxyl groups is
indicated in gure 5.4b. The OH stretch can contain contributions from basic hydroxyl groups
at 3780 cm
-1

cm

-1

-1

, neutral hydroxyl groups at 3730 cm

and acidic hydroxyl groups at 3680-3560

. [55, 92] Figure 5.4a shows OH consumption corresponding to basic and neutral hydroxyl

groups, but not for acidic surface groups.
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Figure 5.4:

On the SiO2 -coated sample, some Hacac adsorption is also observed in the range of 1750-1

1250 cm

, even though ellipsometry measurements and DFT show no indications of Hacac

adsorption on SiO2 surfaces. [10] As compared to Hacac adsorption on an Al2 O3 -coated powder, as shown in gure 5.4a, there are three important dierences.

Firstly, the amount of

measured adsorbed Hacac is much smaller as compared to on an Al2 O3 surface. Secondly, on
the Al2 O3 the consumption of basic and neutral hydroxyl groups was observed, while on the
SiO2 only neutral hydroxyl groups are consumed. This is because on the SiO2 there are (almost) no basic hydroxyl groups, which is what causes the selective adsorption of Hacac. [10,46]
-1

Lastly, on the SiO2 there is also an IR peak observed at 1700 cm

which is attributed to a

C=O bond from the Hacac itself. This indicates there is either Hacac on the surface that is
adsorbed in monodentate conguration (gure 2.9b), or there is some physisorbed Hacac on
the surface. Due to the high surface area of the powder some physisorbed Hacac might remain
after the purge. The observed C=O bonds indicates, however, that the Hacac is most likely
not bonded very strongly to the SiO2 surface. Using the quantication method discussed in
section 4.7, it was found that the amount of adsorbed Hacac on the SiO2 was roughly (8
2)% of the saturated monolayer on the Al2 O3 surface.
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an ABC-type cycle and (b) Schematic illustration of the experiment used to measure spectrum
(d) measured during a BC-type cycle.
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The next question is whether this 8% of Hacac adsorbed on SiO2 has any inuence on
the subsequent precursor adsorption. The FTIR results for BDEAS adsorption on a Hacactreated SiO2 surface are shown in gure 5.5c.

Comparing the SiH peaks measured to the

unrestricted case, as shown in gure 5.5d, results in less than a 2% dierence in peak area of
the SiH stretch. Moreover, the dierence in the CH stretch is even smaller (less than 1%).
Given the uncertainties in peak area due to baseline corrections, it can be concluded that
BDEAS adsorption is not signicantly inuenced by the small amount of Hacac adsorbed
on the SiO2 surface.
-1

1750-1250 cm

The spectra shown in gure 5.5 are similar, except for the region at

where a small amount adsorbed Hacac molecules are observed to remain on

the surface after BDEAS adsorption. Moreover, if you compare the spectra before and after
the BDEAS dose, the removal of adsorbed Hacac is observed. However, exact quantication
of the Hacac removal is not possible due to the overlap with the CH bend of the adsorbed
precursor. The results, shown in gure 5.5, agree with the ellipsometry results by showing
that precursor adsorption is not signicantly inuenced by the small amount of Hacac on a
SiO2 surface.
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Figure 5.6:

Aside from achieving selective adsorption, it is important that the adsorbed Hacac blocks
the adsorption of the precursors. In gure 5.6 FTIR results are shown, that were recorded
after a BDEAS dose on a Al2 O3 surface with an Hacac inhibitor layer. When comparing this
spectrum to gures 4.6 and 4.15, the rst conclusion is that most of the precursor adsorption
was blocked by the Hacac layer. However, there is still a small amount precursor adsorption
as indicated by the SiH stretch.

As compared to unrestricted precursor adsorption on an

Al2 O3 surface, shown in gure 4.15, there is 8% of precursor adsorption that is not blocked
by the Hacac. Assuming precursor adsorption on Al2 O3 and SiO2 is similar in quantity, this
corresponds to 8% of a monolayer of precursor adsorption on a SiO2 surface. The assumption
is valid because:

•
•

Ellipsometry shows no measurable nucleation delay for SiO2 ALD on an Al2 O3 surface
The surface hydroxyl group density is larger on Al2 O3 as compared to SiO2 , and since

◦

BDEAS adsorption is limited by steric hindrance on a SiO2 surface at 150 C, BDEAS
adsorption is also limited by steric hindrance on Al2 O3 surfaces
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Previous ellipsometry results did not show any deposition for ABC-type ALD on Al2 O3
up to 15 cycles. However, XPS measurements showed some precursor adsorption on Al2 O3
after 9 ALD cycles. [10] It is therefore clear that these characterisation techniques are limited
in measuring sub-monolayer levels of precursor adsorption. The FTIR measurements reveal
that precursor adsorption start from the very rst ALD cycle on an Al2 O3 surface, despite
the Hacac inhibitor layer. This precursor adsorption has a large inuence on the eventual loss
of selectivity. Every small amount of precursor adsorption serves as a nucleation site during
the next ALD cycles. Therefore, incomplete precursor blocking during the rst cycles of the
deposition process largely determine the nucleation delay that can be achieved. Understanding
what inuences this initial BDEAS adsorption and how it can be reduced is therefore key for

Normalized Hacac coverage

Normalized coverage

improving the selectivity of the entire area-selective ALD process.
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From gure 5.6b it is clear that as a result of the BDEAS dose, there is a loss of adsorbed
Hacac coverage.

This contributes to the imperfect precursor blocking of the Hacac layer.

A saturating BDEAS dose results in a (6

±

1)% decrease of Hacac coverage.

In order to

investigate this decrease, an FTIR study was performed of the loss of Hacac coverage as
function of precursor dose and time, of which the results are shown in gure 5.7.

After a

dose of 20 seconds of BDEAS, Hacac coverage was found to decrease by 6%. Note that these
experiments were performed while the vacuum vessel was pumped down. Therefore, precursor
saturation is reached after 20 seconds of precursor dose instead of 8 seconds the reported in
section 4.5.
Moreover, Hacac desorbs as function of time, but only up to a certain degree, as shown
in gure 5.7b. After a coverage loss of 9%, after almost a day of desorption, there appears
to be no further loss of Hacac. This is indicated by the last three measurements shown in
gure 5.7b where no decrease in Hacac coverage was measured during more than 1 hour. The
results suggests that not all adsorbed Hacac molecules are equally strongly bonded to the
Al2 O3 surface. It also means that at least some of the Hacac removal measured as function
of BDEAS dose is a result of time dependent Hacac desorption.
The experiment of gure 5.7 took roughly 30 minutes to perform. According to the measurements as function of time, during these 30 minutes only 3% of Hacac coverage loss can be
attributed to time-dependent Hacac desorption. Therefore, it can be concluded that BDEAS
is able to partially displace Hacac from the Al2 O3 surface to some degree, which contributes
to the loss of selectivity.

In conclusion, Hacac was found to selectively adsorb in chelate conguration on Al2 O3
surfaces.

However, a small amount of Hacac adsorption was observed on SiO2 surfaces as
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well, which was at least partly not bonded in chelate conguration. Fortunately, the small
amount of adsorbed Hacac on SiO2 was found to not signicantly hinder BDEAS adsorption.
The adsorbed Hacac on Al2 O3 surfaces was able to block the adsorption of BDEAS molecules.
However, despite the adsorbed Hacac layer, a small amount of BDEAS adsorption of (8

±2)%

was observed. It incomplete BDEAS blocking can be partly attributed to the displacement
of adsorbed Hacac molecules as a result of the BDEAS dose.

5.3 Inuence of the oxygen plasma exposure on inhibitor adsorption
The plasma exposure of the ABC-type ALD process, should have no inuence on selectivity. However, this assumes that the oxygen plasma removes all the adsorbed Hacac species,
or at least that the Hacac species persisting after an oxygen plasma consist of entire Hacac
molecules.

For the ALD process of SiO2 , it was found that the oxygen plasma exposure

resulted in carbon oxides that remain adsorbed on the surface.

These species were found

to not hinder the adsorption of BDEAS. However, if similar species are produced during a
plasma exposure of adsorbed Hacac, the subsequent Hacac dose could be hindered which
would inuence selectivity. Therefore, the questions that need to be answered are:

•

Does the used oxygen plasma exposure remove all Hacac species from the surface?

•

If not, what inuence do the persisting species have on the subsequent Hacac dose?

5.3.1

Results

As mentioned before, the plasma co-reactant step is dicult to investigate using the
powder as a substrate, due to limited penetration of the plasma radicals into the powder.
However, even though saturation is not reached, the reactions involved can be investigated.
In gure 5.8 the FTIR spectrum is shown, of an Al2 O3 surface with adsorbed Hacac and

◦

a small amount BDEAS, after exposing it to 5 hours of oxygen plasma at 300 C with the

◦

manipulator turned by 90 , such that the powder faces the plasma source. Even after 5 hours
of plasma exposure, not all of the Hacac was removed. Moreover, as a result of the plasma
-1

exposure, two absorption peaks arise at 2320 and 2330 cm

which are characteristic for carbon

dioxide. [94] The vacuum chamber was continuously pumped down during the plasma exposure
meaning that these peaks cannot be attributed to gas-phase carbon dioxide in the beam path.
It was shown by Rai

et al.

that, during the plasma step of plasma-enhanced ALD of Al2 O3 ,

carbonates are formed on the surface. [87] These carbonates originate from the combustion
of TMA ligands, and were shown to have no inuence on the subsequent adsorption of TMA.
Depending on whether these carbonates hinder inhibitor adsorption, they could play a role in
the loss of selectivity, especially if these molecules accumulate during several ABC-type ALD
cycles.
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Figure 5.8:

To further the investigate plasma exposure of adsorbed Hacac, transmission FTIR measurements were also performed on doubleside-polished silicon wafers.

Normally the signals

corresponding to sub-monolayers of adsorbed molecules on at wafer samples are too small
to detect. However, because surface acac groups have exceptionally large absorbance signals,
as is shown in gure 5.4b, meaning that for Hacac sub-monolayer levels of adsorption can be
detected.
For these measurements, a doubleside-polished silicon wafer was coated with Al2 O3 using
thermal ALD. A thicker Al2 O3 layer was deposited than intended, with a clear thickness
gradient over the wafer sample, of which a picture is provided in appendix C. The sample
is therefore not simply a at wafer surface. However, FTIR measurement for precursor and
Hacac on this sample, show similar spectra as compared to Al2 O3 -coated powder.
The wafer with thickness gradient was found to still be compatible with plasma exposures,
therefore, in order to investigate the inuence of the plasma exposures during ABC-type ALD
on selectivity, transmission FTIR measurements were performed on this sample. During these
-1

experiments the resolution of the FTIR measurements was decreased to 16 cm

in order to

suppress noise and decrease the measurement time. Degrading the resolution should linearly
-1

increase signal-to-noise. [94] The degradation of the resolution to 16 cm

was found to decrease

the time of one scan from 0.5 seconds to 0.2 seconds and decrease noise levels from the order

−4 to 10−5 .

of 10

In gure 5.9a an FTIR spectrum of adsorbed BDEAS on the wafer sample is presented.
The spectrum is similar to what was measured for BDEAS adsorption on an Al2 O3 -coated
powder sample, with the exception of the peak at 1100 cm

-1

.

This peak is not visible for

the powder samples since the SiO2 phonons adsorb almost all the light in this range. The
peak is attributed to the created SiO bonds, through the consumption of hydroxyl groups.
Moreover, in this spectrum the consumption of surface carbon oxides is observed. This can be
contributed to the fact that previous to the BDEAS dose, Hacac was adsorbed and removed
from the surface by O2 plasma.

Even though the sample was exposed to an additional 40

minute plasma before dosing BDEAS, some carbon oxides apparently persisted. The removal
of these carbon oxides by BDEAS is a rst indication that the carbon oxides resulting from
plasma exposing adsorbed Hacac do not block BDEAS very well. Since the spectrum shows
the expected peaks for BDEAS adsorption on an Al2 O3 surface and no indications of BDEAS
adsorption on a SiO2 surface, the sample was concluded to be completely covered with Al2 O3 .
Even though the sample was not conformally coated, as long as the sample is compatible with
plasma exposures, as shown by gure 5.9b, the exact surface topology should not inuence
the experiments on the sample.
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The Hacac and BDEAS ligand coverage as function of plasma exposure was investigated
on the Al2 O3 -coated wafer sample, as shown in gure 5.9b. The results show that after one
minute of oxygen plasma exposure, all ligands of adsorbed BDEAS are completely removed.
However, Hacac is far more dicult to remove by oxygen plasma. After 30 minutes of plasma
exposure, 20% of the original Hacac coverage still remained on the Al2 O3 surface.

For all

previous measurements, by ellipsometry, of the ABC-type ALD process on wafer pieces the
plasma exposure time of regular SiO2 ALD using no inhibitors (2 s) was used. This means that
for these experiments the oxygen plasma exposure was insucient to remove all Hacac species
from the surface, which is not necessarily a disadvantage, as long the remaining adsorbed
Hacac molecules stay intact.
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Figure 5.9:

In order to investigate how Hacac is removed from the surface by an oxygen plasma,
FTIR measurements were performed of adsorbed Hacac on an Al2 O3 surface as function of
oxygen plasma exposure, as shown in gure 5.10. The results, show that the IR absorbance
of the peaks associated with adsorbed Hacac decrease with dierent rates as function of
oxygen plasma exposure and the creation of C=O peaks. This is because the adsorbed Hacac
molecules are partially combusted by the oxygen plasma. The results shown in gure 5.10
show that Hacac removal by an oxygen plasma occurs according to:

acac∗ + O(g) → acac fragments∗ + O(g) → H2 O(g) + CO2 (g)

(5.3)

where the asterisk represents surface groups, the adsorbed Hacac (i.e. acac) is oxidised by the
oxygen radicals upon plasma exposure. However, the oxidation occurs in stages resulting in
intermediate acac fragment surface species. Eventually, the adsorbed Hacac is fully oxidised,
which gives CO2 and H2 O. If the combustion is incomplete, adsorbed fragments of Hacac
remain on the surface. The blocking ability of such fragments is unknown and the formation
of these surface species could therefore play a role in the loss of selectivity by hindering Hacac
adsorption in the subsequent inhibitor dose. In addition the combustion products, CO2 and
H2 O, are not guaranteed to leave the surface after the plasma exposure. [10, 87] These could
also hinder Hacac adsorption, and thereby reduce the Hacac coverage and perhaps precursor
blocking, depending on the blocking ability of these species.
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Figure 5.10:

The ellipsometry results of alternating Hacac and O2 plasma pulses in gure 5.11a, show
that the plasma step during ABC-type ALD might not completely behave as was originally
expected. The tted apparent thickness after the rst Hacac dose and oxygen plasma does not
return to 0 nm. This already indicates that species persist on the Al2 O3 surface after oxygen
plasma. To investigate the inuence of these species on Hacac coverage, an experiment similar
to this, was executed with FTIR. Three cycles of Hacac and O2 plasma (30 minutes) pulses
were performed on the sample.

The integrated absorbance of Hacac during these cycles is

shown in gure 5.11b. The results show, that after two cycles of Hacac and plasma pulses, 5%
less Hacac absorbs on the Al2 O3 surface as compared to the rst dose. This suggests that the
incomplete removal of Hacac has an inuence on the Hacac coverage during the subsequent
ALD cycle. The plasma exposure, therefore, plays a role in the loss of selectivity by forming
adsorbed Hacac fragments that hinder the subsequent Hacac dose.

Modications to the C

step of the ABC-type ALD approach in order to improve the selectivity should therefore also
be considered, which is discussed in chapter 8.
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Figure 5.11: Three cycles of consecutive Hacac and plasma pulses measured by (a) ellipsometry,
showing the tted apparent thickness, and (b) FTIR, showing the integrated IR absorbance (17501250 cm-1 ) of adsorbed Hacac.

In summary, adsorbed Hacac is much harder to remove from Al2 O3 surfaces with an O2
plasma as compared to removing BDEAS ligands from the surface.

Incomplete removal of

adsorbed Hacac species by an O2 plasma leaves Hacac fragments adsorbed to the surface,
which were found to hinder subsequent Hacac doses, but not the subsequent BDEAS doses.
Incomplete removal of Hacac fragments therefore contributes to the loss of selectivity.
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In the previous chapter, several mechanisms that inuence selectivity were discussed. They
were shown to allow for a small amount of precursor adsorption during ABC-type ALD. In this
chapter, based on the results discussed in chapter 5, a few attempts to improve the selectivity
of the ABC-type ALD process are investigated and discussed.

6.1 Co-dosing of precursor and inhibitor
Separately dosing the inhibitor, as shown in gure 6.1a, is benecial since it allows for
the formation of a blocking layer without the inuence of the precursor, meaning there is no
competitive adsorption.

However as mentioned in chapter 5, it was found that the Hacac

coverage decreases as function of time and as function of the precursor dose.

Therefore,

dosing the inhibitor during the precursor pulse might improve the inhibitor coverage and
thereby improve the precursor blocking.
Engstrom and coworkers have shown that area-selective ALD can be achieved by simultaneously dosing (co-dosing) an inhibitor and precursor, using an approach as shown in gure
6.1b. [95] An advantage of co-dosing is that the time-dependent desorption plays no role.
Moreover, if the inhibitor molecules are potentially able to dominate the competitive adsorption, the presence of gas-phase inhibitors during the precursor dose might be benecial for
selectivity. In this section, a combination of the ABC-type approach and the co-dosing approach, as illustrated in gure 6.1c, is investigated. This approach allows for the formation
of a blocking layer without the inuence of the precursor, while co-dosing during step B can
potentially correct for the time-dependent desorption that occurs during the purge steps.
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a ABC-type dosing approach where the inhibitor and precursor are co-dosed during step B.

Figure 6.1:

6.1.1

Results

Figure 6.2a shows the FTIR dierence spectrum after the BDEAS-Hacac co-dose following
the recipe illustrated in gure 6.1c. The spectrum indicates precursor adsorption of (10

±

2)% of a full monolayer of BDEAS. Therefore, it is clear that this approach does not increase
selectivity. However, the spectrum only shows a decrease in the Hacac coverage of only 3%
as opposed to the 6% measured for the ABC-type ALD, of which 3% Hacac coverage loss
was attributed to the BDEAS dose. The data suggests that the time-dependent desorption
is eliminated by co-dosing but this does not increase selectivity. In the spectrum, shown in
gure 6.2, C=O bonds are also observed, which are not present for Hacac adsorbed in chelate
conguration.

This means either physisorbed or monodentate congured Hacac is present

on the surface after co-dosing precursor and Hacac. The co-dosing step, therefore, does not
repair the Hacac layer as expected. Since the adsorbed Hacac, resulting from the co-dose step,
is not bonded to the surface in chelate conguration, it might not be as eective in terms of
precursor blocking.
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(a) Measured FTIR dierence spectrum after co-dosing BDEAS and Hacac on an
Al2 O3 -coated powder following the approach illustrated in gure 6.1c. (b) Dierence spectrum
after a BDEAS dose according to an ABC-type approach illustrated in gure 6.1b.

Figure 6.2:

In conclusion, the eect of time-dependent desorption is decreased by co-dosing BDEAS
and Hacac.

However, no increase in precursor blocking was observed.

It can therefore be

concluded that the Hacac desorption, attributed to time-dependent desorption, is not very
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important for precursor blocking. Therefore, the removal of Hacac as result of a BDEAS dose
plays a larger role in loss of selectivity and the added co-dosing of BDEAS and Hacac during
the B step of the ABC-type ALD does not solve this issue.

6.2 Use of multiple inhibitors
Adding a second inhibitor pulse is considered here for improving the selectivity. A combination of Hacac and a small inhibitor might be able to improve the coverage by adsorption
of the small inhibitor in between the adsorbed Hacac molecules. As mentioned before, large
inhibitor molecules have the disadvantage that steric hindrance does not allow them to bind to
all hydroxyl groups on the surface. Steric hindrance might lead to voids in the inhibitor layer
where a small inhibitor molecule can adsorb, as shown in gure 6.3. Furthermore, inhibitors
with dierent functional groups could be able to bind to dierent surface sites, and thereby
improve the precursor blocking.

a

b

Illustrations (a) showing how steric hindrance plays a role for Hacac adsorption,
where the red circles indicate hydroxyl groups shielded from further Hacac adsorption, and (b)
showing that methanol is able to reach these hydroxyl groups. [10]

Figure 6.3:

In order to investigate whether using multiple inhibitors could potentially increase precursor blocking, a combination of Hacac and methanol was investigated. Methanol is a relatively
small molecule that was already investigated for its blocking ability by ellipsometry, as discussed in chapter 7. On its own, methanol does not have very good precursor blocking, but
it does inhibit SiO2 ALD to some extent. A combination of methanol and Hacac as inhibitor
layer might extend the nucleation delay of SiO2 ALD on Al2 O3 , which was investigated using
three dierent recipes as illustrated in gure 6.4.
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Figure 6.4: Illustrations of the recipes used to create an inhibitor layer with mixed Hacac and
methanol during step A. Recipe (a): consecutive dosing of methanol and Hacac. Recipe (b):
consecutive dosing of Hacac and methanol. Recipe (c): co-dosing of Hacac and methanol.

The order of how methanol and Hacac are dosed probable has an inuence on the resulting
inhibitor layer since it inuences the number of inhibitor molecules in the layer. Dosing Hacac
rst until saturation is reached and then dosing methanol is expected to be the preferred
approach assuming the voids in the inhibitor layer play a role. In this case, an adsorbed Hacac
layer is established rst and methanol is allowed to adsorbed in the voids in the inhibitor layer.

6.2.1

Results

Unfortunately, since the ALD-I setup did not have an H2 O line available, these experiments
were performed on a powder coated by plasma-enhanced ALD of Al2 O3 . This resulted in a
starting surface that, even after one hour of oxygen plasma exposure, contained methyl groups.
Since the interactions of the two inhibitors and BDEAS with these groups are unknown, no
decisive conclusions on precursor blocking can be drawn.

The FTIR spectra of the above-

mentioned experiments are shown in full in appendix D. However, the experiments did give
some insights in to how a mixed layer of adsorbed Hacac and methanol could have an inuence
on selectivity. Therefore some of the results are presented in this section.

a

b

Hacac
Methanol
Methanol
Hacac

FTIR dierence spectra (a) after an Hacac dose on an Al2 O3 -coated powder with
an adsorbed methanol monolayer (gure 6.4a) and (b) after a methanol dose on an Al2 O3 -coated
powder with an adsorbed Hacac monolayer (gure 6.4b).

Figure 6.5:

Firstly, dosing Hacac on a surface with adsorbed methanol or the other way around,
induces partial desorption of the inhibitor layer, as shown in gure 6.5.
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an adsorbed methanol layer removes almost all of the methanol molecules from the surface.
The subsequent precursor dose seemed to be similarly blocked as compared to the regular
ABC-type ALD cycle despite a lower Hacac coverage. Moreover, only an Hacac desorption
of 1.5% was observed as a result of a BDEAS dose showing that the adsorbed Hacac is more
stable as compared to the adsorbed Hacac in the regular ABC-type ALD approach, as shown
in gure 6.6.

a

0.02
0.00
-0.02
-0.04
4000

b

0.04

Absorbance

Absorbance

0.04

0.02
0.00
-0.02
-0.04

3500

3000

2500

2000

1500

1000

4000

3500

-1

3000

2500

2000

1500

1000

-1

Wavenumber (cm )

Wavenumber (cm )

FTIR dierence spectra after a BDEAS dose on an Al2 O3 -coated powder with (a)
during regular ABC-type ALD form gure 6.1a) and (b) with a mixed layer formed by consecutively dosing methanol and Hacac.

Figure 6.6:

Dosing methanol on an adsorbed layer of Hacac also results in the desorption of a large
part of the Hacac from the surface as shown in gure 6.5b.

However, the percentage of

adsorbed methanol molecules, as compared to a full monolayer, was signicantly larger than
the percentage of Hacac coverage loss. It was found that, while 24-38% of methanol adsorbed
as compared to a full monolayer, the Hacac coverage loss was only 13%.

As illustrated in

gure 6.7, the surface area made available by Hacac desorption does not correspond to the
surface area needed for the measured adsorbed methanol. Therefore, if methanol adsorption
only occurs on the sites where Hacac desorbed, the adsorbed methanol is much more densely
congured than in a full monolayer, which is unlikely.

However, the desorption of Hacac

opens up more surface area than covered by the actual Hacac molecules through the existence
of surrounding voids.

The large amount of methanol adsorption can also be attributed to

methanol adsorbing in between the Hacac molecules. Regardless, the total amount of surface
area covered by inhibitors is increased.

Voids

Extra freed area due Freed area
to surrounding voids

Freed area not large enough for 30%
adsorption of inhibitor B
Adsorption of inhibitor B inside voids

Surface 90% covereg with inhibitor A

Not enough space of surface for mixed layer

Surface 30% covereg with inhibitor B

Figure 6.7: Schematic illustration showing that for a mixed layer consisting of two inhibitors
with coverages that add up to more than 100%, not enough surface is available for both inhibitors,
meaning that one of the two is adsorbing in voids left open by the other inhibitor
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Even though the created inhibitor layer formed by dosing Hacac and then methanol showed
poor BDEAS blocking, the Hacac molecules left on the surface were far more stable towards
a BDEAS dose. Less than 1% Hacac coverage loss was observed as a result of BDEAS dose.
This indicates that either, the presence of the methanol is making the adsorbed Hacac more
stable, or that the remaining adsorbed Hacac was more strongly bonded to the surface in the
rst place. The poor precursor blocking measured for this layer is most likely due to the large
amount of Hacac removed by the methanol dose.
In conclusion, it was found that dosing methanol on an adsorbed layer of Hacac and the
other way around compromises the surface coverage by desorption of the previously dosed
inhibitors. However, it was found that both Hacac dosed on adsorbed methanol and adsorbed
Hacac exposed to a methanol dose were more stable towards a BDEAS dose than the Hacac
layer created during regular ABC-type ALD. The methanol either stabilises the remaining
adsorbed Hacac or the methanol dose removes only the weakly bonded Hacac molecules leaving
a layer of only strongly bonded Hacac. Regardless, if the coverage of these more stable Hacac
molecules can be increased the selectivity should improve.

6.3 Using a series of methanol and Hacac doses to increase
selectivity
Based on the acquired results discussed in the previous section, a new approach to using a
mixed inhibitor layer was investigated. The goal is to reach higher coverages of a more stable
inhibitor layer with respect to a BDEAS dose.

Therefore, a combination of the previously

discussed dosing sequences was investigated. By alternating methanol and Hacac pulses, a
higher coverage of more stable inhibitors can potentially be reached.

In order to properly

measure the blocking ability of such a mixed inhibitor layer, a ligand-free Al2 O3 surface was
required. To achieve this, an additional precursor line was installed for H2 O on the ALD-I
reactor allowing for the powder to be coated by thermal ALD of Al2 O3 .
The question is what sequence of Hacac and methanol doses is most benecial for inhibitor
dosing. Since methanol has not very good blocking abilities, it is most likely preferred to start
with an Hacac dose since it allows for a layer of adsorbed Hacac to be formed without the
inuence of methanol.

Moreover, nishing with an Hacac dose should guaranty maximum

Hacac coverage on the surface, as shown in the previous section. This leaves only the amount
of methanol and Hacac doses sandwiched in between these two Hacac dose. To investigate this
dosing sequence, an Al2 O3 -coated powder sample was exposed to multiple saturated Hacac
and methanol doses.

6.3.1

Results

The measured integrated absorbance for the IR stretch associated with adsorbed Hacac,
as function of the alternating methanol and Hacac doses, is shown in gure 6.8.

During

the rst Hacac pulse, adsorption saturates, which is represented by the rst datapoint in
gure 6.8a. Subsequently, the rst methanol dose removes part of the Hacac coverage, as was
discussed in section 6.2. The second Hacac dose, however, increases the Hacac coverage again,
even beyond the coverage that was measured for the rst saturated dose.

The subsequent

methanol dose decreases the coverage again but with a smaller amount than the rst methanol
dose.

The third Hacac dose increases the coverage once more, again beyond the coverage
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measured after the previous (i.e. second) Hacac dose. After every Hacac/methanol sequence,
the coverage increases, but with decreasing amounts.

For every methanol dose the Hacac

coverage decreases, but as function of Hacac/methanol sequences the amount of removed
Hacac per dose decreases indicating a more stable Hacac layer.

The amount of methanol

remaining on the surface is hard to quantify due to the overlap of the CH stretch of Hacac
with the IR absorption spectrum of methanol, but it can be concluded that not all methanol
is removed from the surface after an Hacac dose.
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Figure 6.8: (a) Integrated absorbance of the wavenumber range associated with adsorbed Hacac
(1750-1250 cm-1 ) for a series of methanol and Hacac doses. The gure also includes an arrow
indicating the two measurements used to calculate the (b) FTIR xed reference spectrum (see
gure 4.3d).

As is shown in gure 6.8b, the adsorbed Hacac after the rst methanol dose does not
resemble the regular spectrum of adsorbed Hacac.

The C=O stretch is visible, meaning

that there is surface Hacac in monodentate conguration. This Hacac is therefore dierently
bonded to the surface, and could be less eective at blocking BDEAS adsorption. However,
the fact that Hacac removal by a methanol dose decreases as function of Hacac/methanol
cycles does show that the inhibitor layer might become more stable.
The FTIR dierence spectrum of the subsequent BDEAS dose is shown in gure 6.9.
Firstly, the spectrum shows that only (7
instead of the (8

± 2)%

± 2)% BDEAS adsorption occurs on the mixed layer,

measured during regular ABC-type ALD. Moreover, even though the

removal of Hacac seems to be similar for both approaches, the approach using the mixed layer
started o with a high Hacac coverage. Therefore, in a relative sense, less Hacac desorption
was observed for the mixed layer.

The dierence is, however, quite small and concluding

whether this approach is denitely better than only using Hacac is not possible based on the
current dataset. However, this does show some promise for improving the selectivity of the
deposition process. In order to fully investigate the inuence this new approach could have
on improving the selectivity of the ABC-type ALD process, nucleation curves on Al2 O3 will
have to be measured by ellipsometry.
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Figure 6.9: FTIR dierence spectrum after a BDEAS dose on an adsorbed monolayer of Hacac
(in black) and on the mixed layer, formed by the dosing sequence shown in gure 6.8, on the
Al2 O3 -coated powder.

In summary, alternating pulses of Hacac and methanol increases Hacac coverage beyond
what was measured for a monolayer of chelate-congured Hacac.

However, the increased

coverage was found to consists (partly) of monodentate-congured Hacac.

Moreover, the

stability of the mixed layer is increased after consecutively pulsing methanol and Hacac. The
measured blocking of BDEAS adsorption shows promise of improving selectivity. However,
the improvement is within the uncertainty range and therefore needs to be conrmed in future
work to denitely conclude that the mixed layer can improve selectivity.
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The use of alcohols as inhibitors

Alcohols were shown to have inhibiting qualities for Al2 O3 ALD on Al2 O3 with varying
blocking abilities by Yanguas-Gil

et al.

[26] Therefore, a few alcohols were investigated for

their ability to block BDEAS adsorption.

These measurements are part of a rough initial

screening of molecules that are potentially suitable for area-selective ALD. Finding new suitable inhibitor molecules should help understand what qualities are required for an inhibitor
molecule in order to reach a good selectivity. Eventually, for future work, the goal is to have
a large selection of suitable inhibitor molecules such that inhibitor molecules can be selected
specically for the selectivity that is desired. Aside from the comparison with the work of
Yanguas-Gil

et al., alcohols were investigated since they allow for a comparison with the pre-

cursor blocking by SAMs reported in the literature. This comparison is possible because of
similarities in the shape and adsorption orientation between alcohols and SAM molecules, as
is discussed later in this chapter. Therefore, the goal of investigating the blocking qualities of
various alcohols consists of two parts:

et

•

To compare inhibiting abilities of dierent alcohols to the results of Yanguas-Gil

•

To compare the blocking abilities of alcohols to what is predicted by SAM literature.

al. [26]

The inhibition of SiO2 ALD using alcohols as inhibitors was measured using spectroscopic
ellipsometry.

Firstly, this chapter discusses how alcohol inhibitors should compare to the

use of Hacac or SAMs.

Secondly, the employed ellipsometry measurement procedures are

discussed. Lastly, the results of these procedures are presented and compared to the study of
Yanguas-Gil

et al. and SAM literature.

7.1 The use of alcohols as compared to Hacac
In the work of Yanguas-Gil

et al., in addition to Hacac, several alcohols were investigated.

[26] In their work, some alcohols seem to be almost as good as Hacac in blocking TMA
adsorption. The GPC for Al2 O3 ALD in ABC-type cycles, normalized with respect to regular
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ALD without an inhibitor, is shown in gure 7.1. For Hacac a normalized GPC of 0.4 was
measured (not shown).

Figure 7.1: GPC of Al2 O3 ALD in an ABC-type process with various inhibitors, normalized
with respect to the GPC of regular ALD. [26]

The TMA blocking by alcohols, reported by Yanguas-Gil

et al., gives a starting point for

what to expect for the blocking ability of alcohols during ABC-type ALD of SiO2 . Of course,
as mentioned before, the blocking ability should be strongly dependent on the employed
precursor.

TMA is a reactive and small inhibitor which could explain the relatively poor

reported blocking, where at most 60% of the precursor adsorption was blocked by the inhibitor.
However, gure 7.1 does show that several alcohols have similar blocking abilities for TMA, as
compared to Hacac. The question is whether this is also the case for the blocking of BDEAS
on an Al2 O3 surface.

Figure 7.2:

[96]

Illustratin of the adsorption conguration of methanol on a chromium oxide surface.

The way alcohols adsorb on a metal oxide surface is quite dierent from how Hacac adsorbs.
As mentioned before, Hacac adsorbs in a chelate conguration leaving leaving the molecule
horizontal to the surface. On the other hand, the adsorption conguration of methanol, which
is shown in gure 7.2, results in a metal-oxygen bond with a methyl group at an angle with the
normal of the surface. All investigated alcohols have only one reactive group (i.e. -OH) which
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is situated at the end of a carbon chain, except for isopropanol. Therefore, it is expected that
these alcohols adsorb in a SAM-like manner. This allows for a comparison of the blocking of
the investigated alcohols to what is reported in the SAM literature.

a

b

Thermal desorption behaviour of adsorbed ethanol on (a) an Al2 O3 surface and on
(b) a SiO2 surface. [40, 41] The curves show that no adsorption, or at least direct desorption, of
ethanol on SiO2 surfaces occurs above -20◦ C (250 K), while desorption start to occur on Al2 O3
surfaces from 30◦ C (300 K). However, partial coverage remains up to at least 430◦ C (700 K).
Figure 7.3:

◦

The tested alcohols have pKa values of 15.5-16.5 in aqueous solution at 25 C making
them less acidic as compared to Hacac. [97, 98] It is therefore expected that dierences in
the acidity of surface hydroxyl groups have a smaller eect on the selective adsorption of
alcohols as compared to Hacac. However, precursor blocking of TMA on Al2 O3 was observed
by Yanguas-Gil

◦

et al.

◦

at 200 C, which proves that alcohols adsorb on Al2 O3 at least up to

200 C. The TPD behaviour of ethanol in gure 7.3, shows that selective adsorption on Al2 O3
is possible to some extent.

◦

Ethanol is fully desorbed from SiO2 at -20 C (250 K) while

◦

ethanol desorption starts on Al2 O3 from 30 C (300 K). The other alcohols investigated in
this work show similar thermal desorption behaviour. [42, 43] However, the temperature range

◦

over which selective adsorption is possible for alcohols (-20 to 30 C) is smaller as compared

◦

to Hacac (smaller than 150 to 250 C) which can most likely be attributed to their weaker

◦

acidity. One thing to note as well, is that at 150 C desorption of ethanol also occurs from
Al2 O3 surfaces.

◦

This means that precursor blocking at 150 C might not be as good as at

lower temperatures.

7.2 The use of alcohols as compared to SAMs
The blocking ability of SAMs is mainly inuenced by the reactive headgroup and the
length of the alkane chain. The reactive headgroup is responsible for the selective adsorption
of the SAM molecules on a patterned surface. [29,99] Once selective adsorption is achieved, the
alkane chains largely determines the blocking ability. [28, 51] The angle at which the chain-like
SAM molecules adsorb on the surface is strongly dependent on the length of the alkane chain,
as shown in gure 7.4a. Not only is the angle itself dependent on the alkane chain length, the
angle distribution also narrows for longer chains. SAMs form largely due to van der Waals
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interactions between the chains, making its length vital for the ordering of adsorbed SAM
molecules. Using longer SAM molecules, therefore, results in better ordered blocking layer.
As shown in gure 7.4b, it was found that longer SAM molecules perform better at precursor
blocking than shorter ones. Moreover, a clear dierence is observed between SAM molecule
with one carbon atom and SAM molecule with a two carbon atom chain.

a

b

(a) Angular distribution of adsorbed C4 , C10 and C16 SAM molecules on gold and
silver surfaces. [28] (b) Blocking ability of SAM molecules as function of their alkyl chain length
for hafnium oxide ALD, [51] showing a clear dierence in blocking ability between one or two
carbon atoms in the SAM molecule.

Figure 7.4:

For inhibitors the length of the carbon chain might also inuence precursor blocking. The
improved ordering for longer molecules should be benecial for precursor blocking. Moreover,
the physisorption of trace amounts of precursor on the inhibitor layer might not have a large
eect for inhibitors due to the fact that the inhibitor layer is removed and reapplied every
ALD cycle. Therefore, any trace amounts of precursor physisorption might be removed along
with the blocking layer. The use of longer inhibitor molecules, however, might not be possible
due to the amount of extra time that is required for larger molecules to adsorb into an ordered
layer as compared to smaller inhibitors. SAMs generally take a long time to form due to the
size of the used molecules. This is possible for a SAM since it is only applied to the substrate
once. However, an inhibitor layer is dosed every cycle meaning fast forming blocking layers
are required.

7.3 Measurement procedures
For the comparison with SAM literature, the blocking abilities of alcohols with dierent alkane chains were investigated. The following alcohols were tested: methanol, ethanol,
isopropanol, 1-propanol and 1-butanol.
in gure 7.5.

Schematic illustrations of these alcohols are shown

This investigation should give information on how the molecule size has an

inuence on the precursor blocking.

For isopropanol, the reactive group is situated at the

center on the alkane chain, therefore, with respect to the reactive group the chain has two
branches. This likely forces the alkane chain to orient itself in a more horizontal conguration.
The blocking ability of isopropanol was investigated to study the inuence of branched alkane
chains and for the comparison with the work of Yanguas-Gil

et al.

As discussed in section

7.1, the rest of the alcohols are expected to adsorb in a SAM-like manner, where the alcohol
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group reacts with the surface leading to a carbon chain at an angle with the surface. Due to
this similarity, the alcohols can be compared to the blocking abilities of SAMs reported in the
literature.

Ethanol

Methanol

isopropanol

1-Propanol

Figure 7.5:

1-Butanol

Schematic illustrations of the investigated alcohols.

In order to investigate the inhibition of SiO2 ALD using alcohol inhibitors, spectroscopic
ellipsometry was used. As mentioned before, ellipsometry can use a dielectric model to t the
thickness of a deposited lm. However, since the dielectric function of a monolayer of adsorbed
inhibitors or precursors is unknown, it cannot be taken into account in the ellipsometry models.
However, increases and decreases of the modelled apparent thickness can still be considered
as an indication of the amount of adsorbing molecules, as long as the optical properties of the
layer are kept constant during the tting process. [75] The saturation of the inhibitor dose
was investigated by alternating alcohol and oxygen plasma pulses on an Al2 O3 surface, while
measuring the resulting change in apparent thickness. After every inhibitor dose, the apparent
thickness increased and after every oxygen plasma pulse the apparent thickness decreased, as
shown in gure 7.6.

These increases indicate the amount of molecules that adsorb during

inhibitor doses, while the decreases indicate the amount of material that is removed as a
result of the plasma exposure.

Therefore, the apparent thickness after the inhibitor doses

can be used as a measure of the amount of adsorbed inhibitor molecules. By performing this
measurement for various inhibitor dose times, the saturation of inhibitor adsorption can be
investigated. The results of these saturation curves can be found in appendix E.
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Figure 7.6:

After saturation was established, for all investigated inhibitors individually, the alcohols
were investigated using two measurement procedures.

Firstly, nucleation curves were mea-

sured for the ABC-type ALD process, similar to the example in gure 1.11. These depositions
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were all performed on Al2 O3 -coated samples. During these experiments the Al2 O3 was rst
exposed to 3 AC cycles, with an ellipsometry measurement of the apparent thickness after
every pulse, to conrm inhibitor adsorption. Subsequently, 50 cycles of ABC-type ALD were
performed on the surface, while measuring after every cycle.

This experiment results in a

nucleation curve showing the thickness of the deposited SiO2 layer as function of ABC cycles
for a particular inhibitor. The results show a nucleation delay, which is an indication of how
well the used inhibitor is able to prevent ALD growth on the used starting material.
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Figure 7.7:
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Schematic illustration of the subcycle spectroscopic ellipsometry (SE) measurement

Secondly, the inhibition of the alcohol was investigated by ellipsometry during a (AC)x3,
(ABC)x3, (BC)x3 cycle sequence while performing a measurement after every pulse, as illustrated in gure 7.7. This series of ellipsometry measurements gives subcycle information
on the ABC-type ALD process and is, therefore, referred to as subcycle ellipsometry data.
From the changes in apparent thickness during the AC, ABC and BC cycles, information on
inhibitor adsorption/removal and precursor blocking on the non-growth and growth area can
be obtained. The AC steps show inhibitor adsorption and removal, the ABC steps show the
amount of precursor blocking and the BC steps should show regular SiO2 growth conrming
the measured selectivity during the ABC cycles. These experiments were performed for every
inhibitor on both SiO2 and Al2 O3 surfaces in order to investigate selectivity. An example on
how the ellipsometry results of this experiments look like for Hacac is shown in gure 7.8.
Aside from investigating inhibitor saturation, AC cycles also give information on selective
adsorption and the removal of adsorbed species by the O2 plasma exposure. During every A
step, the apparent thickness increases indicating whether Hacac adsorbs or not. Subsequently,
after every C step, the apparent thickness decreases indication the removal of adsorbed Hacac.
From gure 7.8 it is clear the Hacac adsorbs on Al2 O3 but not on SiO2 and that the oxygen
plasma does not completely remove all adsorbed Hacac species, since the apparent thickness
does not return to zero.
During the three ABC cycles, precursor blocking is investigated.

During every A step,

again the increase in apparent thickness indicates whether inhibitors adsorb on the surface.
During the subsequent B step, any increase in apparent thickness indicates precursor adsorption. In gure 7.8 the apparent thickness remains the same on Al2 O3 during the B steps while
on SiO2 there is unrestricted adsorption of precursor molecules during every B step. However, care needs to be taken while interpreting the change in apparent thickness during the
B steps. As shown in section 5.2, a precursor dose removes a part of the inhibitor molecules.
Therefore, the apparent thickness might seem unchanged after BDEAS dosing, while in reality some apparent thickness of the inhibitor layer was exchanged for apparent thickness of
adsorbed BDEAS. After every step C, the apparent thickness decreases, indicating precursor
ligand removal and Hacac removal. If the apparent thickness after the C step does not return
to the same value measured at the end of the previous cycle, this indicates the deposition of
SiO2 . Therefore, the change in apparent thickness after every B step and the overall increase
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in measured thickness during the three ABC cycles can be used as indication of precursor
blocking.

a

Figure 7.8:

b

Subcycle dataset, using Hacac as inhibitor, measured on an Al2 O3 and SiO2 surface.

In the subsequent BC cycles, regular SiO2 growth should be observed in all cases. After
every B step, an increase in apparent thickness is observed indicating precursor adsorption and
after every C step a decrease in apparent thickness is observed indicating ligand removal. The
overall increase in layer thickness after every C step again indicates the amount of deposited
SiO2 on the surface.

7.4 Results
The measured nucleation curves, as shown in gure 7.9, show a delayed ALD nucleation
for all investigated alcohols. It can therefore be concluded that alcohols are able to inhibit
SiO2 ALD. Moreover, it was found that, eventually, all curves show linear growth with a GPC
that is identical to unrestricted ALD (∼0.9 Å/cycle). This indicates that the ABC-type ALD
is not hindered on the grown SiO2 surface by the inhibitor dose, which indicates that the
inhibitor does not adsorb on SiO2 . The nucleation delay, however, varies strongly depending
on the employed alcohol. As is shown in table 7.1, the order in which the alcohols perform
(from best to worst) with respect to inhibiting SiO2 ALD on an Al2 O3 surface is: ethanol,
isopropanol, methanol, butanol, 1-propanol. Even though all alcohols were found to be able
to inhibit SiO2 ALD to some extent, none were found to be as eective as Hacac. Most of
the nucleation curves, however, show an initial jump in measured layer thickness after the
rst ABC cycle. This is most pronounced for the nucleation curve for 1-propanol as inhibitor.
This jump can possible be attributed to formed carbon oxides on the surface.
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Nucleation curves for ABC-type ALD of SiO2 on Al2 O3 using dierent inhibitors
measured by in situ ellipsometry.

Figure 7.9:

The subcycle ellipsometry results for all investigated alcohols are shown in gure 7.10.
Firstly, the measured AC cycles of the various alcohols on Al2 O3 and SiO2 surfaces show that
all alcohols adsorb selectively. However, the larger alcohols (1-propanol and 1- butanol) also
show a small amount of adsorption on SiO2 surfaces, which can be attributed to their weaker
acidity. [97, 98] These small amounts of alcohol adsorption were found to have no signicant
eect on precursor adsorption. In terms of selective adsorption, all investigated alcohols are
therefore suitable for area-selective ALD. The measurements after the C steps during the AC
cycles show that, similar to Hacac, the alcohols are not completely removed by an O2 plasma,
leaving fragments on the Al2 O3 surface.

This eect seems to be more pronounced for the

larger alcohols, which could be due to a higher amount of carbon per inhibitor molecule that
can form carbon oxides on the surface after an oxygen plasma exposure.
A: Inhibitor dose
B: BDEAS dose
C: O2 plasma dose
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Figure 7.10:

Looking at the data in gure 7.10, 1-butanol seems to be the best inhibitor. Both the apparent thickness after every BDEAS dose and the overall thickness increase after every plasma
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exposure remain almost unchanged during these three cycles. Moreover, ethanol shows relatively good precursor blocking as well.

The other alcohols show clear growth during the

ABC cycles with 1-propanol showing the largest growth. However, all alcohols show precursor blocking to some degree. The order in which all alcohols perform with respect to BDEAS
blocking, according to the subcycle results, is listed in table 7.1. The results on butanol acquired using both ellipsometry procedures, seem to contradict. The subcycle measurements
suggest that butanol should be better at blocking BDEAS adsorption as compared to ethanol
while the nucleation curves show that ethanol is better. Moreover, the amount of deposited
SiO2 during the rst three ALD cycles resulting from the nucleation measurements for butanol does not match with the growth observed during the three ABC cycles in the subcycle
results. Therefore, these results seem to contradict and need to be remeasured to check for reproducibility. All other alcohols, however, do show similar trends in ranking for the nucleation
curves and subcycle measurements in terms of blocking abilities.
Four of the investigated alcohols were also investigated in the work of Yanguas-Gil

et al.

for the blocking of TMA adsorption. [26] These alcohols were: methanol, ethanol, 1-butanol
and isopropanol which were found to perform in that order for blocking TMA adsorption, as
listed in table 7.1. The dierence between the results presented in this work and the results of
Yanguas Gil

et al. could be attributed to the used precursors.

TMA is more dicult to block

due to its small size and reactivity. However, aside from more ecient blocking of BDEAS
adsorption, the ranking in blocking ability of the investigated alcohols for BDEAS adsorption
is dierent from the ranking for TMA blocking. This suggests that the used precursor has an
inuence on which inhibitor is more eective.

Ranking of the blocking abilities acquired using the ellipsometry procedures as
compared to the blocking abilities reported by Yanguas-Gil et al. and SAM literature.
Table 7.1:

Alcohol
methanol
ethanol
1-propanol
isopropanol
1-butanol

Blocking ability
(nucleation curves)
3
1
5
2
4

Blocking ability
(subcycle results)
4
2
5
3
1

Blocking ability
(Yanguas-Gil et al.)
1
2
4
3

Blocking ability
(SAM literature)
4
3
2
1

Comparing the results of the alcohols to what was expected based on the SAM literature,
it is clear that inhibitors behave dierently with respect to precursor blocking. If inhibitors
were to behave similarly as SAMs, than large alcohols should perform better than small ones
due to increased ordering in the inhibitor layer. This is denitely not the case for inhibitors
as is shown in gure 7.9. The main dierence between inhibitor layers and SAMs is that the
inhibitor layer is reapplied every cycle.

It was found that the use of larger alcohols as in-

hibitors resulted in more carbon oxides created on the surface. Therefore, adsorbed inhibitor
fragments, as a result of the plasma exposure, could be a reason for the dierence. Another
reason could be the fact that the acidity of alcohols is smaller for larger alcohols, which explains the adsorption of 1-propanol and 1-butanol on a SiO2 surface. However, the ranking
in blocking ability and acidities does not show a real correlation. Interestingly, isopropanol
performs much better than 1-propanol.

Having a branches alkyl chain group therefore ap-

pears to be benecial for blocking BDEAS adsorption. This might be due to the horizontal
component of the alkyl group introduced by the branching, which is a property that both
Hacac and isopropanol share. However, more inhibitor molecules will have to be investigated
to denitively conclude whether branched chains are benecial.

73

Chapter 7.

The use of alcohols as inhibitors

In conclusion, it was found that alcohols show precursor blocking qualities but are not as
eective as Hacac. In addition, the results show that the blocking mechanisms of inhibitor
molecules is quite complex. Relatively simple correlations, as were reported for SAMs, do not
hold for inhibitor molecules. More research in precursor blocking is necessary for a variety of
precursor-inhibitor combinations to show whether the choice of precursor-inhibitor pair has a
signicant inuence on selectivity.
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Discussion and possibilities for process
improvement

Both the FTIR and ellipsometry measurements have resulted in some new insights concerning precursor blocking by inhibitors. [10] This chapter attempts to combine these insights
to explain what mechanisms play a role for the loss of selectivity after several ALD cycles.
Based on this, a few recommendations are presented for future experiments that could contribute to the understanding of the mechanisms in order to improve the selectivity.

8.1 Impurities on the non-growth surface
Area-selective ALD is in general strongly dependent on surface groups and their acidity.
As mentioned before, the amorphous nature of the surface layer can result in defects in terms
of local hydroxyl groups with relatively low acidity. In addition, surface impurities of foreign
species can lead to hydroxyl groups with undesired acidity or other undesired nucleation sites.
For example, a small surface impurity level of silicon atoms on a Al2 O3 layer creates local
spots with acidic hydroxyl groups where inhibitor adsorption is not possible. This means that
these hydroxyl groups might be available for the reaction with precursor molecules during the
subsequent dose.
To investigate whether impurities signicantly inuence selectivity, an Al2 O3 lm was
investigated by time-of-ight secondary ion mass spectrometry (TOF-SIMS). For this measurement, a 30 nm Al2 O3 layer, deposited using plasma-enhanced ALD, was grown on a silicon
substrate that was treated with a 5 minute 200 W oxygen plasma before and after deposition,
which is representable for the Al2 O3 lms used in the nucleation experiments. The results of
the TOF-SIMS measurement are shown in appendix F. Silicon atoms were detected on the
surface of the Al2 O3 layer. Although quantifying the exact amounts of these species requires
extra information on sputter and ionisation yields, it can be concluded that the impurity level
of silicon is in the order of (only) 0.1%.
Lastly, surface species such as physisorbed water molecules and hydrocarbons can cover
surface hydroxyl groups and thereby hinder inhibitor adsorption. The TOF-SIMS results also
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show a number of these species adsorbed on the surface. The water and hydrocarbons are
most likely introduced to the surface when handling and transporting the sample. The ve
minute oxygen plasma pretreatment that is applied to every sample before an experiment
should remove most of these species from the surface. However, the reaction products of this
process (CO2 an H2 O), might stick to the surface and hinder inhibitor adsorption. [10, 87]
As mentioned in section 2.3, DFT studies in our work show that water, which is a byproduct of Hacac adsorption on Al2 O3 , remains on the surface and stabilizes the adsorbed
Hacac by H-bonding.
molecule.

This was, however, calculated for the case of one adsorbed Hacac

For a monolayer of Hacac molecules, these water molecules could compete with

Hacac adsorption and thereby reduce the Hacac coverage. During all previously mentioned
ellipsometry measurements for ABC-type ALD with Hacac, the Hacac was dosed in three
pulses of ve seconds separated by a pump-down step. In order to investigate the inuence of
adsorbed water on the surface, dierent dosing sequences could be investigated. For example,
three pulses of ve seconds could be compared to fteen pulses of one second in terms of
precursor blocking. In addition, the pump-downs in between doses could be increased in length
to make sure more surface water is removed before the subsequent Hacac pulse. Alternatively,
the Al2 O3 surface could be exposed to water vapour before an Hacac pulse to investigate the
inuence of a large amount of adsorbed water on Hacac adsorption.
As mentioned before in section 5.3, carbon oxide species are formed on the surface as
a result of the plasma exposure.

Normally, before a nucleation experiment (e.g. see gure

7.9), the surface is rst exposed to three AC cycles. Comparing the nucleation behaviour for
dierent numbers of AC cycles at the start of the experiment should give an insight on the
inuence of these fragments on selectivity. Moreover, the nucleation behaviour could also be
measured without these preceding AC cycles.

8.2 Comparison between FTIR and ellipsometry
For a full understanding of how incomplete precursor blocking inuences the selectivity,
it is important to nd a link between the FTIR results and the nucleation delay of SiO2 ALD
measured by ellipsometry. As discussed in section 5.2, 8% adsorption of BDEAS as compared
to a monolayer was measured on Al2 O3 when using Hacac as inhibitor. Assuming that every
cycle 8% of the uncovered Al2 O3 area is coated by SiO2 and that growth occurs normally on
the deposited SiO2 , the growth initiates according to equation 8.1.

∆L(c) = (1 − (1 − B)c ) · A + (1 − B)c · B · A

(8.1)

∆L is the layer thickness increase measured after a single ABC cycle, c this the amount
A is the unrestricted GPC of the ALD process when no
inhibitors are used, and B is the fraction of Al2 O3 area that is coated with SiO2 every cycle.
∆L can therefore be considered as a 'local' GPC at cycle number c, which is representable
Where

of ALD cycles already carried out,

for the amount of Al2 O3 area that is covered, at that cycle. Equation 8.1 consists of the SiO2
area on the surface (1

− 0.92c )

c

and the amount of exposed Al2 O3 area on the surface (0.92 )

each with the growth rate of the ABC-type ALD process on this area (A on SiO2 and
on Al2 O3 ). The resulting curve for equation 8.1 and the actual
are shown in gure 8.1.
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Figure 8.1:

This model does not compare well with the ellipsometry results.

It predicts the loss

of selectivity to occur far more early than what was measured by ellipsometry.

However,

the model disregards two factors: (i) lateral growth on deposited SiO2 islands is not taken
into account, (ii) 8% adsorption of BDEAS as compared to unrestricted adsorption does not
cover 8% of the Al2 O3 surface. As mentioned before, steric hindrance limits the amount of
adsorbed precursor molecules per ALD cycle, meaning that a monolayer of adsorbed precursor
molecules does not cover the entire surface with SiO2 during the subsequent co-reactant step.
This eect, however, only lowers the value of

B,

and has no inuence on the general shape of

the curve.
The measured data suggests that the uncovered surface of Al2 O3 is not coated with a xed
percentage of SiO2 every cycle. As shown by the model, this would result in a roughly linear
increase of
in

∆L

∆L

during the rst few cycles. Of course, lateral growth could cause an increase

as function of ALD cycle, but what is clear from the ellipsometry measurements, is

that the Al2 O3 surface area does not decrease with 8% every cycle. As mentioned before, this
number could be smaller due to the fact that one monolayer of adsorbed BDEAS molecules
does not result in one monolayer of SiO2 growth. However, only 0.5% of Al2 O3 surface area
reduction per cycle or less, would be necessary to explain the measured data of gure 8.1b.
Considering that one monolayer of SiO2 has a thickness of a few Å, using BDEAS and an
oxygen plasma with a GPC of 0.86 Å, it takes roughly four cycles to deposit a monolayer
of SiO2 . This means that the measured 8% absorbance of BDEAS molecules comes down to
around 2% of actual Al2 O3 surface coverage every cycle.
Another model that can be used to explain growth initiation, is that during the rst cycle
some adsorption of BDEAS is allowed due to defects in the blocking layer or on the surface.
This results in nucleation sites on the Al2 O3 area.

On these sites, BDEAS adsorption is

possible during the subsequent cycle, which makes growth nucleation possible.

Starting of

with these nucleation sites, island-like growth results in addition Al2 O3 surface area being
covered. On one hand, lateral growth results in more of the Al2 O3 surface being covered. On
the other hand, after removing the ligands of adsorbed precursor molecules the silicon atoms
are relatively free to move onto the Al2 O3 resulting in more surface area of the Al2 O3 being
covered by SiO2 . These mechanisms could explain the initial exponential increase of
shown in gure 8.1b. This results

∆L

∆L = 0.86 · N · P c
Where

N

∆L

as

to initially increase according to equation 8.2.

is the amount of Al2 O3 surface area covered after the rst cycle and
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the steepness of the exponential growth initiation on

N.

If lateral growth occurs fast,

a large value and if nucleation occurs more slowly, the value of
the model of equation 8.2 to the measured

Figure 8.2:

∆L

P

P

has

will also be smaller. Fitting

curve results in the t as shown in gure 8.2.

Measured ∆L by ellipsometry tted according to equation 8.2.

The t has a value of 0.002 for

N

and a value of 1.2 for

P.

This suggests, rstly, that on

the wafer less BDEAS is adsorbed in the rst cycle as compared to what was measured on the
powder by FTIR. This could be due to either the geometry of the powder surface or due to the
inability of the oxygen plasma to penetrate the powder meaning the plasma pretreatment on
the powder is less eective. Secondly, the value of

P

suggests that nucleation occurs relatively

slowly. The area of the previously deposited SiO2 is only increased with a factor of 1.2 every
cycle. Despite the relatively small value of

P,

the Al2 O3 surface is relatively quickly covered

due to the exponential nucleation behaviour.
The tted value of

N

suggests that there is a dierence in the amount of BDEAS adsorbed

during the rst ALD cycle on the powder and wafer sample. This is most likely due to the
fact that the grown Al2 O3 layer on a wafer is of a higher quality than on the powder or
the dierence in surface topology. Firstly, on the wafer surface Al2 O3 was grown by plasmaenhanced ALD and exposed to a ve minute oxygen plasma before an experiment. The Al2 O3
grown on the powder, however, was deposited using a thermal process, and even though this
surface was also exposed to an oxygen plasma before every experiment, this exposure is not
as eective as on a wafer sample due to radical surface recombination in the powder. The
surface topology on the powder is also very dierent from the wafer surface.

This has an

inuence on the doses and reaction times used during the ABC-type ALD process and might
therefore inuence precursor blocking as well. The tted value of

N , however, does correspond

nicely with the amount of surface contamination found by TOF-SIMS. This suggests that,
the measured SiO2 surface contaminations act as nucleations sites for SiO2 ALD and largely
contributes to the loss of selectivity.
The downside of the model described by equation 8.2 is that it only introduces nucleation
sites before ALD. Most likely, nucleation sites are also created during ALD. Therefore for
future experiments, it would be interesting to investigate precursor adsorption during the
rst few ABC-type ALD cycles. This would require an FTIR measurement procedure with
a relatively high signal-to-noise while being compatible with a plasma exposure. It would be
very interesting to see how the deposited SiO2 has an inuence on Hacac adsorption during
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the subsequent cycle and when nucleation sites are introduced during the ALD process. This
experiment should give more insight into what role the surface contamination plays and how a
small amount of deposited SiO2 causes loss in selectivity. Understanding what occurs during
the rst few ALD cycles should prove valuable for improving overall selectivity.

8.3 Alternating complementary ABC-type ALD schemes
For area-selective ALD, improving the selectivity of the deposition process is important
in order to reach thicker selectively grown features but also to suppress the growth of islands
on the non-growth area. However, for any area-selective deposition ALD, selectivity will be
lost eventually and some island nucleation on the non-growth area will occur. Therefore, in
order to achieve relatively thick area-selective deposition, the surface needs to be periodically
corrected to reset the selectivity. This could be achieved by periodically exposing the surface
to a mild etchant. [7] Alternatively, atomic layer etching (ALE) can be applied if a larger
degree of etching control is required. However, even if relatively thick area-selective deposition
can be achieved, area-selective ALD suers from mushroom-like growth when growing thicker
features, which is illustrated in gure 8.3. The feature grows higher than the thickness of the
blocking layer after a few cycles. When that happens, lateral ALD growth can no longer be
blocked by the inhibitor layer, resulting in wider features than intended. [100] Microelectronics
applications require tiny feature sizes and exact placement in the lateral direction, meaning
that a small lateral expansion might already have a large inuence on device performance.

Figure 8.3: Illustration of lateral growth during area-selective ALD, resulting in a mushroomlike structure. [100]

Therefore, investigation of area-selective ALD alone is not sucient.

Using Hacac as

inhibitor causes lateral growth to occur almost instantly. This means that a feature with a
height of 5 nm will probably have almost 10 nm of lateral broadening. The broadening results
in a feature of which the edges deviate from the intended position.
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Figure 8.4: Schematic illustration of two complimentary area-selective ALD processes in a super
cycle. During one area-selective ALD process, mushroom-like growth occurs on surface A and
island nucleation occurs on surface B. By alternating this growth with a complimentary ABC-type
ALD process that selectively grows on area B, lateral growth can be corrected for and nucleated
islands can be encapsulated which resets growth nucleation. Repeating this process results in
scalloped (reverse Bosch-like) feature growth.

Therefore, a strategy needs to be developed to limit lateral broadening of the features
grown by area-selective ALD. This could be solved by combining complementary area-selective
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ALD processes, as is illustrated in gure 8.4. By alternating area-selective ALD of material
(A) on one area (I) with growth of material (B) on the other area (II), lateral growth should
be suppressed greatly. In most cases, the GPC for of two ALD processes are not identical,
meaning cyclewise alteration is not possible. However, depending on the amount of lateral
growth that is acceptable, a supercycle of several ABC cycles of one process can be alternated
with several ABC cycles of the other. The advantage of ALD is that the thickness of grown
material can be controlled with sub-monolayer precision which includes lateral growth.
An advantage of alternating two area-selective ALD processes is that any island nucleation
on non-growth areas can be encapsulated during the complimentary ABC cycles, as shown
in gure 8.4. Therefore, the loss in selectivity, introduced by the islands, is periodically reset
allowing for the deposition of thicker features.

However, this does introduce contaminants

into the material which is, depending on the application, acceptable or not. Depending on
the requirements for lateral broadening and contaminants, the number of ALD cycles for both
depositions in one supercycle can be tweaked.

8.4 Removing Hacac
Removing adsorbed Hacac from the surface, during the O2 plasma exposure step, has
proven to be more dicult than was originally expected. As shown in section 5.3, exposing
an adsorbed Hacac layer to an oxygen plasma was found to result in adsorbed Hacac fragments
on the surface. These fragments most likely negatively inuence selectivity, since they hinder
the adsorption of Hacac molecules.

Increasing the plasma exposure time could potentially

decrease the inuence of these fragments.

Ideally, Hacac is, therefore, removed from the

surface as an intact molecule.

a

Hacac adsorption

Fragments hinder Hacac
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subsequent pulse

Oxygen radicals burn
adsorbed Hacac from
surface
Combustion
products

Hacac
fragment
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Hacac adsorption

Intact Hacac
removal

Hacac adsorption not
hindered during
subsequent pulse

Schematic illustrations of Hacac adsorption, plasma removal and subsequent Hacac
adsorption for (a) an O2 plasma and (b) an H2 plasma.

Figure 8.5:

A study by Johnson

et al. showed that, ALE of aluminium nitride, using hydrogen uoride

and tin acetylacetonate, was enhanced by adding a plasma exposure step to the process. [101]
The goal of this study was to increase the etch rate, using a plasma, as compared to thermal
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ALE. They found that a hydrogen plasma was able to signicantly enhance the etch rate due
to a reaction between surface acac ligands and the hydrogen radicals in the plasma.

This

suggests that the Hacac can be removed intact from the surface by an hydrogen plasma.
This removes the adsorbed Hacac from the surface without the formation of Hacac fragments,
as illustrated in gure 8.5. Therefore, investigating an ABCD-type ALD cycle with Hacac,
BDEAS, H2 plasma and O2 plasma pulses, as illustrated in gure 8.6, could clarify whether
this could be used to reduce the eects of Hacac fragments during area-selective ALD. The
added H2 plasma pulse, during step C, removes the adsorbed Hacac molecules before the
surface is exposed to the O2 plasma. This prevents the formation of Hacac fragments, while
having no inuence on the precursor blocking mechanisms. Intact removal of adsorbed Hacac
could, therefore, result in an improvement of selectivity.

A

B

C

D

Hacac
BDEAS
H2 Plasma
O2 Plasma
Purge

Schematic illustration of the proposed ABCD-type cycle, using a hydrogen plasma
to remove the adsorbed Hacac species before the oxygen plasma exposure.
Figure 8.6:

Aside from intact removal of adsorbed Hacac by H2 plasma, methods to remove the Hacac
fragments after plasma exposure could also be investigated. By ion bombarding the surface,
induced by for example applying a substrate bias during the plasma, the adsorbed CO2
and H2 O could potentially be removed from the surface without signicantly inuencing the
deposition of SiO2 . Moreover, in section 6.2, it was shown that methanol can remove Hacac
from the surface. In addition, methanol can most likely aid in increasing selectivity, as shown
in section 6.3. Therefore the use of methanol can potentially extend to enhancing the removal
of surface Hacac and increasing the stability of the Hacac layer with respect to a BDEAS
dose.

8.5 Blocking by precursor ligands
Precursor ligands are known to block precursor adsorption. At least, they block precursor
adsorption during normal ALD cycles, otherwise no self-limiting adsorption behaviour would
be observed. Therefore, "ligand-like" molecules are good contenders as inhibitor molecules
if selective adsorption can be achieved. Hacac is the protonated version of an acac ligand,
which is used as precursor ligand. However, even though precursor ligands can block precursor
adsorption of one specic precursor, this does not guarantee good precursor blocking for other
precursors. It would therefore be interesting to investigate how precursor ligands perform as
inhibitor with respect to each other. This could give insight into what qualities are required
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for good precursor blocking.
One way to investigate this would be to grow materials by ALD in an ABC-type process
using two precursors, as is illustrated in gure 8.7. By taking a well-established ALD process
and adding a dose of a second precursor (precursor II) after saturation of the rst precursor
(precursor I), the blocking of the involved ligands of precursor I for blocking precursor II
adsorption can be investigated. The contamination introduced by precursor II in the deposited
layer, can be used as a measure of the precursor blocking by the surface ligands. For example,
one could dose TMA, BDEAS and O2 plasma, resulting in a Al2 O3 layer. Depending on the
blocking ability of the methyl ligands, silicon contamination is present in the Al2 O3 layer to
some extent, which is a measure for the blocking ability of the methyl ligands for BDEAS
adsorption.

Saturation of TMA adsorption

BDEAS blocking by surface
methyl ligands

Aluminium atom

Amino ligand

Oxygen atom

Methyl ligand

Silicon atom

Hydrogen atom

Trace amounts of BDEAS adsorption result
in silicon incorperation into the film

Figure 8.7: Schematic illustration of an ABC-type process using TMA and BDEAS in order to
investigate the blocking ability of surface methyl groups with respect to BDEAS.

These measurements can be used to investigate the blocking of one precursor by various ligands.

Using the same precursor II for dierent precursor I ligands is key for these

measurements since precursor blocking is dependent on the precursors size and reactivity.
However, when using the same precursor I, precursor blocking of dierent precursors can be
investigated, which should give an insight into how precursor reactivity plays a role in the
area-selective ALD process.

These measurements should allow for a wider investigation of

precursor blocking with well-established ALD processes.
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This work was focussed on four central research questions addressing both the fundamental
and practical sides of the ABC-type area-selective ALD process of SiO2 . The rst and most
important research question of this study was:
1.

Can we use FTIR to detect sub-monolayer levels of precursor adsorption during areaselective ALD of SiO2 ?

In order to investigate precursor blocking on a fundamental level, a measuring procedure was
required that is able to detect sub-monolayer levels of precursor adsorption. A measurement
procedure was developed that relies on FTIR on SiO2 powder as substrate, which has a much
larger area as compared to a wafer substrate. Using a powder substrate, absorbance signals of

∼10−2

were reached with noise levels in the order of 10

−4 . The procedure is therefore able to

detect 1% of a monolayer of precursor, making this procedure well-suited to gain fundamental
information on the adsorption and blocking mechanisms. However, the procedure was found
to be not compatible with plasma exposures and did not allow for quantication of small
amounts of precursor adsorption.
Fortunately, for investigating the mechanisms involved in precursor blocking during SiO2
ALD by Hacac, the procedure is well-suited to answer the research question:
2.

How does Hacac block BDEAS precursor adsorption during the area-selective ALD of
SiO2 and what mechanisms are causing the eventual loss of selectivity?

In order to answer this question, the developed procedure was used to perform FTIR measurements during ABC-type SiO2 ALD on Al2 O3 and SiO2 surfaces. The FTIR measurements
conrm that Hacac selectively adsorbs on an Al2 O3 surface. On an Al2 O3 surface, the Hacac
adsorbed on the surface blocked most of the BDEAS adsorption. However, despite the Hacac
layer, 8% BDEAS adsorption as compared to a full monolayer of BDEAS was measured on
Al2 O3 , which was accompanied by a 6% loss of Hacac coverage. This loss is partly attributed
to the BDEAS dose and partly to time-dependent desorption, therefore most likely playing a
role in the incomplete precursor blocking. On a SiO2 -coated surface, only 8% Hacac adsorption was measured with respect to the Al2 O3 -coated powder, which was (partly) bonded in
monodentate conguration, indicating a weaker bond. Moreover, it was found that the small
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amount of surface Hacac on SiO2 had no signicant inuence on the subsequent BDEAS
adsorption.

Moreover, it was found that the oxygen plasma exposure does not completely

remove the adsorbed Hacac, leaving various inhibitor fragments on the surface. These fragments likely reduce the Hacac coverage during the subsequent cycle, which also contributes
to incomplete precursor blocking.
The third research question is:
3.

Based on the information acquired by the FTIR measurements on the area-selective ALD
process, can we decrease the inuence of the mechanisms involved in the eventual loss
of selectivity?

Co-dosing the BDEAS precursor and Hacac, does not have a signicant inuence on the selectivity, even though a large part of the Hacac desorption was corrected for.

In addition,

forming a mixed layer of methanol and Hacac was investigated for improving selectivity. The
motivation for using such a mixed blocking layer, was that the smaller methanol molecules
would be able to adsorb in the voids of the Hacac layer caused by steric hindrance between
Hacac molecules. The results show that a methanol dose removes adsorbed Hacac from the
surface and thereby decrease selectivity. However, the remaining Hacac was more stable towards a BDEAS doses.

Applying a series of Hacac and methanol doses appeared to be a

promising method for increasing selectivity, however, the measured improvement was within
the quantication uncertainty.

Therefore, in order to prove whether selectivity can be im-

proved using this method, the nucleation behaviour of SiO2 ALD using this mixed layer will
have to be measured in future work.
The nal research question of this report is:
4.

What are good properties for a molecule in order to act as an ecient inhibitor?

Alcohols were found to be able to selectively adsorb on Al2 O3 surfaces and block BDEAS
adsorption. However, none of the investigated alcohols were found to perform as well as Hacac. Moreover, there is a dierence in the reported blocking of TMA adsorption as compared
to the measured blocking of BDEAS adsorption. Most likely, the choice of precursor has an
inuence on the blocking ability of the inhibitor. The results, therefore, indicate that for each
area-selective ALD process an optimal inhibitor-precursor combination needs to be developed
in order to optimise selectivity. Moreover, there is a dierence in the in SAM literature predicted blocking ability of the investigated alcohols and the blocking abilities measured in this
work. This can be attributed to the inhibitor layer being removed and reapplied every cycle
as compared to a SAM, which is established before the ALD process.
Overall, the area-selective ALD approach shows promising results for its application in
bottom-up fabrication schemes. The approach can both serve to replace top-down patterning
steps or enable the employment of less accurate top-down patterning steps (e.g. for VIA
deposition in BEOL). It allows for the distinction between oxides (e.g. it leads to growth on
GeO2 , SiNx , SiO2 , and WO3 and not on Al2 O3 , TiO2 , and HfO2 ) and is compatible with
an oxygen plasma reactant, which are both unique aspects. However, a few challenges still
need to be overcome before it can be implemented in industrial applications. In future work a
wide range of potential inhibitor molecules will have to be tested both for understanding the
precursor blocking mechanisms and to expand the selection of inhibitor molecules. Moreover,
the newly required insight into what mechanisms limit the selectivity of the ABC-type ALD
process, should allow for future work to improve upon the selectivity, bringing area-selective
ALD closer to the applications.
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A

DTF calculations

In this appendix, an overview is given on a selection of the DFT calculations that were
performed on the Hacac chemisorption mechanisms in our work. [10] All computational details
are reported in the computational details of this article.

Figure A.1: Minimum energy structure based on DFT calculations for the physisorption of
Hacac on Al2 O3 (top) and SiO2 (bottom) surfaces in vertical (right) and horizontal (left) situation.
The gure shows that due to the conguration of the surface hydroxyl groups, the physisorbed
orientation of Hacac has a large inuence on how strongly the Hacac is physisorbed to the surface
leading to the formation of more H-bonds on Al2 O3 , while on SiO2 this is not the case.
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Minimum energy structure based on DFT calculations for chemisorbed Hacac
to Al2 O3 and SiO2 surfaces with and without the presence of surface water, showing that the
monodentate conguration is not stable and that H2 O helps to stabilise the chelate conguration.
Figure A.2:
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FTIR spot shape

The shape and size of the IR spot was measured to see how it compares to the size of
the samples. The setup will measure with an optimal signal-to-noise if all of the IR beam is
passed through the powder. Therefore, the sample needs to be large enough and positioned
correctly in the center of the beam. As can be seen in gure B.1, the spot is a bit wider in
the Y direction (i.e. vertical) as compared to the Z direction (i.e. horizontal). This can be
attributed to the shape of the rod used to create the IR light. The distributions have Full
Width Half Maximum values of (5.9

±

0.2) mm and (4.7

±

0.4) mm in the Y and Z direction

respectively.

1.0

a

Normalized intensity

Normalized intensity

1.0
0.8
0.6
0.4
0.2
0.0

0

2

4

6

8

10

12

14

16

18

0.6
0.4
0.2
0.0
22

20

Y-displacement (mm)

b

0.8

24

26

28

30

32

34

Z-displacement (mm)

Figure B.1: Measured intensity distribution, normalized to the maximum measured intensity,
in the (a) Y and (b) Z direction.
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C

FTIR wafer sample

In this appendix the coating of the used wafer sample for investigating the plasma step
is discussed. A picture of this sample is presented in gure C.1. The colors of the sample
indicates that, the sample was not coated with the intended 3 nm of Al2 O3 , but with a far
thicker layer. Moreover, there is a clear gradient in this layer. Lastly, the sample is still highly
reective. This indicates that, most likely, the surface roughness of the deposited layer is not
too extreme. However, AFM will have to be performed on the sample to denitely conclude
anything conserving surface topology.

Figure C.1: Picture of the Al2 O3 -coated wafer sample showing that there is a clear gradient in
deposited material.
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Forming Mixed inhibitor layers using

methanol and Hacac

In this appendix, the results of the initial FTIR studies, performed on the use of mixed
Hacac/methanol inhibitor layers, are presented and discussed. The results in this appendix
can be split up in the three dierent dosing sequences illustrated in gure 6.4.
In gure D.1, the FTIR spectra for Hacac adsorption and the subsequent methanol dose
are shown.

Since no H2 O line was available for this experiment, the Al2 O3 -coating was

performed using plasma-enhanced ALD. In the Hacac spectrum, a consumption of CH bonds
is visible as a result of Hacac adsorption. However, since Hacac contains CH bonds a positive
peak in the CH stretch should be visible as a result of Hacac adsorption. The consumption
of these groups in this case can be attributed to the methyl groups from adsorbed TMA that
have not been properly removed by the plasma during coating. These groups are removed
by Hacac through protonation, resulting in volatile CH4 and adsorbed acac.

The question

is whether the remaining methyl groups have an inuence on the experiment.

If properly

removed, these CH3 groups would be hydroxyl groups reacting with Hacac as well.

If any

methanyl ligands remain after Hacac adsorption, the blocking ability of these surface groups
for BDEAS adsorption plays a role.

However, these ligands are designed to block TMA

adsorption to allow for self-limiting adsorption, a far more reactive precursor than BDEAS,
and should therefore be able to block BDEAS adsorption quite eectively.
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a

b

Measured FTIR dierence spectra (a) after the Hacac dose and (b) after the
methanol dose, both on an Al2 O3 -coated powder sample.
Figure D.1:

The spectrum of the subsequent methanol dose, shown in gure D.2b, shows some interesting results. Firstly, dosing methanol reduces the coverage of adsorbed Hacac by 13%. This
is more than was ever reached by precursor dosing or time dependent desorption. Methanol
therefore does not only adsorb in between the adsorbed Hacac molecules, as was intended,
but also removes part of them. On the other hand, the spectrum does also show adsorption
of methanol which corresponds to 38% of a full monolayer of adsorbed methanol on a Al2 O3
surface. If methanol adsorbed only into the surface area created by Hacac removal, 13% of
a monolayer of methanol adsorption is to be expected.

However, there is more methanol

adsorption than the area where Hacac was removed should allow for. Therefore, either the
methanol is able to adsorb in between or on top of the Hacac molecules, or a full coverage of
methanol molecules on a Al2 O3 surface is not very dense in terms of covered surface area.

a

b

Figure D.2: Measured FTIR (a) Fixed reference and (b) dierence spectrum after a BDEAS
dose on the mixed inhibitor layer. For the xed reference spectrum (see gure 4.3d), the FTIR
measurement after the Hacac dose was used as a reference.

The precursor blocking ability of this combined layer, however, was found to be quite poor
compared to using only Hacac as inhibitor, as is shown in gure D.2. The spectrum shows
there is 17% BDEAS adsorption of a full monolayer whereas in the regular recipe only 8%
of a full monolayer was measured. However, almost no decrease of the Hacac coverage was
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measured as function of precursor dose in this case, although the CH signal does decrease.
This corresponds to a decrease in methanol coverage of 21% compared to before BDEAS
dosing. It is hard to quantify the exact removal since the spectrum of BDEAS has overlap
with methanol in the CH stretch region.

In any case, the results show that the remaining

Hacac, after the methanol dose, is more stable than a full monolayer of adsorbed Hacac.

a

b

Figure D.3: Measured FTIR dierence spectra after (a) the methanol dose and (b) after the
Hacac dose, on an Al2 O3 -coated powder sample.

Dosing methanol rst and then Hacac is another option for creating a combined inhibitor
layer.

The FTIR results on the methanol and Hacac dose are shown in gure D.3.

The

spectrum of the methanol dose, show in gure D.3a, is used as a reference for a monolayer
of adsorbed methanol on a Al2 O3 surface. One downside on this measurement, is that it is
unknown if methanol is able to remove remaining methyl ligands from the surface like Hacac.
This is because the removal of methyl ligands is normally observed by a negative peak in
the CH stretch, which is the same position where methanol adsorption would be observed
by a positive peak.

In the Hacac spectrum, shown in gure D.3b, a removal of CH bonds

from the surface is observed which is larger than the CH signal measured for the methanol
dose. Assuming methanol can remove methyl groups to the same extent as Hacac, methanol
coverage would be 60% higher than is indicated by the FTIR spectrum. This would reduce
the observed coverage of methanol molecules on an Hacac layer, shown in gure D.1, to 24%
of a full monolayer. This is, however, still more than the amount of removed Hacac meaning
that the changes in covered area still do not add up. The spectrum of the subsequent Hacac
dose shows a Hacac coverage of 91% compared to a clean Al2 O3 surface. In addition anywhere
between 0% and 22% coverage of methanol are left on the surface depending on the interaction
between methyl ligands and methanol molecules. Although, the ratio between the negative
CH stretch and adsorbed Hacac after methanol is only half of this ratio on a grown Al2 O3
surface, indicating that there still could be some adsorbed methanol on the surface.
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Measured FTIR dierence spectrum after a BDEAS dose on the combined inhibitor
layer created by consecutively dosing methanol and Hacac on an Al2 O3 -coated powder sample.

Figure D.4:

The results of the measurement on the subsequent BDEAS dose in gure D.4, show a
BDEAS adsorption of 9%, which is comparable to only using Hacac, despite a lower Hacac
coverage.

Moreover, only a 1.5% decrease in Hacac coverage is measured due to precursor

dose and no further decrease in the CH stretch region is observed. It seems therefore that
the created inhibitor layer using this recipe is more stable. If somehow the coverage achieved
by this method could be increased, by dosing alternatively Hacac and methanol for example,
this could result in a better blocking layer. Moreover, using a more eective inhibitor instead
of methanol might be helpful as well for the overall blocking ability.
Lastly, the co-dosing of methanol and Hacac was investigated. The FTIR spectra of the
inhibitor layer resulting from this simultaneous dose and subsequent BDEAS dose are shown
in gure D.5. The results show a coverage of 89% Hacac of a full monolayer and a methanol
coverage of up to 20%.

The spectrum of the subsequent BDEAS dose shows a BDEAS

adsorption of 18% of a full monolayer. Moreover a loss of 3% of Hacac coverage was found.

a

b

Measured FTIR dierence spectra (a) after the simultaneous dose of methanol and
Hacac on Al2 O3 and (b) after the subsequent BDEAS dose using spectrum a as background.

Figure D.5:
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Saturation of alcohols

In this appendix the saturation curves for all investigated alcohols are presented.

The

dose required for saturation is discussed in the captions. Note that, the reaction time (time
that the alcohol pulses were kept trapped in the reactor before purging) was not equal for all
measurements, meaning no conclusions can be made based on the dose required for saturation.
Especially for the larger, and therefore less volatile, alcohols the reaction time was increased
to reduce the consumption per dose.

Measured change in apparent thickness as function of the methanol dose time.
Saturation occurs after 1 second of dosing. For the measurements presented in this work, 2
seconds of methanol dosing was used.

Figure E.1:
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Measured change in apparent thickness as function of the ethanol dose time. Soft
saturation occurs after 10 second of dosing. For the measurements presented in this work, 15
seconds of ethanol dosing was used.
Figure E.2:

Figure E.3: Measured change in apparent thickness as function of the isopropanol (IPA) dose
time. Saturation occurs after 30 second of dosing. For the measurements presented in this work,
in order to consume less IPA a recipe was created using only 15 seconds of IPA dose with a
signicantly longer reaction time, resulting also in saturation.
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Measured change in apparent thickness as function of the propanol dose time.
Saturation occurs after 10 second of dosing. For the measurements presented in this work, 10
seconds of propanol dosing was used.
Figure E.4:

Measured change in apparent thickness as function of the butanol dose time.
Saturation occurs after 20 second of dosing. For the measurements presented in this work, 20
seconds of butanol dosing was used.
Figure E.5:
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F

TOF-SIMS data

On the next page, the TOM-SIMS results are shown. The measurements were performed
on silicon wafer, with a 30 nm plasma-enhanced ALD layer of Al2 O3 deposited on top, which
had been exposed to a 5 minute oxygen plasma before and after deposition. The results show
that most of the surface contamination is related to either silicon, or related to exposure to
atmosphere. Especially hydrocarbons on the surface are detected in large numbers. These
could play a role as carbon oxides on the surface after plasma exposures. For the TOF-SIMS

++

measurements, a BI3

ion beam with a 10 nm radius was used. The ion beam was combined

with an electron beam to prevent charge build-up. Multiple measurements were performed
to make sure no local eects were being measured.
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Ion
Mass (u) Counts
Al-related
Al+
26.981
188000
AlH+
27.986
5090
AlO+
42.972
503
Al_2+
53.958
480
Al_2O+
69.953
2580
Al_2H_3O_ 120.962
3640
Al_3H_2O_ 162.928
3000
HO_6Al_4+ 204.891
1820
Al_5O_7+
246.853
2050
Si-related
Si+
27.974
218
SiCH_3+
42.998
391
SiHO+
44.977
970
alkali
Na+
22.988
1
K+
38.962
38
hydrocarbon
H+
1.007
2790
C+
11.998
400
CH_3+
15.022
8310
C_2H_3+
27.022
18600
CH_3O+
31.017
4230
C_2H_3O+
43.020
34500
C_4H_7+
55.054
29000
C_6H_5+
77.036
20700
C_7H_7+
91.053
9350
C_9H_7+
115.050
3770
C_10H_8+
128.059
2450
C_13H_9+
165.060
1130
N-containing
NH_4+
18.035
1670
CH_2N+
28.017
1270
CH_4N+
30.033
1740
C_3H_8N+
58.063
758
C_4H_12N+ 74.092
551
C_8H_20N+ 130.157
504
Figure F.1:

measurements

Ion
Mass (u) Counts
Al-related
Al26.981
134
AlO42.976
11000
AlO_258.972
5710
Si-related
Si27.977
99
SiHO44.980
38
SiO_259.963
234
SiHO_376.978
149
Si_2HO_5- 136.943
29
inorganic
O15.996
455000
OH17.004
226000
O_231.990
6650
F18.999
14100
Cl34.969
21700
S31.972
1060
SO_379.959
227
SO_4H96.961
61
PO_378.962
127
hydrocarbon
H1.009
128000
C12.001
13200
CH13.009
32000
C_224.001
9670
C_2H25.009
16700
CN26.004
3450
CNO42.000
1000
CHO_244.999
1150
perﬂuoroether
CF_368.999
65
C_2OF_5134.990
32
C_3O_2F_5 162.986
37
C_6O_3F_1 328.980
3

The amount of counts detected for positive and negative ions during TOF-SIMS

112

