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"Why to repeat mistakes ? When you can learn from the other’s......,
or.. sometimes not."— Anonymous





Abstract
With a continuous pursuit of making semiconductor devices and integrated
circuits (ICs) faster, better, and more energy efficient, the shrinking of device
dimensions became imminent. Today we are approaching the ångström era,
where the manufacturability of such devices is becoming challenging. As a
result, atomic level processing (ALP) is now most desired. Atomic layer
deposition (ALD) and atomic level etching are two such ALP methods that
take full advantage of surface chemistry and allow growth and removal of
atomistically thin layers of material on a substrate, respectively. Atomic level
etching broadly describes the etching that maintains the ångström-level (i.e.
below 1 nm) etched-thickness control and uses sequential gas-surface
reactions that may be self-limiting. Atomic level etching can be either plasma
based (plasma atomic layer etching - PALE), or thermal based (thermal
atomic layer etching - ALEt, gas-phase pulsed etching - GPPE). PALE has
existed at least for three decades. Although thermal atomic level etching is
relatively new, it has evolved rapidly over the last seven years.
In this thesis work, new thermal atomic level etching processes based on

NbF5, HF, CCl4, SOCl2, O2, and O3/O2 reactants were developed. The materials
that were removed selectively over SiO2 and Si3N4 are Al2O3, TiN, and HfO2.
Two types of etching processes were investigated, the first one uses
sequential exposures of two or more reactants (ALEt), and the second uses
pulsing of a single reactant (GPPE) to etch the target. The processes
explored here show that the novel etch chemistries are capable of removing
the material in the ångström regime isotropically from 3D structures.
Thermochemical analyses of possible reactions based on the atomic-scale
surface-gas models were carried out using first-principles calculations in
density functional theory (DFT) as well as molecular dynamics (MD)
simulations. In addition, potential etch reactions were also evaluated using
conventional thermodynamic calculations. Finally, the post-etched surfaces
were characterized using various surface sensitive techniques such as
spectroscopic ellipsometry (SE), X-ray photoelectron spectroscopy (XPS),
X-ray reflectivity/diffraction (XRR/XRD), transmission electron microscopy
(TEM), atomic force microscopy (AFM), and weighing balance.
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Chapter 1: Introduction

1.1 Etching in nanoelectronics

Creation of the miniature wild world residing in the integrated circuit (IC)
chips requires a balanced combination of various advanced processing
techniques. This world is populated with devices such as transistors, diodes,
capacitors, and other components that are well connected for electrons to
travel across efficiently. Ever since its inception, this world is shrinking,
becoming dense and has evolved to a point where more advanced 3D
architectures are needed to make it less power hungry and optimise its
overall operations. Two main techniques that are necessary in the realizing
of the IC world are deposition and etching. In the deposition process,
material is added on the substrate surface while in the etching process
material is removed from the surface. In order to further the miniaturization,
the ability of these techniques to provide precise atomic level processing
(ALP) is becoming of prime importance. Atomic layer deposition (ALD) and
atomic level etching are examples of such techniques.
ALD is a chemical technique that utilizes two or more self-limiting

gas-surface reactions to deposit atomic thin films of various materials in a
highly conformal manner.1,2 In ALD, the reactions can be activated using
thermal energy, plasma, photons, and electrons. However, the thermal ALD
offers the advantage of depositing materials on non-line-of-sight features
conformally due to the self-limiting reactions, isotropicity of the thermal
energy, randomness of the gaseous reactants, and stability of the reactants
in the gas phase. Since the 1970s, innovations in thermal ALD chemistries
and related processing equipment have made the deposition of vast list of
materials possible.2,3

Atomic level etching uses gas-surface reactions in a sequential manner to
remove thin layers of material from the substrate. Atomic level etching can
be either plasma based (plasma atomic layer etching - PALE), or thermal
based (thermal atomic layer etching - ALEt, gas-phase pulsed etching - GPPE).
In PALE, the plasma-generated energetic species remove material from the
surface, while thermal atomic level etching relies on thermal energy to
generate and volatilize etch products from the substrate surface. The idea of
using plasma etching in the manufacturing of IC chips was first conceived by
Stephen M. Irving around 1970,4,5 but it was not until 1988 that the first
patent on PALE was made public.6 Advancements in PALE started in the
1990s, and over the last three decades, PALE has developed in parallel with
ALD.7 Consequently, etching and deposition of thin layers of materials within
the atomic-regime control has become possible. Despite the inherent
directionality in PALE, researchers have studied both the isotropic and
anisotropic etching capabilities. Now, for the industry that is rapidly
adopting complex 3D device architectures such as gate-all-around (GAA),
nanosheets (NS), forksheets, and nanowire-based MOSFET transistors as
well as VNAND memory,8–12 isotropic etching is becoming equally important
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2 Chapter 1. Introduction

to anisotropic etching. Moreover, device dimensions are shrinking below 10
nm and PALE alone cannot provide sufficient isotropicity due to the short
lifetimes of the reactive species generated by plasma. Therefore, ALEt is now
sought after. The very first patent that described thermal atomic layer
etching was filed in 1981 by Suwa Seikosha KK13 and published in 1983.
Surprisingly, since then ALEt remained dormant and picked up the pace in
2015.14

With the advent of ALEt, the realization of 3D device architectures, as well
as heterogeneous 3D integration of several functional blocks such as logic,
memory, sensors, and MEMS are now possible.10 Moreover, ALEt is not a
direct replacement of PALE, as both types of etching are important and
needed for future devices that are not limited to the IC chips alone.

1.2 Aim and outline of this thesis

The aim of the thesis was to develop new thermal atomic level etching
processes for materials used in semiconductor devices and to assess their
capability of performing isotropic removal from three dimensional features.
In addition, the goal was to selectively etch one material over the other. This
thesis explores the feasibility of various novel thermal etching chemistries
and it provides several pathways to etch one material over the other.
Chapter 2 introduces its readers to the definition of atomic level etching

and its flavours, features of ALEt as well as the involved mechanisms,
summary of all known ALEt processes, and some existing challenges in ALEt.
In Chapter 3, various experimental techniques used in this research work
are discussed. Chapter 4 summarizes the results and observations from the
published articles [I-IV] and gives a glimpse of unpublished work. This
chapter further discusses the thermodynamics of the etching reactions
together with the predicted etch products and reaction pathways. Moreover,
the experimental findings of the etch processes are discussed. In Chapter 5
the conclusions and recommendations for future research in ALEt are
presented.



Chapter 2: Atomic level etching
The aim of this chapter is to introduce readers to the fundamentals of
atomic level etching. Section 2.1 covers a broad definition of atomic level
etching. Section 2.2 categorizes atomic level etching based on the type of
gas-surface reactions. Section 2.3 discusses some features of thermal
atomic layer etching (ALEt, a subcategory) processes. Later in section 2.4, a
summary of known ALEt processes is provided in a tabular form and various
mechanisms involved in ALEt are explored. Finally, the chapter is closed with
a discussion on some challenges in ALEt.

2.1 Definition of atomic level etching

Atomic level etching processes are based on cyclic and sequential gas-surface
reactions that may or may not be self-limiting. Each cycle consists of one or
more gas-surface reactions, which leads to the net removal from the target
surface. Ideally, after each cycle the same amount of material is removed
from the surface. Atomic level etching is broadly defined as a technique that
removes material from the substrate in atomic-regime, i.e. as long as the
etched layers are below 1 nm/cycle in thickness, the term atomic level etching
is applicable. The etch cycles are repeated to either achieve a specific target
thickness or remove one material completely over the other.

2.2 Classification of atomic level etching

Atomic level etching 

Self-limiting Non self-limiting

Plasma atomic layer 
etching (PALE)

Gas-phase pulsed etching 
(GPPE)

Thermal atomic layer 
etching (ALEt)

Figure 2.1: Classification of atomic level etching based on the type of gas-
surface reactions.

Based on the type of the gas-surface reactions, atomic level etching can be
categorized as either self-limiting or non self-limiting as shown in Figure 2.1.
In the self-limiting atomic level etching, at least one gas-surface reaction is
self-limiting and is further classified as plasma atomic layer etching (PALE)
and thermal atomic layer etching (ALEt). In the literature, self-limiting atomic
level etching is somewhat interchangeably described using terms such as
atomic layer etching (ALE or ALEt) and plasma atomic layer etching (ALE or

3



4 Chapter 2. Atomic level etching

PALE), which may be a little confusing to the readers.15–19 Thus, here keeping
the terms consistent with the literature while attempting to minimize the
confusion, the plasma based ALE is called PALE and thermal ALE is defined
as ALEt. On the other hand, the non self-limiting atomic level etching is
based on pulsing of a reactant in a cyclic manner and is called gas-phase
pulsed etching (GPPE) technique. In publications II, III, and IV, ALEt processes
are reported, while GPPE processes are described in publications I and IV.

2.2.1 Self-limiting atomic level etching

Atomic level etching is a technique that provides atomic level precision while
removing material from the surface. Ideally, a self-limiting atomic level
etching process is based on cyclic, sequential, and self-limiting gas-surface
reactions. The self-limiting reactions involve surface modification by the first
reactant followed by the formation and release of volatile by-products upon
exposure to the second reactant. More than two gas-surface reactions may
be used in this technique. The inert gas purges are introduced in between
two gas-surface reactions to remove the excess reactant molecules and the
by-products.

Substrate

Modified surface

Substrate

Modification

Modified surface
Volatile release

Etched layer

Repeat PurgePurge

1st reactant

2nd reactantby-products

Substrate

Substrate

by-products

Figure 2.2: Block diagram of a complete atomic level etching cycle based on
surfacemodification and release of volatile by-products (copyright 2022© the
author).

Figure 2.2 shows an atomic level etching cycle based on two gas-surface
reactions. The first reactant modifies a top part of the substrate. Based on
the type of surface reactions, there is a possibility of formation of volatile
by-products during this step. However, in some cases volatile by-products
might not form e.g. oxidation of metals20,21 or adsorption of Cl species on
silicon.7,22 The second step is the exposure to the second reactant (etchant)
which converts the modified surface into volatile species. After this step, the
modified surface is removed. For this to occur, a sufficient temperature is
required for the gas-surface reaction to take place and volatilize the surface
species, or enough energy must be provided by the reactive species



2.2. Classification of atomic level etching 5

originated in plasma to cause the desorption.22 In this manner, the etching
takes place through the modification of the initial substrate followed by the
volatilization of the modified surface. The various forms of energies that can
drive either the modification or the volatilization steps are chemical energy,
kinetic energy,7 thermal energy,15,23,24 electrons,25–28 ions,22,29 neutral
beam,30 and other forms of radiation.31–34 Based on these energies, one can
categorize self-limiting atomic level etching technique. The existing flavors of
this technique are the much-developed plasma atomic layer etching
(PALE),7,35–37 and the recently explored thermal atomic layer etching
(ALEt).38–40

2.2.1.1 Plasma Atomic Layer Etching (PALE)

PALE is a process of removing material from the surface where plasma is
utilized in either the surface modification or the volatilization, or both. The
plasma uses a glow discharge to create chemically reactive species from
relatively inert gases such as H2, N2, Ar, CF4, SF6, etc.22 Also chemically
reactive species such as electrons, ions, radicals, or neutral atoms acquire
kinetic energy due to the presence of biasing and thus, have
directionality.22,29 In Figure 2.3 a), the directional etching of silicon is used as
an example to describe a complete PALE cycle. It is based on sequential
exposures to chlorine gas and argon plasma with intermittent N2 purges. In
Figure 2.3 a), step i) shows silicon atoms forming a substrate with a smooth
surface. In reality, silicon surfaces contain many defects41 which further
increases the reactivity with plasma-generated species.
In the subsequent step of chlorination (Figure 2.3 a) ii), the silicon surface

is exposed to the diatomic chlorine gas (Cl2) which upon reaction modifies
the silicon surface in a self-limiting manner to SiClX surface species.42

Chlorination can be performed by either thermal or plasma reaction. In the
reaction below, the thermal chlorination uses Cl2 gas. In an ideal Si PALE, no
etching takes place during the chlorination step7 and a room temperature is
chosen to minimize thermal desorption of SiClX species.36 Thus, the
chlorination is self-limiting in nature. The gas-phase chlorination can etch
silicon by itself at high temperatures (≥ 650 °C)36 and this type of etching is
called spontaneous etching. Plasma chlorination is performed in order to
increase the production yield.7

Si surface chlorination: Si(s) + Cl2(g) −−−→ SiClx(s)

Afterwards, the excess of unreacted chlorine is purged away from the etch
reactor with the help of inert gases such as N2 or Ar. This in-between inert
gas purging eliminates interaction between the surface modification and the
volatilization steps. Any overlap of these two steps may result in the loss of
atomic level precision.7

The next step iii) is the desorption or volatilization step, where
plasma-generated argon ions (Ar+) with sufficient kinetic energy assist in the
desorption of the SiClX surface species, as shown in the reaction
below.31,36,42 The main desorbed species are found to be SiCl2, SiCl, and
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SiCl4.36,42,43 After the argon plasma step, an inert gas purging is performed to
remove all the gaseous by-products. This desorption step is also self-limiting
at Ar+ energy of 50 eV.42

SiClx species desorption: SiClx(s)
Ar+
−−−→ SiClx(g)

Figure 2.3: Schematic representation of a full etching cycle for: a) silicon
by plasma atomic layer etching and b) Al2O3 by thermal atomic layer etching
(copyright 2022 © the author). The subfigures i) and iv) are the starting and
end phases of each etch cycle.

2.2.1.2 Thermal Atomic Layer Etching (ALEt)

ALEt is a non-plasma technique that removes the material from the surface
with the help of chemical reactions at elevated temperatures. The elevated
temperature is necessary to provide sufficient energy for the reactions to
occur and desorb volatile species from the surface. Ideally, each ALEt cycle
consists of two or more sequential gas-surface reactions and at least, one of
these is self-limiting. The reactions are based on a surface modification and
formation of volatile gaseous products15 and are discussed in more details
in section 2.4. Unlike its counter part, i.e., thermal ALD, in ALEt the bonds
between surface atoms and the underlying substrate are broken resulting in
the formation of volatile species that leave the surface. The released volatile
species are then evacuated by the vacuum pumping system. ALEt can be
seen as the "reverse of thermal ALD", where material is now sequentially
removed from the surface.15

In Figure 2.3 b), Al2O3 ALEt is used to illustrate one complete ALEt cycle.44

The step 2.3 b) i) represents the initial Al2O3 etch target surface. During the
fluorination step ii), the Al2O3 surface is exposed to the HF gas. Here the
starting Al2O3 surface gets converted into the AlFx surface. The fluorination
step can be described with the help of a chemical reaction mentioned below,
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where water is released as a by-product. Even though the oxygen from the
Al2O3 layer(s) is removed in this step, in the literature this step is termed as a
fluorination step. For simplicity in this thesis, the term fluorination is used to
keep the terminology consistent with the literature. After the fluorination is
performed, an inert gas purging is needed to remove the gaseous
by-products and the surplus reactants from the etch reactor. This inert gas
purging is needed to keep the fluorination step separated from the
volatilization step. Otherwise, the atomic level precision is may be lost.

Al2O3 fluorination: Al2O3(s) + HF(g) −−−→ AlFx(s) + H2O(g)

In step iii), the volatilization of the previously formed AlFx surface takes
place upon trimethylaluminum (TMA) exposure.40 In the literature, this step
is known as etching step involving ligand-exchange reaction.15 In the ligand-
exchange reaction, fluorine from AlFx surface and CH3 from TMA exchange
the central metal atoms to form volatile etch products. One of the identified
etch products is dimethylaluminum fluoride ((CH3)2AlF).40,45 After the ligand-
exchange reaction, an inert gas purge step is followed to remove the volatile
reaction products from the etch reactor. Typically, the Al2O3ALEt is performed
at temperatures above 200° C.38,44

AlFx etching: AlFx(s) + (CH3)3Al(g) −−−→ AlFx(CH3)y(g)

The thickness of Al2O3 removed in one cycle is defined in terms of etch per
cycle (EPC). In order to achieve the desired etch thickness, several etch cycles
are performed.

2.2.2 Non self-limiting atomic level etching

If the etch target reacts spontaneously and forms volatile species upon
contacting the reactant molecules, the etching occurs continuously as long
as the etchant and the target material encounter each other. Sufficient
temperature and continuous evacuation of the formed volatile species
ensure the etching is favoured. The non self-limiting (spontaneous) etching
is considered as continuous vapor phase etching (CVE). Several reports of
CVE exist in the literature, for example etching of Si by XeF2 or F2,46 etching
of TiO2 by WF647 and etching of AlF3 by TMA.48 In order to achieve atomic
level etch control, discontinuity in CVE is needed. This discontinuity, i.e.
switching the etching on and off, is achieved by either adding cycles (as in
GPPE) or surface modification steps (as in ALEt) as additional parameters. In
GPPE, surface modification and etching occur simultaneously. ALEt is a
special type of CVE where the surface modification step makes the
spontaneous etch intermittent and hence, digital.
Gas-Phase Pulsed Etching (GPPE) is a special variant of continuous or

spontaneous thermal etching and does not involve any plasma step.46,49–57

GPPE utilizes cyclic pulses of the gaseous etchant followed by the inert gas
purging at elevated temperatures. Thermal etching of TiN by SOCl2 or CCl4
are examples of GPPE [I, IV]. Figure 2.4, represents a complete GPPE cycle.
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The initial substrate is exposed to the etchant gas for a short duration and
during this step, etch products are formed. This exposure step involves both
the surface modification and the volatilization steps. After the etchant
exposure, inert gas purging is performed to remove all the by-products and
excess of the etchant molecules. In this manner, the top layer of the material
is etched. After a complete GPPE cycle, an original surface is created once all
the by-products are volatilized from the surface. Several cycles of
etchant/purge are repeated in order to remove a certain thickness from the
target filmsIn GPPE, the etch per cycle can be maintained below 1 nm and
hence, atomic level precision is achieved. Various process parameters such
as the pulse time of the etchant, inert gas purge time, partial pressure of the
etchant, temperature, and reactor pressure can be used to tune the EPC.
GPPE can also offer isotropic etching from the non-line-of-sight features
shown in articles I and IV.

Substrate

Modified surfaceModification
+ volatile release

etchant

Substrate

by-products

Substrate

Purge

Etched layer

Repeat

Figure 2.4: Schematic representation of a complete cycle of gas-phase pulsed
etching (copyright 2022 © the author).

2.2.3 Etch rate vs. etch per cycle

Typically for CVE or plasma based continuous etching processes, the etch
rates are quantified as the removed thickness (typically in nm or Å) per unit
time such as Å/min, nm/min, and Å/sec.7,22

On the contrary, in PALE, ALEt and GPPE processes where the etching
cycles ensure a digital control over the removed thickness, the etch per cycle
(EPC) is often used. EPC is defined as the thickness removed per cycle, and
its unit is typically Å/cycle. In the ideal atomic level etching (PALE, ALEt and
GPPE), almost the same amount of material is removed from the surface in
each cycle, hence a constant EPC with cycles is expected. The atomic level
precision is extremely desirable for the fabrication of complex and three
dimensional devices with sub-10 nm dimensions.16,17

There are several factors that affect the EPC of an ALEt process. Under self-
limiting ALEt conditions, temperature is the most important factor. Typically,
the higher the temperature, the higher the EPC.15,48 In a non or partially self-
limiting thermal atomic level etching, the partial pressure of the etchant can
play an important role. With higher partial pressures of the etchants a higher
EPC is observed.58 However, if the modified surface layer acts as a diffusion
barrier and further stops the gas-surface reaction from advancing into the
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solid, a saturated EPC with etchant partial pressure is observed. One such
example is the fluorination of Al2O3 by HF in which at higher partial pressures
of HF, an increase in the thickness of AlF3 is observed.59 An effect of no-purge
times after the etchant exposures on EPC has also been studied. A significant
increase in the EPC was observed in a purge-less ALEt (Rapid-ALEt).60

The other factors that can impact EPC are the phase of the material,61

material preparation technique (ALD vs. CVD vs. epitaxy etc.), and obviously
the choice of the etchant or the etch chemistry.15 EPC of crystalline films is
significantly lower than that of the amorphous films of the same
material.61,62 The higher EPC of amorphous films can be due to the lower
density of amorphous films. Films of lower density are more prone to molar
expansion, which is inherent to the fluorination step.61

2.3 Features of ALEt processes

2.3.1 Atomic Level Precision

One of the main advantages of ALEt is its ability to process material in the
atomic regime.7,15,16 Due to the sequential and self-limiting gas-surface
reactions, an ideal ALEt offers a precise control of the removed thickness
within few ångströms.14 Similar to ALD, the ability of ALEt to maintain atomic
scale precision while etching may endorse the realization of complex 3D
integrated circuits.63

2.3.2 Isotropic etching

Another key feature of ALEt is its isotropic etching property. The isotropic
etching is uniform in all directions.17 ALEt lacks directionality due to the
absence of plasma-generated energetic charged or neutral species.17 ALEt
relies on self-limiting gas-surface reactions that are thermally activated at
elevated temperatures. Ideally in ALEt, the EPC is the same regardless of the
location in 3D structures. This key property helps to achieve conformal
etching of materials from the non-line-of-sight surfaces. On the contrary, in
PALE the kinetically energized reactive species have directionality and,
consequently, provide anisotropic etching.22 In the anisotropic etching, the
etch occurs in the direction perpendicular to the wafer surface. Anisotropic
etching is important for the creation of high aspect ratio structures like
those required in finFETs,16 multiple patterning,64–66 VNAND, DRAM
capacitor trenches, etc. On the other hand, isotropicity in ALEt is going to be
important in the fabrication of future complex 3D architectures such as
gate-all-around (GAA), nanosheet and forksheet devices.9,16

Figure 2.5 compares the isotropic and conformal etching to the anisotropic
and non-conformal etching. The schematic in the middle shows a patterned
substrate in blue and the conformal target film on top in red. In PALE, the
directionality of the reactive species such as ions and neutral atoms provide
different etch rates for the top vs. side, as depicted in Figure 2.5 a). On the
other hand, ALEt etches conformally with the same EPC for the top, side, as
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Substrate Substrate Substrate

a) Plasma Atomic Layer Etching b) Thermal Atomic Layer Etching 

Anisotropic or
Directional etch

Isotropic etch

Etch target film
Conformal etch

Figure 2.5: Illustration of isotropic and anisotropic etching (copyright 2022 ©
the author).

well as the lateral cavity. Thus, the overall result of ALEt is conformal etching
as shown in Figure 2.5 b).

2.3.3 Selective etching

The choice and careful design of ALEt chemistries can also provide etch
selectivity. Typically, different solid surfaces have different reactivity with
various gaseous reactants. Several studies have reported that the different
ligands involved in ligand-exchange reactions can lead to selective
etching.44,61,67 In addition, the lack of the energetic charged species in ALEt
allows the development of highly selective etching processes. In the
literature, various chemistries show different etching rates for different
materials and the EPC can be further tuned by correctly setting additional
process parameters such as etch temperature and partial pressures of the
reactants. Moreover, combining ALD with ALE is being explored to allow
selective deposition of one material over the other in a more efficient
way.63,68 Another interesting concept of rapid pulsing of the thermal energy
to tune the etch selectivity among various materials is proposed.23,24

Selective etching is desired to decrease the number of photolithographic
steps and the associated manufacturing costs.

2.3.4 Minimal surface damage

Since ALEt does not involve any plasma-generated energetically charged or
neutral species, the damage caused by these species to the sub-surface
layers is avoided. Moreover, radiation-induced plasma damage is also
absent in ALEt. However, surface contamination arising from either
incomplete gas-surface reactions or diffusion of the atoms from the ALEt
reactants into the bulk can deteriorate film properties. Nevertheless, the
surface contamination can be chemically removed with an additional step in
the ALEt process. For instance, it is reported that after ALEt of Al2O3 and SiO2,
the surface F- and Cl-residuals are successfully hydrolysed using a water
pulse above 325 °C.62,69
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2.4 ALEt processes and mechanisms

Back in 2015, the concept and the need for thermal ALE (ALEt) was first
proposed by the components research team of Intel in their report on
industrial ALE perspective.16 In the same year, an experimental proof of this
concept was provided by George’s group at the University of Colorado,
Boulder.14,38,39 They were able to perform ALEt of HfO2, Al2O3 and AlF3 using
self-limiting sequential reactions with Sn(acac)2 and HF vapors. Over the past
seven years, ALEt has developed rapidly both in industry as well as
academia. Rapid development in ALEt has already shown its potential, and
many materials such as metals and their oxides as well as nitrides can now
be etched using novel chemistries.17 With the continuous down scaling and
implementation of 3D devices and complex integration schemes, the early
prospects of ALEt being adopted by the fast changing semiconductor
industry are looking bright.
In this section, Table 2.1 provides a brief summary of reported ALEt

processes. Table 2.1 lists only ALEt processes that are thermally activated
and utilize two or more sequential gas-surface reactions. It also excludes
hybrid-ALEt processes that require any plasma step. More details on ALEt
processes are described in the recent review articles.15,17,70–73

A typical ALEt process involves at least two steps to achieve the atomic
etch precision. Several mechanisms that take place in ALEt have been
reported15,70 and can be broadly classified into surface modification and
volatilization steps. In an ideal ALEt process, the surface modification and
volatilization are performed by different reactants and are non-overlapping.
The table highlights the reactants used for the surface modification and the
volatilization steps in separate columns. The individual steps are briefly
described next.
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Table 2.1: Summary of reported ALEt processes. In the table, separate EPC values are reported for crystalline materials and
are denoted by label (c-). The remaining EPC values are for amorphous materials. Alphabetically ordered by etch target. (last
accessed: Oct. 2022)

Etch target
Reactants for

surface modification
Reactants for
volatilization

EPC [Å] Tetch[°C] References

Al2O3 HF TMA 0.6-2.5 @300 °C >170 44,45,60,74,75

HF DMAC (Al[Me]2Cl) 1.2 @250 °C >200 45,48,76

HF Sn(acac)2 0.23 @200 °C ≥ 150 44,77

SF4 Sn(acac)2 0.2 @200 °C ≥ 150 77

CHF3 TMA 0 @ 350 °C - 69

HF SiCl4 0 @ 350 °C - 44

HF BCl3 0.9 @290 °C ≥ 230 59

AlF3 HF Sn(acac)2 0.63 @ 250 °C ≥ 150 14

(c-) AlN HF Sn(acac)2 0.36 @ 275 °C 275 78

(c-) AlN XeF2 BCl3 0.19 @ 212 °C ≥ 212 62

AlN HF BCl3 > 0 @ 298 °C > 200 62

Co Cl2 Hhfac, Hacac 2 @ 140 °C ≥ 140 79

O2 Hhfac - ≥ 352 57

CoFeB Cl2 Hacac 1.5 @ 150 °C 150 80

Cu O2 Hhfac 0.9 (O2) @ 275 °C 275 81

Cu O3 Hhfac 84 @ 210 °C > 127 58,81

Fe Cl2 Hacac 50 @ 140 °C > 135 82,83

Ga2O3 HF BCl3 1.2 @ 200 °C ≥ 150 67

HF TMA 1.1 @ 250 °C 250 67

HF DMAC 1.3 @ 250 °C 250 67

HF TiCl4 0.82 @ 250 °C 250 67

HF Ga(NMe2)3 0.21 @ 250 °C 250 67

Continued on next page
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Table 2.1 – Continued from previous page

Etch target
Reactants for

surface modification
Reactants for
volatilization

EPC [Å] Tetch[°C] References

HF Ga(Me)3 1 @ 300 °C 300 67

(c-)GaN XeF2 BCl3 0.55 @ 195 °C ≥ 170 84

HF BCl3 0 @ 250 °C - 84

SF4 BCl3 0 @ 250 °C - 84

HfO2 HF TMA 0.1 @300 °C 300 44,61,76

HF DMAC 0.08 (c-); 0.68 @250 °C ≥ 200 44,61,76

HF TiCl4 0.02 (c-); 0.36 @250°C 250 61

HF SiCl4 0.05 @350 °C 350 44

HF Sn(acac)2 0.06 @200 °C ≥ 200 44

SF4 DMAC 0 (c-); 0.5 @250 °C 250 61

SF4 TiCl4 0.08 (c-); 0.7 @250 °C 250 61

XeF2 TiCl4 1.26 (c-); 1.96 @250 °C 250 61

HfZrO2 HF DMAC 0.16 (c-); 0.69 @250 °C 250 61

HF TiCl4 0.04 (c-); 0.35 @250 °C 250 61

SF4 DMAC 0 (c-); 0.49 @250 °C 250 61

SF4 TiCl4 0.25 (c-); 0.62 @250 °C 250 61

XeF2 TiCl4 1.71 (c-); 2.07 @250 °C 250 61

InGaAs HF DMAC 0.24 @300 °C > 250 85

InAlAs HF DMAC 0.62 @300 °C > 250 85

Ni SO2Cl2 PMe3 1.5 - 4.6 @175 °C ≥ 75 86

Si O2, HF TMA 0.2 - 0.4 @290 °C ≥ 225 87

Si3N4 O2, O3, HF TMA 0.25 (O2), 0.47 (O3) @290 °C ≥ 210 88

SiO2 HF TMA 0.3 @350 °C > 300 69,74

CHF3 TMA 0.1 @350 °C > 350 69

TiN O3 HF 0.2 @250 °C ≥ 150 89

Continued on next page
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Table 2.1 – Continued from previous page

Etch target
Reactants for

surface modification
Reactants for
volatilization

EPC [Å] Tetch[°C] References

H2O2 HF 0.15 @250 °C ≥ 250 89

TiO2 WF6 BCl3 0.6 @170 °C ≥ 170 47

VO2 SF4 Sn(acac)2 0.3 @200 °C 200 77

HF Sn(acac)2 0.1 @200 °C 200
W O2, O3, BCl3 HF 2.56 @207 °C ≥ 128 20

O2, O3 WF6 6.3 @300 °C ≥ 275 90

O2, O3 WCl6 7.3 @205 °C ≥ 200 21

WO3 BCl3 HF 4.18 @207°C ≥ 128 20

ZnO HF TMA (c-) 2 @265 °C > 205 91

ZrO2 HF TMA 0.01 @300 °C 250 44

HF TiCl4 0.26 (c-); 0.61 @250 °C 250 61

HF DMAC 0.82 (c-); 1.11 @250 °C 250 44,61

SF4 TiCl4 0.36 (c-); 1.08 @250 °C 250 61

HF SiCl4 0.14 @350 °C 350 44

SF4 DMAC 0.34 (c-); 0.46 @250 °C 250 61

XeF2 TiCl4 1.75 (c-); 2.69 @250 °C 250 61

HF Sn(acac)2 0.14 @200 °C ≥ 200 44
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2.4.1 Surface modification

The surface modification is a crucial step in ALEt where a part of the initial
etch target surface layer is altered.15 Depending on the number of elements
in the etch target layer, in the surface modification step, the reactant(s) may
either add or exchange element(s) with the etch target surface layer. In
some cases, such as metal nitride or elemental (zero oxidation state) films,
two subsequent surface modifications may be required. Often in surface
modification, a change in the oxidation state of the elements in the etch
target layer and an increase due to molar volume expansion in thickness are
encountered.15,61 Surface modification may involve oxidation, conversion, or
halogenation reactions. These are briefly explained below with some
examples.

• Oxidation: In oxidation, the substrate is exposed to either oxygen or
halogen containing gaseous species.48 The oxidation can be performed
by gaseous O2, O3, H2O, Cl2 (can be also considered as halogenation)
etc.48 This step is commonly employed to increase the oxidation state
of the elements in the target films. Mostly in the metal containing
volatile etch products, metals exist in higher oxidation states (> +2). The
correct oxidation state is necessary to ensure the formation of stable
and volatile etch products.15 In an overall oxidation step, either oxygen
or halogen atoms are added to the initial surface layer. The oxidation is
usually accompanied by an increase in the total thickness. The
oxidation step is critical for thermal etching of elemental (atoms with
zero oxidation state) and some metal nitride films.

In the literature, the ALEt processes of elemental films such as Si, Ge, W,
Co, Cu, Fe, Mo and Ni are reported and summarized in Table 2.1. Most Si
compounds that are volatile have Si in the +4 oxidation state. Therefore
in the first step, Si is converted to SiO2 and then, the top SiO2 layer is
etched in a manner explained in the later paragraphs.

• Conversion: Another example of the surface modification is by
chemical conversion.15 In the conversion step, the etch target is
exposed to reactants that convert the original metal oxide to another
metal or non-metal oxides.15 The conversion step may or may not
involve a change in the oxidation state of the elements. In the
conversion step, the altered surface layer is either more reactive than
the original layer or is able to form stable and volatile etch products
upon reacting with the second reactant in the volatilization step. The
conversion step is important for films that would be otherwise etched
spontaneously and therefore the intermediate conversion step is
needed to control the etch per cycle. In addition, the conversion step is
necessary for films that do not easily form volatile etch products. The
examples of the etch target layers that require conversion steps are
WO3, ZnO and SiO2.15 The total film thickness can also change in this
step.

ALEt of SiO2 and ZnO involve slightly different etching mechanisms,
where after TMA exposure, Al2O3/aluminosilicate (on SiO2) and Al2O3
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(on ZnO) surfaces are left behind.74,91 A part of ZnO is also etched
during the TMA exposure in the form of ZnMe2 species.91

• Halogenation: The halogenation step involves the exposure of the
etch target to halogen containing gases such as HF, WF6, Cl2, SF4, XeF2,
etc.48 This step may involve a change in the oxidation state of the
elements in the target films. Halogenation of metals is also an
oxidation step, however, fluorination of metal oxides may not change
the oxidation number of the metal atoms, e.g. aluminum exists as Al3+

in both the original layer (Al2O3) and the fluorinated layer (AlF3).39 For
converting Al2O3 to AlF3, reagents like HF, SF4 and CHF3 are used at
elevated temperatures (≥150 °C). Similarly, other oxides such as HfO2,
Ga2O3, (HfZr)O2 [HZO], VO2, and ZrO2 are fluorinated using either HF,
SF4, XeF2, or WF6. The existence of reactive but non-volatile metal
fluorides such as AlF3, HfF4, ZrF4, and GaF392 is a prerequisite for a
successful surface modification step by fluorination. At a given process
conditions, the formed metal fluoride layer should act as a barrier for
further reaction because in this way a self-limiting modification is
achieved.93 Other metal oxides such as TiO2, V2O5, Ta2O5, and WO3
form volatile metal fluorides upon complete fluorination. VF5, TaF5, and
WF6 are all volatile above 200 °C while TiF4 sublimes at 284°C.39,92

The surface modification steps are not necessarily limited to the surface
only, as there is some possibility of diffusion occurring deeper into more
than several monolayers of the thin films.48,94,95 Usually gas-solid reactions
result in a concentration gradient of added atoms in a solid such as the top
surface vs. sub-surface layers. This results in diffusion of added atoms from
the surface toward the bulk of the solid.48,96 The diffusion process is
promoted at higher temperature, partial pressure of gas, time, and defects
in the solids, and depends on the phase of the host material.48,58,75,96–99

However, under given conditions, the in-diffused atoms can form a
chemically modified layer that serves as a diffusion barrier96,100 and hence, a
self-limiting modification step is achieved.38,44,48,75,94,97 Therefore, such
diffusion assisted modification step may result in thicker modified layers
that may show self-limiting behaviour. In addition, one can employ more
than one surface modification step in ALEt.20,87,88

2.4.2 Volatilization

Volatilization is a process of turning the solid modified surface layer into
gaseous species that are then released into the vacuum. In ALEt, the
volatilization step follows the surface modification step. The actual removal
happens when the modified layer is volatilized by the reactants or the
temperature. Hence, this is defined as a volatilization step.38,39,49,101 This step
may involve ligand-exchange (including halide-exchange), chelation and
adduct formation reactions with the species on the modified surfaces.15,102

Volatilization usually occurs in a spontaneous fashion, i.e. it continues as
long as the modified layer is present and stops when the original surface is
revealed.15,48,81,103 Therefore, the EPC in ALEt is dependent on the thickness
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of the modified surface layer.48,75 Various types of chemical reactions taking
place during the volatilization step are briefly described below.

• Ligand-exchange: In the ligand-exchange, the ligands attached to the
cations on the modified surface layer are exchanged with the ligands of
the incoming gaseous reactants. This ligand-exchange causes atoms on
the modified surface to form volatile species. Therefore, the modified
surface is removed. An example of the ligand-exchange reaction is
between gaseous TMA (AlMe3) molecules and AlFx species on the
modified surface which produces volatile products such as AlMe2F,
AlMe3-AlMeF2 and AlMe2F-AlMe2F.45,103 The AlF3 layer can also be
volatilized using reactants such as AlMe2Cl and Sn(acac)2, which
undergo ligand-exchange reactions with the surface bound ligands. As
summarized in Table 2.1, for the metal oxides, reactants used for the
ligand-exchange reactions are AlMe3, AlMe2Cl, Sn(acac)2, SiCl4, TiCl4,
BCl3, GaMe3 and Ga(NMe2)3.

In the case of SiO2, the AlMe3 converts a part of the SiO2 layer to
Al2O3/aluminosilicate layer. The converted layer is then fluorinated by
HF to form AlF3/silicate layer and is then volatilized using a subsequent
AlMe3 pulse in the form of AlFxMey and SiFxMey species.74 In the ZnO
ALEt, the top ZnO layer is converted to Al2O3 by AlMe3. During the
conversion step, the Zn from ZnO is volatilized in the form of ZnMe2
gaseous species. In a subsequent HF pulse, the Al2O3 layer is
fluorinated to AlF3 which is then volatilized during the AlMe3 pulse.

• Chelation: Volatilization by a chelation reaction with β-diketones such
as Hacac, Hthd, and Hhfac is well reported in the literature.15,48,58,104 For
example, etching of copper and cobalt is performed using an
oxidation-chelation reaction.79,81 Co metal is first oxidized to CoOx
using O281 or chlorinated to CoClx using Cl279 and the volatilization of
the modified layer is performed using either Hhfac or Hacac. The
volatile species are proposed to be CoClx(hfac)y, Co(hfac)2, HCl, and
H2O.15 Similarly, Cu is first oxidized to CuOx using either O2 or O3 and
the volatilization step was performed using Hhfac.58

• Adduct-formation: Modified layers can also be volatilized using neutral
electron donor species like PMe3.86 Ni surface is first modified to NiCl2
which is further reacted with PMe3 to form a volatile adduct NiCl2(PMe3)2.

2.5 Challenges in ALEt

Like any other etching or deposition technique, ALEt comes with its own
challenges7,15,105 that are discussed here.
Despite its rapid development in the past seven years, ALEt faces many

challenges. One of the key challenges is the use of strong fluorinating agents
and the associated concerns about toxicity, contamination, and
compatibility.106–108 Compatibility concerns can arise from hardware,
process integration, or both. In semiconductor industry, various
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fundamental processes such as etching, deposition and cleaning utilize
fluorine containing gases or solutions.109,110 However, in ALEt and CVE, the
use of strong fluorinating agents in their gaseous form at elevated
temperatures (e.g. > 200 °C) is expected to enhance the corrosion of the
processing equipment and its parts. To prevent such corrosion, various
protection layers are required. From Table 2.1, it is clear that most ALEt
processes utilize anhydrous or concentrated HF mixtures (such as
HF:pyridine) and therefore, the storage and delivery of aggressive HF
reactant has to be taken into account. Otherwise, one has to look for
alternatives. Moreover, to mitigate the environmental impact of fluorinating
agents, careful design and compatible scrubber systems are necessary.
In ALEt, the modification step may involve diffusion-assisted conversion

that can pose challenges in achieving the uniform modification of crystalline
materials. Diffusion of halide or oxide ions is usually faster along grain
boundaries, and this can change the film properties and hence, can have a
deteriorating effect.111–113 Moreover, the grain boundary diffusion can
impart contamination from the ALEt process chemistries into the bulk films.
Isotropic etching of single crystalline materials is also challenging using ALEt.
Etching of materials containing more than two elements can involve
preferential etching of one atom over the others, thus, causing composition
variation on the surface of the remaining films. Nevertheless, this can be
sometimes mitigated using optimized etch chemistry, process parameters or
choosing the hybrid-ALEt (plasma + thermal) approach. Furthermore,
incomplete gas-surface reactions may leave contaminants that must be
removed using extra steps, such as exposing the etched surfaces to H2O.62,69

Another challenge inherent to ALEt is slow processing, similar to that of
ALD. In ALEt, especially of high-aspect 3D topologies as in VNAND structures
long purges may be needed to minimize any overlap between surface
modification and volatilization steps as well as to remove by-products
efficiently, especially from the deep non-line-of-sight features.
Although the reported ALEt processes are capable of etching various

metal oxides and nitrides, the list is by no means complete.15,17 On the
contrary, only a few metal ALEt processes have been reported so far.
Therefore, a lot of effort would be needed to develop new metal ALEt
processes.15 There is also an increasing demand to develop ALEt processes
that can be customized to etch one material over another, because the
material selectivity is becoming increasingly important. Moreover,
understanding of ALEt mechanisms is important to expand its scope to
other materials and requires sophisticated analysis techniques such as
in-situ spectroscopic ellipsometry, Fourier-transform infrared spectroscopy,
mass spectroscopy, etc.40,47,74,88

Regardless of the above challenges, ALEt and its derivatives such as hybrid-
ALEt have a huge potential in becoming a mainstream etch technology of the
future.
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3.1 Experimental setup

All etching experiments (details in the published articles [I, III, IV]) were
performed using two similarly designed commercial reactors, of the Pulsar®

type 2000 (P2000) manufactured by ASM Microchemistry Oy. Both
apparatus are hot-wall, cross-flow type reactors, designed to process 200
mm silicon wafers. The main difference between the two reactors was that
the one was made of titanium and the other one was made of nickel. The
etching experiments using NbF5 and CCl4 chemistries were performed in the
titanium-made P2000 reactor which was operated under isothermal
conditions to a maximum Tetch of 460 °C. The other nickel-made P2000 was
used for SOCl2 chemistry, operated at isothermal conditions. The maximum
obtainable temperature of the nickel-made P2000 reactor was 370 °C. Both
P2000 reactors had a corrosion protective coating of SiO2 to prevent any
interaction between the etchant and the chamber walls. Using separate
reactors to study different chemistries not only allowed parallel processing
but avoided any overlap between different processes (NbF5-CCl4 vs. SOCl2)
which reduced maintenance costs. Prior to any etching, all target substrates
were kept in the vacuum chamber for 5 minutes in order to ensure
stabilization of the wafer surface temperature. The chamber pressure in all
etch experiments was between 2 and 4 Torr.
For the SiGe etching experiments (described in article [II]) a home-built,

warm wall, hot-stage, cross-flow reactor made of stainless steel was used,
which was fitted with in-situ spectroscopic ellipsometer. The detailed
experimental setup is described in the earlier report by Aziz et al.87 The
substrate temperature was varied from 225 to 290 °C while the reactor walls
were kept at 160 °C.

3.2 Etch target thin films

Most etch-target thin films (SiO2, Al2O3, HfO2 and Si3N4) were deposited on
p-type 200 mm silicon wafers with about 1.5 nm native oxide. However, TiN
thin films were deposited on 22 nm thermally grown SiO2. The SiO2
etch-target films were either 20 nm thermal SiO2 (TOx) grown at high
temperature using an oxidation process114 or 15 nm SiO2 grown in-house
using the plasma enhanced atomic layer deposition (PEALD) technique.115

High quality Si3N4 films of about 30 nm in thickness were produced by Low
Pressure Chemical Vapor Deposition (LPCVD).116

Al2O3 films were deposited at 300 °C by the trimethylaluminum (TMA)
and water vapor ALD process.117 HfO2 films were deposited at 300 °C by the
hafnium tetrachloride (HfCl4) and water ALD process.118 The thickness of the
HfO2 films ranged from 25 to 40 nm. TiN films were deposited on 22 nm
thermal oxide at 400°C by thermal ALD process utilizing TiCl4 and NH3.119

19
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The TiN films used in these etch experiments were 10 to 50 nm in thickness.
TiN grown without an air break was also subjected to the etching
experiments.

About 100 nm SiGe films grown by physical vapor deposition (PVD) were
supplied by Hionix Inc. Rutherford backscattering spectrometry (RBS)
revealed their composition to be Si0.15Ge0.85 [II]. For simplicity, we use the
SiGe notation throughout the thesis. The SiGe films were deposited on 100
nm SiO2 covered Si substrates.

3.3 Etchants and process gases

The etchants used for the ALEt of Al2O3, TiN, HfO2, Si3N4 and SiO2 were NbF5,
CCl4, and SOCl2. For the SiGe etching, the etchants were HF, TMA, and the
oxidizing agents were O3/O2 and O2.

NbF5 (≥ 99.5%pure) is a solid powder andwas purchased fromabcr GmbH,
(Germany). Despite being solid, NbF5 has sufficient vapor pressure (about 0.1
Torr at 45 °C120). Therefore, the NbF5 vessel was kept at 45-50 °C and N2 as
an inert carrier gas was used to transport the NbF5 vapors into the reaction
chamber, commonly known as vapor-push mode. The gas-transport line was
kept at 70 °C to prevent any condensation in the lines. There was no needle
valve in the delivery line of NbF5 because of its low vapor pressure. A particle
filter was installed in the NbF5 delivery line to avoid blowing the precursor
particles into the chamber and onto the wafer surface.

CCl4 (anhydrous, ≥ 99.5%) was bought from Merck KGaA (Germany). The
CCl4 vessel was held at room temperature. CCl4 has high vapor pressure of
about 90 Torr at 20 °C121 and was therefore delivered by the vacuum-draw
mode with a needle valve attached at the delivery line to control its dose.

SOCl2 was supplied by Seastar Chemicals Inc. (Canada), with ultra-high
purity (> 99.9999 %) and extremely low metal contamination (< 1 ppb). Since
it has a sufficiently high vapor pressure of about 93 Torr at 20°C,122 the
vessel was kept at room temperature. SOCl2 was delivered by the
vacuum-draw mode and the dose was controlled by a needle valve.

For both the inert gas purges and the carrier gas (for the vapor-pushmode
in the case of NbF5), nitrogen was used. Purge gas flows were controlled by
needle valves. The purity of the carrier gas was 5.0 (99.999 %) and it was
further purified by an Entegris purifier to a 6.0 (≥ 99.9999 %) purity level.

For the SiGe etching, HF from an HF-pyridine solution (70 % by wt. and
purchased from Sigma-Aldrich) was used. The HF-pyridine source vessel
(gold coated from inside to prevent any corrosion) was kept at room
temperature. TMA bought from Sigma-Aldrich was kept at room
temperature. The high purity N2 (6.0) was used as a carrier as well as purge
gas. The oxygen used was an industrial grade, supplied by Airgas and the
same was fed into the ozone generator from O3ONIA, Switzerland. The O3
concentration was about 220 g/cm3.
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3.4 Film characterization techniques

Several techniques such as spectroscopic ellipsometry (SE), weighing
balance, resistivity mapping (ResMap), X-ray photoelectron spectroscopy
(XPS), X-ray reflectivity (XRR), X-ray diffraction (XRD), and transmission
electron microscopy (TEM) were employed to characterize the ALEt
processes.

For the thicknesses and the optical constants of Al2O3, TiN, HfO2, Si3N4
and SiO2 thin films, an SE-800 spectroscopic ellipsometer from SENTECH
Instruments GmbH, (Germany) was used. In contrast, the SiGe ALEt was
monitored using an in-situ SE tool from J.A. Woollam Co. (model: M-2000 UI).

The removed thickness, phase, surface roughness, and density of the films
weremeasured by XRR/XRD. For that, an Xpert PROMRD X-ray diffractometer
fromMalvern Panalytical Ltd (United Kingdom) was used. For consistency, the
center points of the wafers were chosen as the measurement spots.

An SAG 204 balance from Mettler Toledo with a resolution of about 0.1
mg was used for weight measurements. The EPC and the removed thickness
values were extracted by using a simplemass-density-volume relationship, as
previously described.123

Transmission electronmicroscopywas executedby Evans Analytical Group
(EAG), California. For the imaging an FEI Tecnai TF-20 FEG/TEMoperated at 200
kV was used in the bright-field TEM mode. For the sample preparation, an in-
situ focused ion beam (FIB) lift-out technique on an FEI Dual Beam FIB/SEM
was used. Prior to the ion milling, the samples were carbon coated followed
by sputtering iridium on top. The thickness of the TEM lamella was about 100
nm.

In articles [I, II, IV], the surface compositions as well as the elemental depth
profiles were determined with the help of XPS. The XPS system used here was
a K-Alpha+ fromThermoScientificTM. The Al-Kα (1486.6 eV / 15 kV) X-ray source
was used with a spot size of 400 µm. In the XPS depth profile measurements,
an argon ion energy for sputtering was set to 1 keV. For the high resolution
survey scan, a total of 10 scans were performed with a pass energy of 200
eV, and an increment of 0.5 eV. Quantification of the atomic concentrations
was performed on Thermo Avantage data analysis software (v5.9921) which
utilized the relative sensitivity factors (RSF) from its library. The RSF values
for Ti2p3, N1s, O1s, C1s, Si2p3, Cl2p(2p3), F1s, Nb3d5 and Al2p are 4.4, 1.7,
2.9, 1.0, 0.6, 2.7(1.8), 4.1 and 0.6, respectively. The binding energies of the
elements were calibrated using a reference C1s signal peaked at 284.6 eV.

For the HfO2 etching, surface composition investigations were performed
with XPS using PHI Quantera SXM equipment. Monochromatic Al-Kα (1486.6
eV/15 kV) X-rays at a take-off angle of 45° were used. The analysis chamber
pressure was 3 X 10-6 Pa. In the depth profile measurements, the argon ion
energy was set at 1 keV and the X-ray spot size was 100 µm. The pass energy
of 140 eV was used. The detection limit of this particular tool is about 0.1 - 0.5
atomic percent.
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3.5 Computational chemistry

The basic thermodynamic calculations for various chemical reactions
discussed in articles I, II, and section 4.5.2 were performed using HSC
software. The DFT (density functional theory) investigations discussed in the
article [III] were carried out by Dr. Simon D. Elliot, while the computations in
the article [IV] were performed by Dr. Suresh Kondati Natarajan together
with Dr. Simon D. Elliot.
In section 4.1 and article [III], the Schrödinger’s Materials Science Suite124

was used to perform the DFT investigation of the etch mechanism. The
atomic-scale surface models and the gaseous molecules were created and
optimized under periodic boundary conditions with the
Perdew-Burke-Ernzerhof (PBE) functional.125 PBE approximations are
universally applied to both molecules and solids, including metals.126

Moreover, the relative quantities such as energy differences, bond length
changes, and frequency shifts are studied more accurately with PBE.126 The
PBE ultrasoft pseudopotentials127 and Monkhorst-Pack k-point sets128 were
implemented in the Quantum ESPRESSO code,129,130 more details are
discussed by Suresh et al.131 Reaction energies ∆E for possible surface
conversions by the reactants were calculated using DFT.
The Gibbs free energy of a system at any time and given temperature T is

defined as:

G = H − TS (3.1)

where H is the enthalpy and S is the entropy of the system. Most likely,
the etching is driven by the entropy and therefore in order to accurately
determine the changes in the Gibbs free energies (∆G), the effect of
temperature (T ) and reactant (Pr) as well as product (Pp) pressures must be
considered.93 Thus, the change in the Gibbs free energy for ideal gases at
constant volume is given by 3.2:93

∆G = ∆H − T∆S +RT ln(
∏

Pnp
p /

∏
Pnr
r ), (3.2)

∆H = ∆E +∆ZPE +∆W (T ), (3.3)

where the number of gaseous molecules in the reactant and the product
states are given by ’nr’ and ’np’, respectively. R is the gas constant. As
defined in 3.3, ∆H includes the electronic energy (∆E) of the system at 0 K,
the zero point energy change (∆ZPE) and a contribution from the
temperature dependent enthalpy change (∆W (T )).93 If ∆G is < 0 the
reaction is said to be exergonic (favourable), otherwise it is endergonic
(unfavourable).93

In article [III], for the etchants Pr of 0.1 Torr is used. In an equilibrium, Pp=sPr
is assumed. In contrast, the sticking coefficient ’s’ is an unknown reactant
parameter and is generally in the range 10−2 to 10−4 for ALD precursors132

and here the value of ’s’ used is 10−3.
For the TiN etching described in [IV], the quantum chemical computations

were performed on Vienna Ab initio Simulation Package (VASP v5.3).133,134 The
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’freeh’ tool in the TURBOMOLE suite135 and the Phonopy code136 were used
to obtain H as well as S for the gaseous and the bulk systems. The Pp is not
controlled in an etch reactor and it is typically much lower than the Pr and the
Pp of 0.01 Torr was chosen for our calculations.





Chapter 4: Results and discussion
In this chapter, key findings obtained during the course of this PhD study are
summarized. Section 4.1 discusses the etching of Al2O3 and is based on
publication [III]. TiN etching is detailed in the sections 4.2 and 4.3, and the
findings are published in the articles [I, IV]. In the section 4.4, a summary of
SiGe etching is provided which is covered in the article [II]. The section 4.5 is
dedicated to an unpublished work on HfO2 etching. Finally, in section 4.6 the
activation energies for various etch processes are determined using
Arrhenius plots.

4.1 Al2O3 etching by NbF5-CCl4

Amorphous Al2O3 was etched by alternate exposures of NbF5 and CCl4
vapors at elevated temperatures (380 - 460 °C). This section discusses the
predicted etching mechanism as investigated using the first-principles
density functional theory (DFT) implemented in the Schrödinger’s Materials
Science Suite.124 Enthalpies and Gibbs free energies that include the effect
of temperature as well as reactant pressure for several reactions were also
calculated. The main results of the etching experiments of Al2O3 are
reported in 4.1.2.

4.1.1 DFT investigations of the etch-mechanism

For the alumina surface, the θ-Al2O3 (2̄ 0 1) periodic slab model was used. The
ions in this polymorph have similar coordination environment as those in the
amorphous as-deposited Al2O3.137 Based on the stability, a 2×1 expansion of
a 3-layer (2̄ 0 1) slab was selected as a representative surface model and is
described in [III].

a) c) d)b)Al
O

F Cl

Figure 4.1: Structural models optimized with DFT for (a) bare Al2O3 surface
with 0% halides, (b) surface covered with 166%-F, (c) 100%-F, (d) 100%-Cl.
Reproduced from [III], Copyright © 2021 Authors, Published by American
Chemical Society, distributed under a Creative Commons (CC BY 4.0 cb)
License.

Figure 4.1 a) depicts the bare θ-Al2O3 surface. In Figures 4.1 b)-d), the
halide (F or Cl) covered surfaces were generated by replacing an oxide
dianion (O2–) with two halide monoanions (F– or Cl–) in the topmost layer of

25
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the Al2O3 slab, in order to keep the stoichiometry and charge neutrality. The
maximum level of chlorination was determined to be 3 Cl per 4-coordinate
Al (i.e. 12 Cl per 2×1 cell), and this is designated as 100%-Cl covered Al2O3
surface. Higher Cl coverages led to the spontaneous desorption of AlCl3
molecules during the optimization step. On the contrary, because AlF3 is
practically non-volatile (sublimes above 1000 °C)92,138 at temperatures below
500 °C, fluorinated Al2O3 can reach up to 166%-F (i.e. 20 F per 2×1 cell). This
excess fluorination is energetically favourable and creates structural motifs
similar to AlF3. In the DFT studies, inter-conversions between the fluorinated
(166%-F and 100%-F), chlorinated (100%-Cl) and bare 0% alumina surfaces as
shown in Figure 4.1 were investigated (more details in [III]).
The DFT simulations were targeted to predict the etching mechanism.

Numerous reactions and by-products are possible, and the goal was to
identify surface transformations that are thermodynamically favourable at
the process conditions. The simulations can reveal the saturated surface
after each exposure of the reactant during the etching cycle and the
corresponding EPC values. In reality, etching is a non-equilibrium process
which is controlled by the reaction kinetics. Moreover, because of the
continuous removal of by-products from the reactor, the desorption of the
by-products from the surface becomes an irreversible process. Detailed
study on the surface adsorbates, intermediates, reaction pathways and
associated reaction kinetics with DFT is beyond the current scope and can be
studied in the future. The reactions computed here are concluded to be
thermodynamically feasible if ∆G < 0 at a given temperature. These feasible
reactions may still face a high kinetic barrier and therefore, are not
necessarily observed on the experimental timescale. Due to the lack of
kinetic data, the assumption is that for a family of competing reactions, the
kinetic barriers scale with the reaction energies, and therefore the most
feasible reaction is likely to be the most kinetically favourable one.
In an ALEt process, the gaseous reactants interact with the target surface,

one at a time. However, during the individual reactant exposure steps,
surface-bulk diffusion may also take place. The net effect of a cycle is the
removal of Al2O3 layer and regeneration of surface functionalities. During
the surface-bulk diffusion, the surface adsorbates can penetrate into the
bulk of the film and cause various effects such as conversion/fluorination,
structural reorganization, etching, etc. Therefore, the most simple yet a valid
way to assess the viability of ALEt is to compute the bulk etching
thermodynamics.
Initially, the thermodynamic favourability of the reactions between either

reactant and the bulk alumina was considered (more details are given in [III]).
NbF5 reacts with aluminumoxide according to the reactionR1 in Table 4.1 and
the DFT calculation yields ∆E = +140 kJ/mol-NbF5 and ∆G300 °C = -100 kJ/mol-
NbF5. This highly positive ∆E means the reaction is highly endothermic but
favourable due to the large negative change in the Gibbs free energy.
However, according to the reaction R7 in Table 4.1, the bulk alumina is

more readily etched by CCl4 alone. For R7 ∆E = -18 kJ/mol-Al2O3 and ∆G300 °C

= -248 kJ/mol-Al2O3. However, no etching was observed experimentally with
CCl4 alone (Figure. 4.3 a)), which can mean that the kinetic barriers are not
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breached. Furthermore, DFT simulations show that the CCl4 molecule does
not adsorb efficiently on a bare surface of alumina. Hence, after considering
R1 and R7, the single-etchant reactions are excluded, and only reactions that
remove either Al or O, but not Al and O simultaneously are considered. This
is the key requirement for a successful self-limiting ALEt process.
Now, according to R2, the conversion of bulk alumina into solid aluminum

fluoride is as follows.

R2: Al2O3(s) + 3NbF5(g)→2AlF3(s) + 3NbOF3(g)

For R2, the computed ∆E = -24 kJ/mol-NbF5 and ∆G300 °C = -58 kJ/mol-NbF5
(Table 4.1).
Moreover, R3 shows the conversion of the bulk alumina surface into a

100%-fluorinated surface, which in terms of thermodynamics is similar to R2
(for R3: ∆E = -27 kJ/mol-NbF5 and ∆G300 °C = -60 kJ/mol-NbF5). However when
compared to R3, the additional fluorination of the surface is less but still
favourable (e.g. R4: ∆E = +0.8 kJ/mol-NbF5 and ∆G300 °C = -33 kJ/mol-NbF5 for
fluorination from 100%F to 166%F). This indicates that the surface
conversion does not self-limit when the fluorination reaches 100%F. This is
consistent with the experimental findings discussed in the section 4.1.2.
In a nutshell, the DFT calculations show that the continuous fluorination

of alumina into aluminum fluoride is favourable under experimental
conditions. Though, the degree to which the actual conversion takes place is
dependent on the kinetics of reactions between NbF5 and bulk Al2O3.
Therefore, it is proposed that the conversion step is determined by the
kinetics of diffusion at the Al2O3-AlF3 interface. The prolonged NbF5
exposure therefore fluorinates not only the surface layer but possibly the
sub-surface layers as is experimentally verified in Figures 4.3 b) and 4.4.
Next, possible reactions are investigated between the fluorinated

surfaces (100%F- and 166%F-slabs) and the gaseous CCl4. According to the
DFT calculations, the energetically most favoured products are CFCl3 and
AlCl3 as shown in Table 4.1 (more details in [III]). CFCl3 is likely the product of
a halide-exchange reaction between CCl4 and the fluorinated surface:

R10: 100%F-slab+ 12CCl4(g)→100%Cl-slab+ 12CFCl3(g)

which is endoergic across a wide temperature range (∆G300 °C = +41
kJ/mol-CCl4). The reaction becomes more favourable when Al is
simultaneously etched away as AlCl3, as shown by R11 with computed
∆G300 °C = +4.3 kJ/mol-CCl4 for partial etching:

R11: 100%F-slab+ 12CCl4(g) + 2/3Al2O3(s)→66%Cl-slab+ 12CFCl3(g) + 4/3AlCl3(g)

and ∆G300 °C = -58 kJ/mol-CCl4 for complete etching to a bare surface as
shown by R13.

R13: 100%F-slab+ 12CCl4(g) + 2Al2O3(s)→0%-slab+ 12CFCl3(g) + 4AlCl3(g).
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Finally, a highly favourable (∆G300 °C = -329 kJ/mol-CCl4) overall ALEt
reaction is obtained:

R15: Al2O3(s) + 3NbF5(g) + 6CCl4(g)→2AlCl3(g) + 3NbOF3(g) + 6CFCl3(g).

According to R15, the etch products of Al2O3 ALEt are most likely the
gaseous AlCl3, NbOF3 and CFCl3.

Etch per cycle: The DFT calculations predicted a theoretical EPC of 1.2
Å for 100%F-slab coverage, according to R13. However, for prolonged
fluorination as in R4 and R5, an EPC of 1.7 Å is achieved as per R14. In the
etching experiments, an EPC of 1.5 Å was recorded for 3.0 s NbF5 and CCl4
pulse lengths (Figure 4.2), which is consistent with a coverage of about
120%F for etching following R15.
Within the experimented range, the etch temperature is the most critical

parameter that affects the EPC. At higher temperatures (i.e. ≥380 °C), higher
EPC values were recorded. No etching was observed at temperatures below
380 °C. The DFT calculations did not show any reasons for this behaviour.
Therefore, the temperature dependence is likely due to the kinetics of
diffusion and structural reorganization at the Al2O3-AlF3 interface. After
examining the DFT computed structures, it is pointed out that the atoms
near the surface have to reorganize so that aluminum takes a low
coordination number (i.e. 4 at the surface rather than 6 in bulk) which is a
pre-requisite for the volatilization to occur.

4.1.2 Etching experiments

Al2O3 ALEt was investigated by measuring changes in the EPC in response to
various process parameters. The parameters that were considered to have an
impact on the EPC are etching temperature, NbF5 and CCl4 pulse times. 6.0
s long N2 purge steps were introduced after each reactant exposure. Partial
pressures of the reactants were difficult to control and were not included in
the study. Both reactant pulse times were varied from 0.5 to 3.0 s and the
etch temperature from 380 to 460 °C.

Effect of reactant pulse times: Figure 4.2 a) shows that the EPC increases
with increasing NbF5 pulse time when the rest of the parameters are fixed.
The fixed parameters are the etch temperature, pressure, source
temperatures, number of etch cycles, the CCl4 pulse time and the both purge
times. In Figure 4.2 a) an EPC of 1.5 Å at 3.0 s NbF5 pulse time is noted. EPC
response with varying NbF5 pulse time shows no saturation up to 3.0 s. An
increase in the EPC with the NbF5 pulse time can be explained by
diffusion-assisted fluorination of the Al2O3 surface that does not self-limit to
a monolayer, which is consistent with the DFT calculation. In addition, the
increase of EPC could also be due to an increase surface roughness,
however, the surface roughness did not significantly increase when
measured by AFM (see Figure 4.6).
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Figure 4.2: An etch per cycle of Al2O3 with varying: a) NbF5 pulse time, and b)
CCl4 pulse time. The etch temperature was fixed to 460 °C while each purge
time was set to 6.0 s. For every data point a total of 150 etch cycles were
performed. Reproduced from [III], Copyright © 2021 Authors, Published by
American Chemical Society, distributed under a Creative Commons (CC BY 4.0
cb) License.

Figure 4.2 b) shows an EPC of about 1.1 Å for CCl4 pulse times between
0.5 and 1.75 s and 1.4 Å for 3.0 s CCl4 pulse time. This could indicate the
self-limiting nature of the removal step that is limited by the amount of AlFx
available at the surface for CCl4 to react with. The increase in the EPC at 3.0 s
CCl4 pulse time can be due to insufficient purging of CCl4molecules resulting
in CVE type of reaction due to partial overlap between the NbF5 and CCl4
pulses in the reactor.

Effect of Temperature: Figure 4.3 a) displays the EPC values at various
temperatures for Al2O3 (blue or red), SiO2 (yellow) and Si3N4 (green) films.
The figure shows that Al2O3 was etched only by the binary chemistry, i.e.
NbF5 - CCl4 (red curve). CCl4 alone is unable to etch Al2O3 (blue curve) within
380 - 460 °C, as was also confirmed by XPS, XRR/D, SE and TEM (see
Figure 4.5). SiO2 and Si3N4 were not etched by the binary process or either of
the single reactant. This provides the etch selectivity: the binary process
removes Al2O3 but neither the SiO2 nor the Si3N4 from the same substrate.
Moreover, no significant etching of Al2O3, SiO2 or Si3N4 was observed at
temperatures below 380 °C.
To study the extent of fluorination and verify the DFT prediction, an

excessive fluorination step was performed. At 460 °C, 150 and 850 NbF5
pulses, and at 400 °C, 150 and 900 NbF5 pulses of 3.0 s length were delivered
on Al2O3 films. Each NbF5 pulse was separated by 6.0 s N2 purge step, to
ensure the regeneration of NbF5 vapors in the source vessel. Afterwards, the
thicknesses of the formed AlFx[O] layers was measured using SE (Figure 4.3
b). Upon prolonged fluorination, a significant part of Al2O3 was converted to
an AlFx[O] layer. The figure shows the self-limiting nature of the fluorination
step and the temperature dependence that shows the fluorination likely
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involves diffusion of fluoride ions. The excessive fluorination was further
confirmed by XPS (see Figure 4.4 a)) and the prolonged fluorination leads to
thicker AlFx[O] layer which greatly exceeds its monolayer thickness.
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Figure 4.3: a) EPC vs. etch temperature for Al2O3, SiO2 and Si3N4 substrates.
The substrates were exposed to either NbF5 - CCl4, or CCl4 only, or NbF5
only reactants. The NbF5 and CCl4 pulse times were fixed to 3.0 s and 0.5
s, respectively. b) AlFX[O] layer thickness with total NbF5 exposure time.
The N2 purge times were kept constant at 6.0 s, each. Reproduced from
[III], Copyright © 2021 Authors, Published by American Chemical Society,
distributed under a Creative Commons (CC BY 4.0cb) License.

The molar mass of Al2O3 is 102 g/mol and its bulk density is 3.9 g/cm3.
Therefore, the molar volume of Al2O3 is 26.2 cm3/mol. Similarly, the molar
volume of crystalline AlF3 is calculated to be 28.9 cm3/mol.139,140 Thus, the
volumeexpansionuponfluorination is expected to be 10%. Similar expansion
upon fluorination of ZrO2 and HfO2 is described by Murdzek et al.61

In most thermal ALEt processes reported so far, there is no ALEt
window15,38,44,48,74,75,88 and the EPC is observed to be dependent on the
partial pressure74,75,88 and temperature.38,44,89 Similarly, from our findings it
is evident that there is no ALEt window. On the contrary, there are only a few
ALEt processes that exhibit an ALEt window such as ALEt of HfO2,38 TiO247

and TiN.89

4.1.3 Post-etch film characterization

To further understand the etch mechanism, the post-etched and the
fluorinated Al2O3 layers were studied with ex-situ XPS. XPS depth profile of
about 11 nm thick AlFX[O] is plotted in Figure 4.4 a). After a surface cleaning
step (15 s of sputtering), a high amount of fluorine of about 55 atomic % is
detected. Similar F (about 52 atomic %) content was reported by Kim et al.
after fluorinating Al2O3 with CF4/O2 plasma and the AlFX[O] layer was
estimated to be a few nm (> 2 nm, exact values were no reported) in
thickness.141 Park et al. used F-beam and F– ions to fluorinate Al2O3 and
obtained 5 nm thick AlFX[O] layers with 32 atomic % F.142 For comparison,
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Cano et al. used HF as the fluorinating agent at 300 °C and reported 10
atomic % F for 0.6 nm thick fluorinated layers75 On the other hand, in
Figure 4.4 a) a decreased oxygen content of 17 atomic % (about 60 atomic %
of O in bulk Al2O3) is observed. A gradual decrease in the F content with
sputter time indicates a composition gradient in the AlFX[O] layer. This
gradient points in the direction of diffusion based fluorination step as
discussed earlier in section 2.4.1. Moreover, a very low Nb content of about
1 atomic % is found on the surface. From these depth profiles, it can be said
that NbF5 efficiently performs the conversion step, in accordance with the
reaction R2.
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Figure 4.4: XPS depth profiles of a) Al2O3 exposed to NbF5 for a total of 450
s at 460 °C, b) Al2O3 remaining after removing about 18 nm film by the NbF5
- CCl4 ALEt process. A zoomed figure at the top right corner focuses on Nb, F
and Cl signals. Reproduced from [III], Copyright © 2021 Authors, Published
by American Chemical Society, distributed under a Creative Commons (CC BY
4.0cb) License.

Figure 4.4 b) shows the depth profile of the remaining Al2O3 film after 150
ALEt cycles at 460 °C. The inset of the figure depicts an F- content around 5
atomic % and extremely small amounts of Nb (< 0.3 atomic %) or Cl (< 0.2
atomic %). The small amount of remnant surface F may be the result of
incomplete reactions with CCl4, and therefore pulse times longer than 0.5 s
are needed to either completely remove the converted layer or complete the
halide-exchange reaction.
Cross-sectional bright-field TEM images of Al2O3 on silicon substrate are

shown in Figure 4.5. Initially, 56 nm thick Al2O3 film was used as an etch
target. Figure 4.5 a) shows the Al2O3 film after exposing it for 150 times to
3.0 s long CCl4 pulses. The figure shows no etching by CCl4 and the surface
appears smooth. On the other hand, Figure 4.5 b) shows the remaining 39.3
nm thick Al2O3 film after 150 cycles of the NbF5 - CCl4 ALEt process. After
etching about 18 nm of Al2O3, the remaining film appears to be slightly
rougher than the unetched film. The increase in the surface roughness can
be due to either variation in the diffusion depths or reorganization of the
near-surface region during the fluorination (SE and XPS in Figure 4.4 b) show
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Figure 4.5: Cross-sectional bright-field transmission electron microscope
(BF-TEM) images of a) unetched 57.5 nm (includes 1.5 nm native silicon
oxide) Al2O3 film after exposing it for 150 times to 3.0 s CCl4 pulses, and b)
after etching about 18 nm Al2O3 film by 150 cycles of the NbF5 - CCl4 ALEt
process. Initially, about 56 nm Al2O3 was measured by SE. The NbF5 and
CCl4 pulse times were 3.0 s and 0.5 s, respectively. For both experiments,
an etch temperature of 460 °C was used. Reproduced from [III], Copyright ©
2021 Authors, Published by American Chemical Society, distributed under a
Creative Commons (CC BY 4.0cb) License.

≈ 1.3 nm thick fluorinated layer). The etched surface does not appear to be
crystalline.

Roughness (Ra) 0.19 nm Roughness (Ra) 0.27 nmRoughness (Ra) 0.20 nm

a) pristine Al2O3 b) after CCl4 only c) after 22 nm etching

Figure 4.6: Surface morphology by AFM of a) about 56 nm unetched Al2O3,
b) after 150 3.0 s long CCl4 pulses, c) after etching about 22 nm Al2O3
by the NbF5 - CCl4 process at 460 °C. Reproduced from [III], Copyright ©
2021 Authors, Published by American Chemical Society, distributed under a
Creative Commons (CC BY 4.0cb) License.

To investigate the surface morphology, AFM was performed on about 56
nm pristine aluminum oxide film, the same film after 150 pulses of 3.0 s CCl4
(no etching observed), and after removing about 22 nm of Al2O3 by the NbF5
- CCl4 ALEt process (Figure 4.6). The AFM images do not show a significant
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increase in the surface roughness after the CCl4 pulses. However, consistent
with the TEM image, a slight increase in the roughness was observed after the
etching.

4.1.4 Reaction mechanism

Step 2: Volatilization - CCl4(g) reaction with AlFx[O] surface
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Figure 4.7: The proposed etchmechanism: where step 1 is a fluorination step
and step 2 is the volatilization step. The volatilization step shows a possible
halide-exchange interaction between CCl4 and the AlFX[O] surface. Adapted
from [III], Copyright© 2021 Authors, Published by American Chemical Society,
distributed under a Creative Commons (CC BY 4.0cb) License.

After analysing the DFT and experimental results, a two-step cyclic ALEt
mechanism is proposed as shown in Figure 4.7. In the first step, the gaseous
NbF5 fluorinates or converts the Al2O3 surface into an AlFX[O] layer. In the
second step, the converted layer is removed by the CCl4molecules. There are
numerous reports describing a two-step ALEtmechanism that is coined as the
conversion-etch mechanism.39,40,47,74,88,91

In the conversion step, the initial Al2O3 film on the silicon substrate is
converted to the fluorinated Al2O3 layer (i.e. AlFX[O]) upon exposure to the
NbF5, as depicted in Figure 4.7 b). NbF5 works as a fluorinating agent similar
to HF39 and WF6.47 The DFT and experimental findings suggest that this step
is not self-limiting, and with prolonged fluorination a thicker (more than a
monolayer) AlFX[O] layer is formed, as depicted in Figure 4.7 c) and is evident
from Figure 4.4 a) (more details in the supplementary information of [III]).
DFT also suggests that niobium is volatilized in the form of NbOF3 and the
existence of gaseous NbOF3 has been previously verified.120,143–146 In the
conversion step, oxygen from the Al2O3 layer is etched away at least partially
if not completely and thus the converted layer is labelled as AlFX[O].
Figures 4.7 c) and d) depict an excessively fluorinated surface and are
consistent with the findings shown in Figures 4.3 b) and 4.4 a).
In the second step, the volatilization of the converted AlFX[O] layer takes

place as shown in Figures 4.7 d) to f). The volatilization proceeds via halide-
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exchange and forms gaseous by-products (AlFaCl3-a and CCl1+aF3-a, where 0 ≤

a ≤ 2). The DFT computations revealed that AlCl3 and CFCl3 are the most
favourable etch products.
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4.2 TiN etching by NbF5-CCl4 or CCl4 alone

There are two types of TiN etching processes explored here. The first one
includes exposing TiN surface sequentially to NbF5 and CCl4 reactants in a
cyclic manner (ALEt). The second etching process is based on pulsing of a
single etchant, i.e. CCl4 in a chemical vapor etching (CVE) or gas-phase pulse
etching (GPPE) mode [as in articles I, IV]. Every etchant exposure was
followed by an inert gas (N2) purge step to ensure that the excess etchant
molecules and etch-products are removed from the reactor. In section 4.2.1,
the thermochemistry of the etching process as well as overall etch reactions
are covered. Later, the experimental findings are discussed in sections 4.2.2 -
4.2.4.

4.2.1 Computational chemistry

First the interactions between the TiN surface and each reactant are studied
with the help of ab-initio simulations to predict the adsorption steps, and
later the thermodynamics of the potential etching reactions are discussed.
The scope of the DFT was limited to the adsorption and prediction of
thermodynamically favoured etching reactions only. Therefore, mechanisms
involved in the formation and desorption of all possible volatile species with
all potential reaction pathways were not investigated.

Nb-F  = Ti-F = 2.05 Å

F�

Nb

-0.90 eV

Figure 4.8: DFT computed intact adsorption of NbF5 molecule on TiN (2 1 1)
surface at 0 K. The green and red colours are for niobium and fluorine atoms,
respectively. The blue and grey colours are for Ti and N atoms, respectively.
Reproducedwith permission fromPaper [IV], Copyright©2021 JohnWiley and
Sons.

Fluorination pulse: Figure 4.8 shows a NbF5 molecule interacting with the
TiN (2 1 1) surface. The reactive TiN (2 1 1) surface with step defects was
chosen because it represents ALD grown TiN with its typical columnar grain
boundaries.147,148 In the optimized NbF5 molecule geometry with minimum
energy, not all the Nb-F bonds are equal in length. The gas phase NbF5
molecule has five F atoms that are bonded to Nb, three F atoms in the
equatorial plane (with each Nb-F bond length of 1.85 Å) and two F atoms
that are on each side of the polar axis (each Nb-F bond is 1.88 Å). A similar
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optimized geometry of NbF5 molecule is reported in an another DFT study,
where three angles ∠(F-Nb-F)s are equal (equatorial ∠(F-Nb-F) = 120°) and
each Nb-F distance in the equatorial plane is 1.84 Å while the Nb-F distance
in the polar axis is 1.88 Å.149 The polar axis is an axis passing through the F’
and the opposite F atom in Figure 4.8. In every gaseous NbF5 molecule,
these two Nb-F bonds are longer, weaker and polar in nature as compared
to the equatorial Nb-F bonds. Therefore, the NbF5 molecules favourably
bind to the Ti atoms on the step edges via these polar F atoms. The newly
formed Ti-F bond length is 2.05 Å. It was found that the NbF5 molecule does
not adsorb dissociatively at 0 K, as shown in Figure 4.8, probably due to a
kinetic barrier. In the gas phase, in order for the homolytic dissociation of
NbF5 to take place, high energies of 7.3 or 9.9 eV are required to remove one
or two F ligands, respectively.

a) b) c)

d)e)f)

- 2.26 eV - 4.12 eV - 8.06 eV

- 9.06 eV- 9.11 eV- 8.82 eV

Figure 4.9: Minimum energy geometries of a TiN(2 1 1) surface undergoing an
adsorption of a single NbF5 molecule. These geometries are extracted from
the MD simulation performed at 400 K. Reproduced with permission from
Paper [IV], Copyright ©2021 John Wiley and Sons.

On the TiN surface, the Nb-F bonds will break at elevated temperature as
shown above. At 400 K, a short 5 ps MD simulation at DFT level was
performed and the snapshots of the geometries which attained minimum
energies are presented in Figure 4.9. A continuous decrease in the binding
energy, from -0.90 eV to -9.11 eV is observed with increasing number of Nb-F
bonds broken and Ti-F bonds formed on the surface. Figure 4.9 e) displays
the most favourable geometry where Nb is coordinated with three surface N
atoms and one F atom pointing away from the surface. This predicts that
NbF5 dissociates at 400 K on the stepped TiN(2 1 1) surface leaving the
surface covered by Nb-N, Nb-F and Ti-F species after the fluorination step.
As seen in Figure 4.9 f), a full dissociation of the NbF5 molecule is shown to
be less favourable than the geometries shown in Figure 4.9 d) and e).
Last, the TiN(2 1 1) surface saturated with many NbF5molecules is shown

in Figure 4.10. The predicted saturated TiN surface corresponds to a NbF5
coverage of 2.3 molecules/nm2. For simplicity, the Nb and F covered TiN
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F

Nb

NTi

Figure 4.10: Minimum energy geometry of the TiN(2 1 1) surface saturated
with adsorbed NbF5 molecules at 400 K. Reproduced with permission from
Paper [IV], Copyright ©2021 John Wiley and Sons.

surface is denoted as NbXFY covered TiN surface which stops further
reaction with NbF5, thus resulting in a self-limiting surface reaction. In the
later sections, the experiments show that NbF5 alone is unable to etch TiN.
The surface area in Figure 4.10 is larger than the surface area shown in
Figure 4.9 e). In the figure, each Nb atom is bonded to at least one F atom
that is not shared with either nearest Ti or other neighbouring Nb atoms.

Chlorination pulse: The above described saturated surface after the
fluorination step, as shown in Figure 4.11 a), is used for the CCl4 adsorption.
The MD simulations show that, at 0 K, CCl4 does not bind strongly to the
NbXFY covered TiN surface due to a repulsion between the Cl atoms and the
F atoms on the surface. Figure 4.11 a) depicts the favourable geometry

a) b) c)

-0.07 eV -0.1 eV -3.2 eV

Figure 4.11: Aminimum energy geometry of intact CCl4 adsorbed at the NbXFX
covered TiN surface at 0 K. Reproduced with permission from Paper [IV],
Copyright ©2021 John Wiley and Sons.

(binding energy -0.07 eV) where one Cl from CCl4 is directed towards the Nb
atom at the surface. On the contrary, in the other configurations where the
chlorine atoms are directed towards the surface Ti/F atoms, the CCl4
molecule does not physisorb. This proposes that the Nb sites are important
for CCl4 to interact with the NbXFY covered TiN surface and the resulting
relaxed geometries are shown in Figures 4.11 b) and c). In Figure 4.11 b) a
slightly favourable binding between the Cl and Nb atoms is shown, which
results in weakening of the Nb-F bonds. Furthermore, a strong adsorption of
CCl4 is observed at Nb sites when the Nb atom is free of Nb-F bonds.
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Continuous etching: For the CVE mode, it was found that the CCl4
molecule spontaneously dissociates on the bare TiN at 0 K. After donating
one Cl ligand to the surface the rest of the molecule departs to the vacuum
as CCl3 fragment. This spontaneous dissociation suggests that CCl4 reacts
strongly with the bare TiN surface. A 3 ps long MD simulation at DFT level
resulted in CCl4 adsorption on the bare TiN surface. After just 0.74 ps of MD
simulation, three Ti-Cl surface bonds and a surface bound ClCN (the
proposed reaction product) were formed. From the DFT it is proposed that
CCl4 is able to spontaneously react with the bare TiN surface, resulting in a
continuous etching.

Overall ALEt cycle: On the basis of the DFT simulations, TiN is proposed
to undergo a self-limiting surface reaction with NbF5 during the first pulse
followed by the adsorption of CCl4 catalyzed by the Nb sites in the second
pulse, leading to the etching of TiN via sequential exposures of NbF5 and CCl4.

Thermochemistry of overall etch reactions: Table 4.2 shows Gibbs free
energies for potential overall etch reactions. The reactant pressure of 2.5
Torr and the product pressure of 0.01 Torr were used. In the table, the ∆G
values are given only for the etch temperatures where the etching actually
takes place (more details in the SI of [IV]). In Table 4.2, the reactions for bulk
TiN etching are shown to form various by-products. Niobium and titanium
can take various oxidation states in their stable forms and hence many
combinations of volatile by-products are possible. For practical reasons, only
a small representative set of by-product combinations is considered.

Table 4.2: Potential overall etch reactions where bulk TiN is converted into
gaseous products upon reacting with NbF5 and CCl4molecules. R2, R4 and R5
(shown in bold font) are redox reactions. All species other than TiN are in gas
phase. Pp at∆G=0 is the product pressure at 740 K that will bring the reaction
to equilibrium at a constant reactant pressure of 2.5 Torr. A low Pp value
indicates that the reaction products are unlikely and vice-versa. Reproduced
with permission from Paper [IV], Copyright ©2021 John Wiley and Sons.

Reactions ∆G [eV] Pp [Torr]
640 K 740 K at ∆G=0; T=740 K

R1:TiN + NbF5 + CCl4 TiCl3 + NbNFCl + CF4 2.8 2.5 7.3E-14

R2:TiN + NbF5 + CCl4 TiCl4 + NbNF + CF4 3.3 2.9 1.5E-15

R3:TiN + NbF5 + CCl4 TiCl3 + NbClF4 + CNF -1.2 -1.6 3.8E+00

R4:TiN + NbF5 + CCl4 TiCl4 + NbF4 + CNF -0.8 -1.2 1.4E-01

R5:TiN + NbF5 + CCl4 TiF4 + NbFCl3 + ClCN -2.7 -3.1 3.8E+05

R1 and R2 in Table 4.2 are not thermodynamically favoured due to large
positive changes in the Gibbs free energies at 640 K (370 °C) and 740 K (470
°C). The only favourable reactions near the etch conditions are R3, R4, and
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R5, with R5 being the most likely one, purely based on the large negative ∆G
value. For R3 at 400 K, the DFT predicted etch per cycle is 0.57Å. In the redox
reactions i.e. R2, R4 and R5, Ti is oxidized and Nb is reduced simultaneously.
At 0 K, all reactions except R5 in Table 4.2 are favourable. In other words,
only R5 is spontaneous at all temperatures. An increase in the entropy is
usually what drives the etching reactions, hence the free energy decreases
at higher temperatures and even R3 and R4 become spontaneous at
temperatures above 500 K. According to the reaction R5, the predicted
by-products are TiF4, NbFCl3 and ClCN. At 640 K (370 °C), R1 and R2 are more
unlikely when compared to R3, R4, and R5 - not because of the titanium
containing gaseous species but because of less favourable gaseous species
containing niobium and nitrogen.
The evaluated product pressures (Pp) indicate the likelihood of the

formation of the etch products in the reaction. Small Pp values as in R1 and
R2 suggest that NbNF, NbNFCl, and CF4 are not likely to be formed. On the
other hand, a high Pp (at∆G = 0 and 740 K) for R5 indicates a high probability
of forming volatile TiF4, NbFCl3 and ClCN species,89,150–153 hence the etching.
TiF4 is volatile and sublimes at 284 °C.89,92 On the contrary, TiF3 is not volatile,
especially within 370-460 °C,89,154 and therefore was not considered.

Table 4.3: Potential reactions of individual reagent pulses with bulk TiN in
the etch process, assessed via thermochemistry computed with DFT. R6 - R8
represent the fluorination pulse and R9 represents the chlorination pulse.
Pp at ∆G=0 is the product pressure at 740 K that will bring the reaction to
equilibrium at a constant reactant pressure of 2.5 Torr. Reproduced with
permission from Paper [IV], Copyright ©2021 John Wiley and Sons.

Reactions ∆G [eV] Pp [Torr]
640 K 740 K at ∆G=0; T=740 K

R6: TiN + NbF5 TiNF + NbF4 6.1 5.7 7.3E-24

R7: TiN + NbF5 TiF3 + NbNF2 3.5 3.1 4.2E-15

R8: TiN + NbF5 TiF4 + NbNF 3.9 3.5 2.5E-16

R9: TiN + CCl4 TiCl3 + ClCN -2.0 -2.4 1.8E+04

Table 4.3 shows reactions (R6 - R9) between TiN and either NbF5 or CCl4
alone. R6, R7, and R8 describe the fluorination step in which NbF5 reacts
with solid TiN to form gaseous TiFx and NbNFy species. For fluorination
reactions, highly positive ∆G (+3.1 to +5.7 eV at 740 K) and extremely low Pp
values are computed. This indicates that none of the fluorination reactions is
able to etch TiN, mainly due to the unfavourable Nb-N compounds. Similarly,
the previously discussed adsorption of NbF5 on the TiN surface via the
dissociation path at 400 K resulted in strong surface Ti-F and Nb-N bonds
but no gas phase products were formed in the DFT adsorption studies (more
details are in the SI of [IV]). Moreover, the DFT investigations revealed that
the Ti-F bonds on the TiN surface are more stable and favourable than the
Ti-Cl bonds (see section S3 of [IV]).
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The etching of TiN by CCl4 as described by R9 is spontaneous at 640 and
740 K (∆G < 0) and the predicted volatile etch products are TiCl3 and ClCN.
Moreover, a very large Pp value at ∆G=0 and 740 K also shows the likelihood
of the formation of the products. In support, the DFT adsorption studies also
predicted the spontaneous dissociation of CCl4 on TiN(211) surface (more
information in the section S2 of [IV]).
In conclusion, subjected to kinetic barriers, the first principles

thermochemistry investigations suggest that TiN is not etched by NbF5 but is
etched spontaneously by CCl4 alone. The DFT studies also predict that NbF5 -
CCl4 binary process (as per R5) provides more effective etching than CCl4
alone (as per R9). Later, in section 4.2.2, the etch per cycle for the binary
process is observed to be higher than for the CCl4 alone etch process. ClCN
is common in both R5 and R9, while the products TiCl3 and TiF4 have very
similar zero point energy and entropy.155,156 However, it is the NbFCl3 that
offers a lower zero point energy and higher entropy than NbF5 and therefore
R5 attains a lower reaction free energy than R9. Last but not least, the
simulations also show that the presence of Nb atoms on the surface allows
CCl4 to spontaneously dissociate which further allows the formation of
NbFxCly species as in R5. In this way, NbF5 is predicted to enhance the
etching of TiN by CCl4 as experimentally verified (see Figures 4.12 b) and 4.13
a)).

4.2.2 Effect of etchant pulse times
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Figure 4.12: Etch per cycle for TiN filmswith varying: a) NbF5, and b) CCl4 pulse
times, at 460 °C. The N2 purges were fixed at 6 s. Reproduced with permission
from Paper [IV], Copyright ©2021 John Wiley and Sons.

Figure 4.12 plots the variation in the EPC with respect to the NbF5 and CCl4
pulse times for both the NbF5 - CCl4 as well as CCl4 only etching processes. In
both cases, the N2 purges were kept constant at 6 s, each. In Figure 4.12 a) an
EPC value of about 0.3 Å is noted when no NbF5 is used. This reveals that TiN
is etched by CCl4 alone. Here the CCl4 pulse time was fixed to 1 s and in total
200 cycles were performed. The capability of TiN being etched by CCl4 alone
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has been already predicted by DFT (section 4.2.1). When the NbF5 pulse time
is increased from 0 to 3 s, a non-saturating increase in the EPC from 0.3 Å to
about 0.8 Å is observed. It was speculated that this increase in the EPC with
the NbF5 pulse time can be attributed to a slow diffusion of fluoride along TiN
grain boundaries leading to a fluorinated TiN layer, more Nb sites for CCl4 to
react with, inadequate purge time, low volatility or otherwise slow removal of
the products from the TiN surface, and the presence of finite vapors of CCl4
in the etch system.
Figure 4.12 b) compares the EPCs of the two etch processes with fixed

NbF5 and varying CCl4 pulse times at 460 °C. It is noted that the EPC for the
NbF5 - CCl4 etch process is higher than for the CCl4 only etching process. This
is consistent with the DFT results in 4.2.1 where an enhanced etch rate is
predicted when NbF5 is added to the CCl4 etch process.

4.2.3 Effect of etching temperature
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Figure 4.13: a) Etch per cycle of TiN films at different etch temperatures
for both NbF5 - CCl4 and CCl4 only etch processes, b) etched thickness of
various materials vs. etch cycles for CCl4 only etch process. Reproduced with
permission from Paper [IV], Copyright ©2021 John Wiley and Sons.

Figure 4.13 summarizes the effect of the etch temperature on the EPC for
the both etching processes. Again, consistent with the DFT results, the TiN
EPC for NbF5 - CCl4 is significantly higher at 400 and 470 °C than for the CCl4
only process. Albeit, below 400 °C, the small values of EPC obscure this
enhancement effect and the EPC values are the same for the both processes.
In the case of the NbF5 - CCl4 process, the EPC values are about 0.4 and 0.5 Å,
at 400 and 460 °C, respectively. On the other hand, for the CCl4 only process,
an EPC of 0.1 Å at 400 °C is measured and it increases to about 0.3 Å at 460
°C. No significant etching was observed at temperatures below 370 °C, even
after 1000 etch cycles of both processes.

Selectivity: As concluded fromFigure 4.13 b), the CCl4 alone etching process
allows the removal of TiN selectively over Al2O3, SiO2, and Si3N4, at 460 °C [IV].
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The figure shows the etched thickness of TiN with increasing number of cycles
and an EPC of about 0.3 Å with 1 s CCl4 pulse time. After 500 etch cycles, about
13 nm TiN is etched and no change in the thickness is observed for Al2O3, SiO2
and Si3N4. Hence, selective removal of TiN is possible within an etch window
of 370-460 °C. On the contrary, the NbF5 - CCl4 etch process removes Al2O3
and thus provides selectivity over SiO2 and Si3N4 only.

4.2.4 Post-etch film characterization
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Figure 4.14: X-ray photoelectron spectroscopy, a) depth profile of remaining
9 nm TiN film after being partially etched by NbF5 -CCl4, b) survey scan of SiO2
surface left after complete removal of TiN film by the CCl4 etch process at 460
°C. Reproduced with permission from Paper [IV], Copyright©2021 John Wiley
and Sons.

In Figure 4.14 a), an ex-situ XPS depth profile analysis shows the
elemental composition of 9 nm TiN film which was left after incomplete
etching. The initial film was exposed to 300 cycles of the NbF5 - CCl4 process
at 460 °C. The surface is composed of about 31 atomic % O, 26 atomic % C,
20 atomic % N, 15 atomic % Ti and about 5 atomic % Nb. Small amounts of Si
and F (< 2 atomic %, each) are associated with the SiO2 substrate and F
penetration along the grain boundaries. To emphasis and study the
elements on the TiN surface, a low Ar ion energy of 1 keV was used for depth
profiling. This Ar ion energy was chosen to ensure very low TiN etch rates (≤
0.2 Å/s, removal of 1.2 nm/min) and minimize any induced chemical shifts.
The high amount of O1s signal detected after 0.25 min of sputtering can be
associated with surface oxidation or the implantation of O ions into the TiN
film by impinging Ar ions. Moreover, the high affinity of titanium towards
oxygen is well known and exploited in sublimation and ion pumps in
capturing oxygen residuals from a vacuum chamber.157 The F in the film can
be the result of Ar ion sputtering and drops below 1 atomic % after 60 s of
sputtering. The carbon content decreases to about 4 and 3 atomic % after 15
s and 60 s sputter times, respectively. On the other hand, after 15 s of
sputtering the Ti and N contents stayed around 25 and 32 atomic %,
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respectively. The presence of significant amounts of Nb (about 6 atomic %)
and F (0.9-1.7 atomic %) indicates that NbF5 is capable of either reacting or
dissociating on TiN. This is consistent with the DFT adsorption studies
discussed earlier. Lastly, no chlorine was detected by XPS which suggests the
full formation and removal of volatile products containing chlorine such as
TiCl3, TiCl4, NbFCl3, NbClF4, and ClCN. These products were already predicted
by the DFT computations.

SiO2

C TiN

a)
Reference
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Partial etching Full etch
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c
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Schematic 1 

Figure 4.15: Cross-sectional bright-field transmission electron micrograph
(BF-TEM) of 3D structures: a) about 3.3 nm TiN film deposited on SiO2 fins
with lateral cavities, b) the same after etching about 0.8 nm TiN is etched by
the NbF5 - CCl4 process, and c) after removing the TiN film completely. The
etching was performed at 460 °C. Schematic 1 in the inset roughly represents
the 3D structures on the surface where the horizontal fins (SiO2) are blue
and the back-bone (Si) is black. Reproduced with permission from Paper [IV],
Copyright ©2021 John Wiley and Sons.

The TEM images displayed in Figure 4.15 focus on horizontal fins, instead
of the whole 3-D structures that were patterned on the silicon substrate. The
main purpose of these structures was to verify the isotropic etching, despite
the non self-limiting etch reactions. The etch conformality studies in the
horizontal cavities emphasize the non-directionality of ALEt. A thin and
extremely conformal TiN film was grown by thermal ALD119 for the etching
experiments. Due to the gradient in the partial pressure of the reactant in
the 3D structures, CVE by single etchant may result in non-conformal
etching, especially when the reaction kinetics are much faster than the
diffusion kinetics of the reactant molecules. While, the CVE may result in
non-conformal etching especially from the non-line-of-sight features similar
to that in schematic 1, another reagent such as NbF5 in this case can be
introduced to improve the etch conformality or modify the EPC. Figure 4.15
a) shows the reference SiO2 fins with the conformally deposited 3.3 nm thick
TiN film. The conformal and isotropic etching of TiN by the NbF5 - CCl4
process is shown in Figure 4.15 b) where about 0.8 nm TiN has been etched
without any significant increase in the surface roughness. After over-etching
the TiN completely from the structure, as seen in Figure 4.15 c), no surface
contaminants or particles are observed. Also the thickness of the SiO2 fins is
unchanged, hence confirming the etch selectivity.
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4.3 TiN etching by SOCl2

Spontaneous etching of TiN by SOCl2 is explored in this section, and the
details are published in [I]. A single etchant can remove material either in a
continuous or a pulsed fashion, and the latter is defined as gas-phase pulsed
etching (GPPE). The GPPE offers an additional parameter, i.e. the number of
etch cycles which allows an ångström-level control of the etched thickness.
Section 4.3.1 covers the thermodynamics of the etch reactions, 4.3.2
discusses the effect of an etchant pulse time on the EPC, and 4.3.3
addresses an effect of the etch temperature on the EPC. Lastly, the post-etch
surfaces are characterized using XPS and TEM in 4.3.4.

4.3.1 Thermodynamic calculations

Before going to the experimental results, thermodynamic calculations are
first discussed to assess the feasibility of SOCl2 as an etchant for TiN and also
for Al2O3, Si3N4, and SiO2 from the perspective of selective etching. The bulk
thermodynamic calculations provide changes in the Gibbs free energy (∆G),
entropy (∆S) and enthalpy (∆H) for possible reactions between SOCl2 vapors
and solid etch targets. A positive change in the entropy was observed within
a wide temperature range (0 - 1000 °C) for all the reactions considered here.
From the HSC database, the etch targets TiN, Al2O3, SiO2, and Si3N4 were

chosen in solid form, which closely represents the thin films. The SOCl2
etchant was in gaseous form. Depending upon the choice of byproducts,
many reactions are possible. However, in order for the etching to take place,
only those by-products that are either volatile or available in the gaseous
form were selected. These are AlCl3, AlOCl,158 SiCl4, TiOCl2, TiOCl, TiCl3, TiCl4,
O2, N2, N2O, NO2, SO2, SO and S2Cl2. With the above reactants and
by-products, various potential overall reactions with their ∆G values with
respect to temperature are plotted in Figure 4.16. A few reactions were
ignored and are not discussed here due to very high positive ∆G throughout
the temperature range. In addition, the reactions that had TiOCl as a
by-product were excluded due to its low volatility at 270-370 °C.159,160

In Figure 4.16 a), all the reactions show a negative change in Gibbs free
energy, especially at temperatures above 300 °C, and are therefore
favourable. However, which particular reaction actually takes place is
subjected to the kinetic barriers. From the reactions described in Figure 4.16,
titanium is predicted to form volatile products such as TiCl4(g), TiCl3(g) and
TiOCl2(g). In the reactions R1-R6, nitrogen from the TiN film is proposed to
form volatile N2 or NO2 species. On the contrary, for sulfur SO2(g), SO(g) and
S2Cl2(g) are evidently plausible etch by-products.
Figure 4.16 b) plots ∆G as a function of temperature for several possible

reactions between bulk Al2O3, SiO2, and Si3N4 and SOCl2(g). All reactions
except R8 in the figure are endothermic (∆H > 0 at all temperatures), that is
they require external energy to undergo completion. For an etching to take
place, Al must form volatile compounds with chlorine. The volatile
compounds containing Al and Cl are AlCl3 and its dimer form Al2Cl6.161

Gaseous AlOCl can be excluded due to a positive ∆G for R9 in Figure 4.16 b)
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Figure 4.16: Change in Gibbs free energy at different temperatures for several
possible reactions between gaseous SOCl2 and solids a) TiN, b) Al2O3, SiO2
and Si3N4. Adapted from [I], Copyright© 2021 Authors, Published by Elsevier,
distributed under a Creative Commons (cbnd) License.

and its non-volatility (at least within the temperature range used for the
etching experiments) was experimentally found by Greenbaum158 and
Harald.162 On the other hand, R10 with AlCl3 as a by-product has ∆G < 0
above 380 °C. Our experiments showed that SOCl2 cannot etch Al2O3 at 370
°C (see 4.18). R12 in Figure 4.16 b) shows a slightly negative ∆G above 200 °C,
but the ∆H is positive (≥ 15 Kcal/mol(Si), at 0 - 1000 °C) and indicates an
entropy driven spontaneous reaction. For Si3N4, only R8 is favourable and
spontaneous at all temperatures. However, from our experiments it is
concluded that SOCl2 does not etch Si3N4 or SiO2 within 270 - 370 °C. This
can be explained by either large kinetic barriers or non-favourable
surface-gas reactions.

4.3.2 Effect of etchant pulse and purge times

Cyclic exposures to SOCl2 vapors, separated by inert gas purges, were used
for the controlled etching of TiN films at 320 °C. The N2 gas purge steps were
performed to remove excess reactant, as well as the etch product molecules
from the etch system.
In Figure 4.17 a) the EPC at various SOCl2 pulse times is plotted. A non self-

limiting EPC is observed when the SOCl2 pulse time is varied from 0 to 3 s. An
almost linear increase in the EPC is observed from0.02 Å at 0.5 s to about 0.36
Å at 3 s SOCl2 pulse time. After 1000 SOCl2 pulses of 3 s length, about 35 nm
TiN film was etched, which was confirmed by SE, weight measurements, XPS
and XRR. Further increase in EPC is expected with longer SOCl2 pulse times.
Figure 4.17 b) summarizes the effect of the purge timeon the EPC, at a fixed

2 s SOCl2 pulse time. With increasing purge times, an increase in the EPC is
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Figure 4.17: Etch per cycle of TiN films vs. a) SOCl2 pulse time at 320 °C with 3
s of N2 purges in-between, b) etch per cycle with varying purge times. Adapted
from [I], Copyright © 2021 Authors, Published by Elsevier, distributed under
a Creative Commons (cbnd) License.

observed, and EPC follows an almost linear trend up to 8 s. EPCs of 0.16 and
0.19 Å is noted for 2 s and 3 s purge times, respectively. At 8 s purge time,
the EPC reaches 0.55 Å. The strong dependence of the EPC on the purge time
can be due to several reasons such as long time needed for the SOCl2 vapors
to reach its saturated vapor pressure in the source vessel, inefficient purging
of SOCl2, or a slow removal of less volatile species from the TiN surface. Less
volatile species (compared to TiCl4) are TiCl3163 and TiOCl2.
Furthermore, a slow disproportionation reaction, R13: 2 TiCl3

TiCl2(s) + TiCl4(g),163–165 may generate more TiCl4 species for the etching to
continue even during the purge step. Another possibility could be a
presence of residual SOCl2 molecules in the chamber and thus prolonged
etching during purge steps. Albeit the Ångström-level etch control, the non
self-limiting etching can produce higher etch non-uniformity.

4.3.3 Selectivity and effect of etching temperature

One of the key features of GPPE is its ability to selectively etch one material
over the other. Several applications in the semiconductor industry require
selective etching. Therefore, the ability of SOCl2 to etch other materials such
as Al2O3, SiO2 and Si3N4 was also assessed. Figure 4.18 clearly shows that
only TiN is etched within 270-370 °C. At higher temperatures, the EPC of TiN
increases exponentially. However, even after 1000 cycles of 2 s SOCl2 pulses,
no change in thickness was observed for Al2O3, SiO2 and Si3N4. This confirms
that TiN is etched selectively over Al2O3, SiO2 and Si3N4.

4.3.4 Post-etch film characterization

After exposing the TiN films to SOCl2 pulses, the remaining surfaces were
analysed using XPS, TEM and AFM. Figure 4.19 shows the elemental
composition of the surface after complete etching of TiN. The surface



48 Chapter 4. Results and discussion

-0.2

0.2

0.6

1.0

1.4

260 280 300 320 340 360 380

e
tc

h
 p

e
r
 c

y
c
le

 [
A

/C
y
c
le

]

etch temperature [°C]

TiN

Al₂O₃
Si₃N₄
SiO₂

0.0
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respectively. Reproduced from [I], Copyright © 2021 Authors, Published by
Elsevier, distributed under a Creative Commons (cbnd) License.
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Figure 4.19: XPS depth profiles of a SiO2 surface after complete removal of
TiN film. The surface contaminants are shown in the zoomed-in inset at the
top right corner. Reproduced from [I], Copyright © 2021 Authors, Published
by Elsevier, distributed under a Creative Commons (cbnd) License.

comprises of silicon, oxygen, and some surface carbon, with very low
amounts of titanium and nitrogen. The zoomed-in figure displays about 1.3
and 0.7 atomic % of nitrogen and titanium, respectively. The chlorine
content is less than 0.5 atomic % (the detection limit of the XPS). Sulfur from
the etchant is not seen. The low amounts of N and Ti can be due to
incomplete etching. Maybe a few additional etch cycles would have removed
them. No chlorine penetration is detected in the SiO2 film. However, SOCl2
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may be able to chlorinate the SiO2 surface by forming Si Cl bonds. For every
depth measured (i.e. at every 15 s sputtering interval) the total number of
elements fitted was the same and their contents were normalized to 100
atomic %, and the magnitude of the error introduced was estimated about 4
atomic %. The error is due to low signal to noise ratios associated with the
measurement and analysis, and fit and measurement error of about 1
atomic % per element. This fitting error explains the incorrect Si to O ratio
for the thermal oxide substrate.
Figure 4.20 a) shows a reference structure where a 22 nm TiN film is

present on a 20 nm SiO2 film. SiO2 lines running perpendicular to the image
plane were patterned on the TiN layer. The purpose of these test structures
was to study the isotropic etching and etch-selectivity towards SiO2. In
Figure 4.20 b) 2-3 nm of TiN has been selectively removed over SiO2, without
much affecting the TiN roughness, but some under-cut etch can be
observed. In Figure 4.20 c) all TiN have been etched from the openings and
under the SiO2 lines and the lateral etching has resulted in the pattern
collapse. No SiO2 etching is observed which confirms the selectivity.

TiN

SiO2

Reference

SiO2

Partial etch Full etch

20 nm

22 nm 19-20 nm

c-Si c-Si

a) b) c)

SiO2
SiO2

20 nm20 nm 20 nm

Figure 4.20: Cross-sectional bright-field transmission electron microscope
(BF-TEM) images of a) patterned SiO2 lines on ≈ 22 nm TiN film, where a
strong diffraction contrast is seen for the poly-crystalline TiN film, b) the same
after etching 2-3 nm of TiN, and c) after complete isotropic removal of TiN
underneath SiO2 and consequent collapse of SiO2 lines. Reproduced from [I],
Copyright© 2021 Authors, Published by Elsevier, distributed under a Creative
Commons (cbnd) License.

Figure 4.21 a) shows the surfacemorphology of the unetched TiN filmwith
a roughness of 0.54 nm (Ra). A small increase in the roughness to 0.81 nm is
observed after removing about 7 nm TiN. As a reference, Figure 4.21 c) shows
a smoother 20 nm SiO2 film with Ra of 0.16 nm.
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Roughness (Ra) 0.54 nm Roughness (Ra) 0.16 nmRoughness (Ra) 0.81 nm

a) Unetched TiN b) ~ 7 nm etched TiN c) 20 nm SiO₂ reference

Figure 4.21: AFM images and surface roughnesses of a) about 25 nm
unetched TiN film on 20 nm SiO2, b) after etching about 7 nm of TiN, and
c) reference 20 nm SiO2 film. The etch temperature was 320 °C. Reproduced
from [I], Copyright © 2021 Authors, Published by Elsevier, distributed under
a Creative Commons (cbnd) License.

4.4 SiGe etching by (O2 or O3/O2)-HF-TMA

SiGe (Si0.15Ge0.85) was etched by first oxidizing the film to SiGeOx and then
exposing it to the HF-TMA etch chemistry. This type of etching process is an
example of oxidation and "conversion-etch" mechanism. In the literature,
the same etch mechanism is shown to etch elemental silicon87 and silicon
nitride88 films. Oxidation was performed by either O2 or O3. The important
etching results, possible etch-mechanism and XPS analysis of the
post-etched films discussed in this section are from the article [IV].

4.4.1 Etching experiments

Figure 4.22 b) plots the EPC with respect to the O2, HF and TMA pulse times.
EPC does not fully saturate with increasing O2 pulse time. EPC increases
linearly from 0.4 Å to about 0.7 Å, when the O2 pulse time is varied from 0.4 s
to 2.5 s. While varying the O2 pulse time, the TMA and HF pulse times were
fixed to 1.0 s each. EPC saturates to about 0.5 Å for both the TMA and the HF
pulse times. The TMA pulse time was varied from 0.4 s to 1.7 s, and the HF
pulse time was varied from 0.5 s to 1.7 s, while the O2 pulse time was fixed to
1.5 s.

Figure 4.22 a) shows the EPC with varying O3, HF and TMA pulse times. It is
clear that the EPC saturates to approximately 0.4 Å with respect to the pulse
times of all reactants. The EPC levels out starting at 0.5 s of each reactant
pulse. Ozone is a stronger oxidizing agent than oxygen and therefore the
saturated and lower EPC obtained with O3 is counter-intuitive. However, O3
may form a dense SiGeOx oxide layer which acts as a better diffusion barrier
layer and thus stops further oxidation of the underlying SiGe film.
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Figure 4.22: The etch per cycle vs. reactant pulse times for a) O3 - HF - TMA,
and b) O2 - HF - TMA SiGe ALEt. The purge times were kept constant at 30 s
each. Adapted with permission from [II], Copyright© 2021 American Vacuum
Society.

4.4.2 Thermodynamic calculations

A change in the Gibbs free energy at 300 °C is calculated from the bulk
thermodynamics for the oxidation of Si and Ge elements as per the
reactions O1-O6:

O1: Si(s) + O2(g) SiO2(s) ∆G = -193 kcal/mol

O2: Ge(s) + O2(g) GeO2(s) ∆G = -112 kcal/mol

O3: Si(s) + 2/3O3(g) SiO2(s) ∆G = -222 kcal/mol

O4: Ge(s) + 2/3O3(g) GeO2(s) ∆G = -141 kcal/mol

O5: Si(s) + 4/3O3(g) SiO2(s) + O2(g) ∆G = -251 kcal/mol

O6: Ge(s) + 4/3O3(g) GeO2(s) + O2(g) ∆G = -170 kcal/mol

The oxidation of individual elements was considered because SiGe alloys
are not listed in the HSC Chemistry (ver. 10) software database. For the
corresponding oxidation reactions, the larger negative ∆G values when O3 is
used indicate more favourable reactions than when O2 is used and may
predict thicker, denser and higher quality surface oxide. From the above
reactions, it can also be concluded that the oxidation of Si is more
favourable than that of Ge.
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Figure 4.23: XPS spectra of a) Ge 3d , and b) Si 2p signals for SiGe films before
and after 100 cycles of O2 - HF - TMA ALEt process at 290 °C. Reproduced with
permission from [II], Copyright © 2021 American Vacuum Society.

4.4.3 XPS analysis of the post-etched film

SiGe films were subjected to the surface composition analysis with the ex-situ
XPS measurements. The surface of the pristine SiGe (Si0.15Ge0.85 and the Ge
to Si ratio of 5) film was comprised of 38.8 atomic % germanium, 50.9 atomic
% oxygen, 5.2 atomic % silicon and 5.1 atomic % carbon. After performing
100 ALEt cycles of O2 - HF - TMA (the last pulse), the composition was 39.1
atomic % germanium, 29.4 atomic % oxygen, 8.8 atomic % silicon, 20.9 atomic
% carbon, 0.8 atomic % fluorine and 1 atomic % aluminum. The high amount
of surface carbon is associated with the handling of the sample in a non-clean
room environment and partly to surface methyl groups, likely in the form of
Si CH3.
Figure 4.23 compares the XPS spectra of Ge 3d and Si 2p before and after

100 cycles of the O2 - HF - TMA ALEt process. Figure 4.23 a) reveals several
germanium oxidation states (denoted by the vertical dotted lines) with a
reference binding energy (BE) for 3d5/2 XPS peak of Ge0 at 29.4 eV.166 For the
unetched film, a strong peak is centered at 33.5 ± 0.1 eV and is ascribed to
SiGeOx oxide.167 This peak is of much lower intensity after 100 ALEt cycles,
indicating that the surface oxide is etched away. For the unetched SiGe films,
a thick native oxide of about 31 Å was measured by an ellipsometer. The low
intensity shoulder peaks as shown by dashed lines in Figure 4.23 a) are
assigned to Ge1+, Ge2+, Ge3+, and Ge4+ oxidation states. The chemical shifts
of Ge1+, Ge2+, Ge3+, and Ge4+ with reference to the Ge0 have been
experimentally measured as 0.8, 1.8, 2.75, and 3.3 eV (± 0.5 eV),
respectively.166–169 The various Ge oxidation states are observed at similar
positions before and after the etching. After the etching, the decrease in the
intensity of germanium oxide peaks can be due to the oxide reduction by
the TMA reactant. In the literature, a partial reduction of the underlying
germanium oxide after Al2O3 ALD (using TMA-H2O at 300 °C) has been
reported.170

Figure 4.23 b) compares the Si 2p XPS spectra of the SiGe film before and
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after 100 cycles of ALEt. The elemental Si 2p peak is observed at 99.5 eV.167

Similar to germanium, a strong Si peak around 103.5 eV is detected and
assigned to SiGeOx.167 On the contrary, after ALEt, the high intensity Si 2p
peak at 102.91 ±0.1 eV is assigned to Si4+ and can be a result of an oxidation
step according to O1. The shifts in the binding energy for Si1+, Si2+, Si3+, and
Si4+ with regards to the binding energy of Si0 are reported as 0.9, 1.9, 2.6,
and 3.4 eV, respectively.171,172 From the figure, it is evident that the Si2+ and
Si3+ oxidation states are much more intense after ALEt. The Si3+ peak around
102 eV indicates the presence of a silicon suboxide.173 After ALEt, the higher
intensities (compared with before ALEt) detected for silicon suboxides
(associated with Si3+, Si2+, and Si1+) can be explained by the partial reduction
of SiO2 by TMA as reported by DuMont et al.74 Moreover, the possibility of
SiOxFy cannot be ruled out, as it may have formed in the reaction between
SiO2 and the HF vapors. Previous reports have confirmed the formation of
SiOxFy during the ALEt of SiO2 by HF-TMA.74 Thus Si peaks at 102.8 ± 0.4 and
103.9 eV are assigned to SiOxFy surface species.174

707274767880

Al 2p

Al2O3

C
o

u
n

ts
 (

a
.u

.)

Binding Energy (eV)

AlF3

Al2SiO5

681683685687690692

686.2

C
o

u
n

ts
 (

a
.u

.)

Binding Energy (eV)

F 1s

a) b) 

Figure 4.24: XPS spectrum of a) Al 2p , and b) F 1s signals for SiGe film before
and after 100 cycles of the O2 - HF - TMA ALEt process at 290 °C. Reproduced
with permission from [II], Copyright © 2021 American Vacuum Society.

After etching the SiGe film, small but non-negligible amounts of aluminum
and fluorine were also detected, as shown in Figure 4.24. The aluminum and
fluorine contents were 1.0 and 0.8 atomic %, respectively. In Figure 4.24 a)
an Al 2p peak is observed at 75.4 (± 0.1) eV which is higher than the BE of
Al2O3 (74.5 eV) but lower than the BE of AlF3 (77.3 eV).175 The Al 2p XPS peaks
in AlF3 and AlOxFy are centered around 77 (± 0.5) eV59,142,175 and 75.5 eV,48

respectively. The BE of aluminosilicate (Al2SiO5) is reported around 74.9 eV.176

Hence, the BE of the observed Al peak is consistent with AlOxFy species.177–179

In Figure 4.24 b) the F 1s signal demonstrates amaximum around 686.2 eV
that belongs to either SiF or GeF surface species.179 When combined with the
detected BEs for Al, Si, and Ge, it can be concluded that the surface lacks AlF3
species and most likely contains a mix of SiGeOxFy, aluminosilicate and AlOxFy
species.
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4.5 HfO2 etching by NbF5-CCl4

Since there was only a limited number of HfO2 wafers available at the time of
experiments, only a few HfO2 films were subjected to the NbF5-CCl4 etch
chemistry (unpublished results). The etch experiments were carried out at
460 °C and the pulsing sequence was NbF5/N2/CCl4/N2. Section 4.5.1 plots
the EPC at various reactant pulse times. Section 4.5.2 discusses the basic
thermodynamics of the etch chemistry and in 4.5.3 the post-etch films are
characterized by ex-situ TEM and XPS analyses.

4.5.1 Effect of reactant pulse times
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CCl4 (0.5/6/X/6 s)

0.0

0.2

0.4

0.6

0.8

0.0 1.0 2.0 3.0

E
tc

h
 p

e
r 

c
y
c
le

 [
Å

]

pulse time [s]

Figure 4.25: EPC of HfO2 films vs. NbF5 and CCl4 pulse times at 460 °C. A total
of 100 etch cycles were performed for each data point, except for 3/6/1.5/6 s,
where only 50 etch cycles were used. Copyright © 2022 Author.

The HfO2 films were etched using alternate exposures of NbF5 and CCl4.
The EPC depends on the reactant pulse times (Figure 4.25). While varying the
NbF5 pulse time (blue curve), the CCl4 pulse time was fixed at 1.5 s. The EPC of
0.3 Å for 0.5 s NbF5 pulse is noted. The EPC increases with an increase in the
NbF5 pulse time and no sign of saturation is observed up to 3.0 s. This non-
saturating EPC is explained by the continuous formation of HfOxFy layer as
long as theNbF5molecules are available. Similarly, HfO2was fluorinated using
HF at 450 °C and the conversion took about 30minutes before saturation was
observed.180

On the contrary, while varying the CCl4 pulse time from 0.5 to 3.0 s, a
saturated EPC of about 0.3 Å is obtained. The chloride ions from CCl4 are
proposed to undergo halide-exchange with the fluoride species on the
modified surface, thereby forming volatile species. In this way, the
volatilization of the modified HfOxFy surface occurs. The volatilization
continues as long as the modified layer (HfOxFy) and CCl4 are in contact and
stops when either the CCl4 supply is ceased or the underneath HfO2
becomes exposed. No etching of HfO2 was observed with CCl4 alone. Hence,
the saturation of EPC with CCl4 pulse time is observed.
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4.5.2 Thermodynamics of the etch chemistry

Similar to the Al2O3 ALEt by NbF5-CCl4, HfO2 etching is proposed to involve
fluorination by NbF5 followed by the volatilization (halide-exchange reaction)
of the products upon reaction with CCl4. Fluorination reactions can be written
as F1 and F2 below.

F1: HfO2(s) + 2NbF5(g) HfF4(s) + 2NbOF3(g) ∆G = -20 kcal/mol @ 400 °C

F2: HfO2(s) + 2NbF5(g) HfF4(g) + 2NbOF3(g) ∆G = -2.4 kcal/mol @ 550 °C

In F1, HfO2 is converted to HfF4, and the oxygen from HfO2 is scavenged
by NbF5 in the form of volatile NbOF3 species. NbOF3 sublimes above 148
°C.120 According to F1, the negative value of ∆G at 400 °C shows that the
fluorination reaction is favourable. In contrast, F2 shows the capability of
NbF5 to convert HfO2 into gaseous HfF4 at 550 °C. ∆G for F2 becomes
negative above 515 °C, so it can be said that NbF5 alone may result in
volatilization of HfO2 films at higher temperatures (> 515 °C). Moreover, HfF4
sublimation is recorded to occur only above 600 °C.180 The etch temperature
used in the ALEt experiments was at maximum 460 °C. Another possibility is
that under experimental conditions HfO2 undergoes only partial fluorination,
i.e., the modified layer is HfOxFy, similar to the observation made for Al2O3
fluorination, where the modified layer was AlOxFy. Hf2OF6 as an intermediate
is reported to form during the fluorination of HfO2 by HF at temperatures
above 400 °C.180

In the halide-exchange step, the fluorinated HfO2 reacts with CCl4 which
can be described using E1.

E1: HfF4(s) + CCl4(g) HfCl4(g) + CF4(g) ∆G = -1.0 kcal/mol @ 800 °C

In E1, the fluoride ions from HfF4 transfer to the carbon atom of CCl4 to
form volatile CF4. Mixed halides such as CClF3, CCl2F2 and CCl3F may also
form as by-products. On the other hand, mixed halogen containing Hf(+4)
compounds (HfFaCl4-a where 0 < a ≤ 3) that are likely more volatile than HfF4
can also form. ∆G for E1 becomes negative only at about 800 °C, which
could indicate that the mixed halide species are the dominant etch products.
Calculating the ∆G values for reactions producing mixed halides was not
possible due to the absence of such species in the HSC software database.

4.5.3 Post-etch film characterization

After exposing HfO2 films to the NbF5-CCl4 chemistry the remaining surfaces
were characterized using TEM and XPS. Etching was carried out at 460 °C and
the etch process utilized 3 s reactant pulses and 6 s N2 purges. Total numbers
of etch cycles employed were 60 and 150 in Figure 4.26 a) and b), respectively.
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Figure 4.26: Bright-field TEM images of: a) partially etched 17 nm HfO2, and
b) silicon substrate with native oxide after complete removal of HfO2. The
etchant pulse times used were 3 s and the etch temperature was kept at 460
°C.

The initial thickness of the HfO2 was approximately 27 nm and the films were
crystalline (not shown here).
In Figure 4.26 a), about 17 nm HfO2 film is visible that is crystalline and the

surface appears to be roughened. Figure 4.26 b) shows the c-Si substrate with
native oxide after complete removal of the HfO2 film.
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Figure 4.27: XPS depth profiles of: a) partially etched HfO2 film, b) silicon
surface after complete etching of HfO2with the NbF5-CCl4 etch chemistry. The
etch temperature was 460 °C.

Figure 4.27 a) shows the elemental composition of the film that was left
after etching about 10 nm HfO2. The surface is comprised of about 24 atomic
% Hf, 51 atomic % O, 22 atomic % C and 3 atomic % F. The Nb and Cl were
not detected in the remaining film or at the surface. The amount of fluorine
in the remaining film is less than 0.7 atomic % which is possibly a result of
sputtering. The high amount of surface carbon (22 atomic %) is associated
with the exposure to ambient air during sample storage and transportation
or partly with the exposure to CCl4.
Figure 4.27 b) shows that after a complete removal of about 28 nm HfO2

film, the surface contains no signs of Hf, Nb and Cl. The amount of F
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detected is less than 0.5 atomic %. The XPS analyses reveal that the surface
is composed of Si and O along with some carbon contamination and hence,
confirms the underlying substrate (c-Si surface with native oxide).
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4.6 Activation energy determination

In a chemical etch process, the rate of the reaction is determined by the
slowest step and strongly depends on the temperature. For single reactant
based processes, such as CVE or GPPE, the rate determining step can be the
etching reaction or transportation of the etchant or product. Typically, the
reaction (etch) rates are low at low temperatures and increase exponentially
with temperature according to the Arrhenius equation 4.6a.7,181,182

k = Ae
−Ea

RT (4.6a)

Where ’k’ is the reaction rate constant, ’Ea’ is the activation energy, ’T ’ is
the temperature in Kelvin, ’R’ is the universal gas constant, and ’A’ is
pre-exponential factor. Under a given set of experimental conditions, the
activation energy is the minimum energy that is needed for the reactants to
result in the formation of products, in this case etch-products, and hence,
the etching to take place.
In the case of an ideal self-limiting ALEt process based on two reactants,

the EPC should have a temperature-independent response. However, this is
rarely reported in the literature, and the experimental findings in this thesis
also showed that the EPCs increase with the temperature. In reality, the
EPCs may depend on the rate of the surface modification or volatilization
step. However, the results reported here indicate that it is the surface
modification step that derives the increase in the EPCs. In the literature, the
surface modification steps such as oxidation183 and diffusion184 are
reported to follow linear Arrhenius plots.

ln(k) =
−Ea

RT
+ ln(A) (4.6b)

To confirm whether the etch processes studied here follow the Arrhenius
equation 4.6b, the natural logarithms of EPCs are plotted against the inverse
of the temperature (Figure 4.28). Similarly, activation energies for the gas-
solid reactions were determined in the previous reports.52,185 Here, all the
plots are indeed linear, and the following activation energies are determined
from the slopes:

(A) Al2O3 etching by NbF5-CCl4: 33 kcal/mol

(B) TiN etching by CCl4: 17 kcal/mol

(C) TiN etching by SOCl2: 25 kcal/mol

(D) SiGe etching by O2/O3-HF-TMA: 16 kcal/mol

Similar calculations were made for determining the activation energies of
the AlF3 and WO3 ALEt reactions by AlMe2Cl and BCl3/HF, and were reported
to be 28 and 9 kcal/mol, respectively.14,20,48
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Figure 4.28: Arrhenius plots of the etch per cycle of Al2O3 (A) etching by NbF5
- CCl4 (red), TiN (B) etching by CCl4 (black), TiN (C) etching by SOCl2 (blue) [I],
and SiGe (D) etching by O2 - HF - TMA (purple) [II]. In the figure Ea (SiGe)
reproduced with permission from [II], Copyright © 2021 American Vacuum
Society, and Ea (TiN by SOCl2) reproduced with permission from [I], Copyright
© 2021 Authors, Published by Elsevier, distributed under a Creative Commons
(cbnd) License.





Chapter 5: Conclusions and outlook
Thermal atomic level etching is a chemical etching technique that relies on
sequential gas-surface reactions that are thermally activated and provide
ångström-level thickness control. The work reported here is based on novel
reactants such as NbF5, CCl4, and SOCl2 as well as previously reported O2/O3,
HF, and Al(CH3)3. In this work, two types of etching processes are reported.
The first one includes exposing the target surface to two or more reactants
in a cyclic manner (thermal atomic layer etching, ALEt) and the second one
utilizes pulsing of a single reactant (gas phase pulsed etching, GPPE). All
reactant pulses were separated by inert gas purge steps.
Etching of amorphous Al2O3 was performed using alternate exposures of

NbF5 and CCl4 reactants, and occurred above 380°C. The Al2O3 ALEt
proceeds by a two-step mechanism wherein NbF5 fluorinates a part of the
Al2O3 layer into AlFX[O] and CCl4 volatilizes the AlFX[O] layer via a
halide-exchange reaction. The proposed etch-products are AlCl3, NbOF3, and
CFCl3. It was found that the fluorination step is not self-limiting but the
volatilization step leads to a partially self-limiting etch per cycle (EPC)
response. EPC increased with temperature and an EPC of 1.4 Å was
obtained at 460°C. At 460°C the NbF5-CCl4 chemistry etched also crystalline
HfO2 but not SiO2 and Si3N4. Moreover, TiN was fluorinated by NbF5 and the
formed NbNFx species did not desorb from the surface under the
experimental conditions. In the removal step, CCl4 volatilized the modified
surface layer by forming volatile TiF4, TiCl4, NbFCl3, and ClCN products.
Hence, TiN, HfO2 and Al2O3 are etched selectively over SiO2 and Si3N4.
In the GPPE, TiN was etched by either CCl4 or SOCl2 alone. In the case of

GPPE by CCl4, EPCs of about 0.1 and 0.3 Å were obtained at 370 and 460 °C,
respectively. The predicted etch products are TiCl3 and ClCN. SOCl2 was able
to etch TiN starting from 270 °C. The proposed etch products are TiCl4, SO2,
N2 and S2Cl2. Both GPPE processes selectively etch TiN over SiO2, Si3N4, and
Al2O3.
SiGe was etched using an oxidation and conversion-etch mechanism. In

the oxidation step, SiGe is converted to SiGeOX using either O2 or O3/O2. The
oxidation step shows partially self-limiting EPC while saturated EPC is found
with respect to HF and TMA pulse times. An EPC of 0.6 Å for O2-HF-TMA and
0.4 Å for O3-HF-TMA etch process at 290 °C were observed.
For both ALEt and GPPE processes, uniform and conformal thinning as

well as complete removal of TiN from 3D structures were demonstrated.
Moreover, after the complete removal of the target films, negligible amounts
(≈ 0.5 atomic %) of surface remnants were observed.
In the future, effects of the reactant partial pressures, substrate

composition, morphology and phase of the target material on the EPC
should be studied. In addition, the etch chemistries used here should be
tested on other targets such as TiO2, ZrO2, Ta2O5, Nb2O5, ZrN, TaN, MoN, and
AlN. Furthermore, because the reactants contain various halide atoms, it
would be beneficial to investigate the process-hardware compatibility.
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Appendix A: Bond dissociation energies
The bond dissociation energy (BDE) of a bond M-X is a standard enthalpy
change, at 298 K, in a reaction: M X M + X.109 BDE is proportional to the
bond strength and can be used to measure the strength of a chemical bond
M-X.92,109 Table A.1 shows BDE values in kJ/mol for various bonds that are
taken from the CRC database.186 The values for Nb-Cl and Nb-F were not
found and are estimated by extrapolating the BDE values for corresponding
Ta and V halides. The extrapolation is based on the group trends in the
periodic table. However, the group trends are not always valid as sometimes
exceptions are also encountered. To verify the accuracy of the extrapolated
BDE values, a similar estimation was done for the BDE values of Nb-O, Nb-N
and less than 10 % error was observed.

Table A.1: Bond dissociation energies of selected M-X bonds.

Bond Bond dissociation energy (kJ/mol)
Ti-C 423
Ti-Cl 405
Ti-F 569
Ti-N 476
Nb-C 524
Nb-F 582
Nb-Cl 511
Nb-N 540
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