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Chapter 1

General Introduction

Abstract

This introductory chapter outlines the progress in nano-electronic industry. The
recently introduced state-of-the-art gate-all-around field effect transistor (FET) is
the epitome of the advancements in nano-electronics. The realization of such a
device has been made possible by the combined progress in thin film deposition
techniques and lithography techniques. This chapter highlights atomic layer
deposition (ALD) as the key enabling technique for the deposition of thin films
with excellent conformality and uniformity in these high aspect ratio 3D
nanostructures. Since the conductive transition metal nitride films play a pivotal
role in the manufacturing line of advanced FETs, this dissertation uses the growth
of HfN, thin films by ALD as a model system to address, in the form of research
guestions, the various challenges that are encountered in the synthesis of high
quality and low resistivity HfN, films.



1.1 Evolution of field-effect-transistors: requirements

The tremendous progress in micro- and nano-electronics over the last few
decades is the combined result of the advancements in the field of thin film
(oxide, nitride and metal) deposition techniques and the lithography techniques.
Gordon Moore in 1965 observed that the number of transistors per unit area on a
microprocessor chip doubled every 18-24 months [1]. Henceforth, the so-called
‘Moore’s law’ has been adopted by the semiconductor industry as the roadmap
for further development of integrated circuits and downscaling of transistor size
[2]. The shrinkage of device features has resulted in remarkable increase in the
computation power and the clock speed, responsible for the affordable
development of advanced computers and smartphones.
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Figure 1.1. (a) A schematic illustration of a planar metal-oxide-semiconductor field-effect-transistor
(MOSFET). The highly doped source and drain regions are separated by a semi-conducting channel.
The current flow from source to drain depends on the capacitance of the gate dielectric and the
voltage applied to the metallic gate. (b) A schematic illustration of the 3D FinFET device architecture
with corresponding thin layers of functional materials. (c) The evolution of the metal-oxide-
semiconductor-field-effect-transistors (MOSFETs) in integrated circuits in order to keep up with
Moore’s law [3, 4].

For instance, Figure 1.1a shows a schematic of a silicon-based planar metal-
oxide-semiconductor field-effect-transistor (MOSFET), i.e. the elementary
component of an integrated circuit (IC). The conducting source and drain regions
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are separated by a semiconducting channel. The extent of the electronic
conduction through the semiconducting channel and appropriate switching of the
transistor is controlled by the voltage applied to the metallic gate and the
capacitance of the dielectric layer. In order to address the shrinking feature sizes
and, at the same time, suppress the flow of unnecessary current between the
source and the drain, a better control over the electrostatics of the
semiconducting channel is required. The latter can be achieved by increasing the
capacitance of the dielectric layer, either by reducing the thickness of the layer or
by adopting a material with higher dielectric constant (k) value. This was the
primary reason behind the replacement of silicon oxide (SiO,) with high-k hafnium
oxide (HfO,) since 2007 [4]. In order to further improve the control over the
electrostatics, another exemplary leap was taken by Intel in 2012 by introducing
the revolutionary 3D Fin Field-Effect-Transistor (22 nm node FinFET, also referred
to as Tri-Gate) design [3] (Figure 1b). This non-planar transistor consists of Si fins
serving as channel, around which a layer of HfO, is deposited on three sides. A
thin, conformal and conductive titanium nitride (TiN) layer is subsequently grown
on HfO,, serving as the gate metal electrode. Further reduction in the feature size
led to the introduction of the 10 nm node technology in 2017, characterized by an
aspect ratio of 7.5:1 for the fin structures. As a major step forward, IMEC
introduced a novel state-of-the-art gate-all-around FET (GAAFET) structure in
2016 in order to further improve the electrostatic control over the channel and to
reduce the channel width to < 8 nm [5, 6]. In this FET device, the Si nanowire
channel is uniformly covered with HfO, whereas a thin layer of TiN serves as the
gate metal.

The nitrides of group 4-6 transition metals have received considerable
attention due to their outstanding electronic and physical properties, making
them technologically essential in the front-end-of-line (FEOL) fabrication of the
state-of-the-art devices, as aforementioned. In addition to the FEOL, transition
metal nitride (TMN) films are also a vital component in the back-end-of-line
(BEOL) fabrication. Specifically, TMN films are used as copper diffusion barriers
when the FETs gets interconnected by Cu metallization. In addition to TiN,
tantalum nitride (TaN) films have been also employed as gate metal in advanced
FETs [7, 8]. However, both TiN and TaN tend to form undesirable oxy-nitrides at
the interface with the HfO,, thereby reducing the ‘effective’ k value [9, 10]. Yu et
al. showed that the low-resistivity hafnium nitride (HfN) is highly compatible and
thermally stable material when used in combination with the high-k HfO,, in
contrast to its counterparts TiN and TaN [9, 10].

The introduction of high-k metal oxides and conductive transition metal
nitrides is, however, not the only key element to the successful development
towards the 10 nm node technology. As aforementioned, notable advancement in
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lithography techniques such as spacer-defined double patterning (SDDP) and/or
self-aligned double pattering (SADP) should be acknowledged too, as responsible
for the device evolution from a relatively simple planar structure to a complex 3D
architecture (Figure 1c).

In parallel with the advancement in lithography, the deposition of ultra-thin
films with good conformality and step coverage on such complex 3D device
structures is equally relevant and urgent. With the onset of 22 nm node
technology, these requirements in thin film deposition have been met by atomic
layer deposition (ALD). The latter delivers ultra-thin films with precise control over
thickness, excellent uniformity and unparalleled conformality on high aspect ratio
3D structures [11-14].

1.2 Atomic layer deposition

ALD is a vapour-phase deposition technique [11-17]. In an ideal ALD process,
the reactions between the surface and the precursor or the co-reactant do not
proceed any further (i.e. are self-limiting) once saturation is achieved. Figure 1.2
shows the growth per cycle (GPC) as a function of the precursor dose, co-reactant
exposure and the intermediate purge steps involved in an ALD process.

In a thermal ALD process involving only vapours, the time of saturation for
each half reaction is determined by the reaction kinetics, adsorbate’s partial
pressure and the number of available surface sites, in accordance to the Langmuir
adsorption model. A plasma-assisted ALD process typically employs reactive
plasma species as the co-reactant during the second half cycle, instead of gaseous
vapours. A plasma is a collection of electrons, ions, atomic and/or molecular
radical species and photons. The saturation behaviour of the plasma step is then
controlled by parameters such as the plasma exposure time, plasma operating
pressure, gas composition, reaction kinetics and the availability of surface sites.
The use of plasma as a co-reactant in an ALD process has burgeoned in the recent
years as it allows more freedom in the processing conditions. Plasma processing
enables low film growth temperatures, tuning of film stoichiometry and
crystallinity and lower ALD cycle times.

The growth of films by an ALD process, in saturation, is independent of the
flux of reactant species on the surface. Furthermore, the self-limiting nature of
ALD allows uniform layer-by-layer growth of the desired material, even over large
areas and also on high aspect ratio structures [11-14]. The latter is schematically
represented in Figure 1.3.
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Figure 1.2. A schematic representation of an ALD process consisting of two self-limiting half
reactions. The first half cycle consists of dosing the metal precursor and the second half cycle
consists of a co-reactant exposure. The purge steps after the precursor dose and co-reactant
exposure are placed to prevent unwanted reactions between the precursor and co-reactant. The
resulting coverage, or growth per cycle (GPC), as a function of the exposure and purge time is
indicated as well. The exposure steps and purge steps are sufficiently long in order to achieve the
saturated growth for the self-limiting reactions and prevent any reaction between the precursor and
the co-reactant.
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Figure 1.3. An illustration showing the merits of ALD: high wafer-scale uniformity, precise control
over growth and excellent step coverage.

1.3 Framework of the project

This dissertation work was carried out in the Plasma & Materials Processing
(PMP) group at the Eindhoven University of Technology in the Netherlands. The
project was financially supported by Stichting Technische Weterschappen (STW)
through the project entitled ‘Light Management and Interface Engineering for
Highly Efficient and Ultra-Thin CIGS Solar Cells (LIMIET 13316)’ and by Netherlands



Organization for Scientific Research (NWO) through the project entitled ‘Taking
Plasma Atomic Layer Deposition to the Next Level (HTSM 15352)’.

This dissertation focuses on exploring the routes towards the synthesis of low
resistivity TMN films. Although TMN films are highly relevant in modern nano-
electronics, the growth of low-resistivity TMN films by ALD is challenging and non-
trivial. The challenge lies in the efficient reduction of the metal atom, present in a
higher oxidation state in the precursor, to the M(lll) oxidation state in the
deposited film. Next to this, the suppression of impurity incorporation (such as
oxygen or carbon) in the grown films is also a major challenge. Furthermore, the
growth of TMN films with a high crystallinity and low nanoporosity at typically low
ALD operating temperatures is difficult to attain. This dissertation addresses the
case-study of plasma-assisted ALD of HfN, thin films to elucidate these challenges
in detail. As it will be discussed in the Chapter 2, the choice of the reducing co-
reactant is essential in promoting the Hf(lll) oxidation state in the film and,
therefore, the development of the conductive 6-HfN phase. Since a plasma is a
highly reactive medium, plasma chemistry (specifically, H- radicals generated in an
H, plasma) is expected to efficiently reduce the Hf(IV) state in the metal
precursor. Moreover, the ions impinging the surface of the growing film are
expected to affect the film microstructure. In this respect, Chapter 2 also reviews
the literature works which have investigated the impact of energy, flux and mass
of impinging ions, incident on the surface of the growing film, in tailoring the
microstructure of the films.

1.4 Research questions and thesis outline

This thesis addresses the plasma-assisted ALD process of conductive HfN,
films. The research questions covered through Chapters 2-6 are here summarized:

What are the challenges in vapour-based deposition techniques when
synthesizing conductive metal nitrides?

One of the key aspects toward the synthesis of conductive HfN, and, in
general, TMN films is the efficient reduction of the oxidation state of the metal
atom to +3 in the deposited film, when adopting metal (-organic or -halide)
precursors with the metal atoms present in a higher oxidation state. Chapter 2
briefly reviews the synthesis of conductive TMN films by various vapour-based
techniques (PVD, CVD and ALD). It is inferred that, when adopting CVD or ALD, the
reduction of some atoms (Zr, Hf, Ta) from a higher oxidation state in the metal
precursor to +3 in the film is challenging to achieve. Furthermore, Chapter 2
highlights that the application of highly reactive H, plasma as the co-reactant in
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CVD and ALD processes enables the reduction of metal atoms to +3 oxidation
state in the film. However, the extent of reduction of metal atom to +3 oxidation
state and the correlation between +3 oxidation state fraction and the resistivity is
missing in literature.

How does a selected plasma chemistry (N, plasma vs H, plasma) contribute in
promoting the reduction of the Hf(IV) state in the metal precursor to Hf(lll) in the
deposited film?

Chapter 3 addresses the role of the plasma feed gas composition (N, plasma
versus H, plasma) in affecting the stoichiometry of the HfN layers, including the
fraction of Hf(lll) oxidation state in the deposited films. It is found that the highly
reducing nature of H, plasma leads to larger Hf(lll) fraction than the N, plasma. A
correlation between the Hf(lll) fraction and the film electrical resistivity is
reported, which also serves as figure of merit for the research carried out in the
subsequent chapters. This chapter also elucidates the effect of the presence of
oxygen impurities in the deposited film on the Hf(lIl) fraction.

How does the energy of the impinging ions on the HfN, surface during the film
growth affect its Hf(lll) oxidation state fraction and microstructure?

Chapter 4 reports on the application of an external rf substrate bias during the
H, plasma step in the plasma-assisted ALD of HfN,. An increase in time-averaged
substrate bias from OV to -130V leads to a major decrease in O content, an
increase in Hf(lll) fraction from 0.65 to 0.82 and a major decrease in HfN, film
resistivity by two orders of magnitude from 0.9 Qcm down to 3.3-10° Qcm.

Can we gain insights into the chemical reactions taking place at the HfN, film
surface in the presence of impinging energetic ions?

Chapter 5 focusses on the application of theoretical first principles density
functional theory (DFT) calculations to the case study of HfN, thin films.
Specifically, DFT calculations are found to provide insight into: |. the
thermodynamically and kinetically favoured oxygen incorporation in HfN, films in
the form of OH groups; Il. the thermodynamic affinity of plasma cationic species
(H*, H," and H;') towards the surface -OH groups; Ill. the removal of oxygen in
form of volatile H,O by the scission of the surface Hf-OH bonds by energetic
cations and a subsequent reduction of the surface Hf(IV) to Hf(lll) by H- radicals.



How does the incident ions with larger mass affects the structural properties of
HfN, films?

Chapter 6 addresses the impact of energetic ions with larger mass (i.e. ArH*
vs. H;") on the chemical composition, microstructure and the associated electrical
properties of the HfN, films. Heavier ions are generated in an Ar-H, plasma and
are found to be responsible for further decrease in resistivity by an order of
magnitude down to 4.1-:10” Qcm with respect to the case of H, plasma. The
decrease in resistivity is primarily attributed to the major decrease of in-grain
nano-porosity in the film, whereas the Hf(lll) fraction is similar to the case of the
H, plasma process. It is concluded that the impinging ions with a larger lead to a
greater extent of energy and momentum transfer to the HfN, surface.
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Chapter 2

Synthesis of conductive transition
metal nitrides: an overview

Abstract

Conductive nitrides of group 4-6 transition metals are a class of materials known
for their mechanical stability and chemical inertness. Moreover, their excellent
electrical and physical properties make them essential for various applications in
the semiconductor industry. This chapter provides a short review on the relevant
structural and chemical properties of transition metal nitrides (TMNs).
Furthermore, the growth of TMN films, together with their material properties, by
various vapour-based deposition techniques is reviewed. In general, very low film
resistivity can be achieved by physical vapour deposition techniques. However,
the growth of low-resistivity TMN films, when adopting deposition methods such
as chemical vapour deposition or atomic layer deposition, presents some
challenges. Specifically, the metal precursors generally contain the metal atom in
a high oxidation state of +4 or +5, which requires to undergo reduction to +3
oxidation state in order to deposit conductive TMN films. The selection of
reducing co-reactants is, therefore, essential to achieve conductive films. Among
the reducing agents, plasmas fed with several gases (H,, H,/N,, NH;) are taken
into consideration in this review. Together with the plasma chemistry, other
plasma parameters are expected to play a major role in controlling film
properties, such as energy, flux, and mass of the ions impinging on the surface of
growing film. In particular, the influence of ion energy and ion flux on the
structural properties of the films prepared by various vapour-based deposition
techniques is reviewed in terms of the theoretical aspects as well as experimental
observations. The concepts summarized in this chapter will be of support when
discussing the experimental and computational results addressed in Chapters 3-6.
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2.1 Transition metal nitride material properties

. Crystal properties

The conductive nitrides of group 4-6 transition metals are often referred to as
interstitial alloys [1, 2], prepared by inserting the nitrogen atoms into the
interstitial sites of the parent metal lattice [3]. Generally, transition metal nitrides
are found to crystallize in either the face-centered cubic (fcc) or hexagonal-closed
packed (hcp) [2, 4] structure. The two representations of a unit cell of the TMN
crystal structure are shown in Figure 2.1b, where the larger cations of transition
metal (M) are shown in cyan and smaller nitrogen anions (N) are shown in blue.
The crystal structure is determined by the Hagg rule and depends on the ratio (r)
between the radius of nitrogen atoms (r,) and transition metal atoms (r,,) [4].
Compounds with r exceeding 0.59 typically exhibit hcp crystal structure, while
those with r less than 0.59 crystallizes usually in fcc structure. Nitrides of Ti and W
metals yield unique MN stoichiometry, whereas Zr, Hf, V, Nb and Ta may also
form sub-stoichiometric nitrides with formula MN4, [2].

(a) {b)

Group 4 | Group5 | Group6
TiN VN 4
ZrN NbN M
HfN TaN,

fec hep

Face Centered Cubic (fcc) Hexagonal Closed Packed (hcp)

Figure 2.1. (a) Typical crystal structures exhibited by the conductive nitrides of different transition
metals, adapted from ref. [2] and (b) representation of a unit cell of face centered cubic (fcc) and
hexagonal closed packed (hcp) crystal structure for TMN compounds. Transition metal atoms are in
cyan and nitrogen atoms are in blue.

Il. Electronic properties

Table 2.1 quantitatively summarizes various properties of conductive nitrides
of group 4 transition metals [1, 2]. These TMNs are also often referred to as
refractory nitrides, due to their high melting point, high hardness and excellent
chemical stability [1]. Furthermore, TMN films also exhibit high electrical
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conductivity, making them technologically relevant for the semiconductor
industry. The electronic states in TMNs are dictated by the distribution of charge
between the transition metal atom and nitrogen. Numerous efforts have been
devoted to comprehend the electronic structure of TMNs [4-10], as it is of
fundamental importance for the electronic and optical properties of the solid.
Figure 2.2a shows the density of states (DOS) for stoichiometric TiN, ZrN and HfN,
deduced by means of density functional theory (DFT) calculations [4, 7, 8]. The
low-lying bands at ~5 eV below the Fermi energy (Ef) originate from the N 2p
states. The higher-lying bands near and above the E; are predominantly due to the
d states of the respective parent metal atom, illustrating the presence of a non-
zero DOS at the Eg. It should be noted that the N 2p band also contains small
contributions from the d states of the metal atom and similarly the d states above
the Er also have minor contributions from the N 2p states. The presence of a finite
DOS at Er and an associated metal-like behaviour of TMNs is attributed to the
presence of the metal atom in the +3 oxidation state [11, 12]. As a consequence,
the unpaired free d orbital electrons of the transition metal atoms contribute to
film conductivity [13, 14]. Figure 2.2b shows the DOS for Zr;N, and Hf;N, for
comparison purposes [9, 10]. As can be observed, the DOS goes to zero at the E,
implying an insulating behaviour for these super-stoichiometric nitrides. This is
due to the presence of the +4 oxidation state of the parent metal atom, as
highlighted in Chapter 1.

Table 2.1. Properties of conductive nitrides of group 4 transition metals. Values are for room

temperature and stoichiometric composition. Adapted from ref. [1, 15-20]. -’ denotes ‘not
reported’.
Compound Density Melting Lattice Epitaxial film Screened plasma
4 oint arameter a resistivit energy E
(g cm’) p p y 8Y Ep
(°C) (A) (Qcm) (eV)
TiN 5.4 2950 4.24 1.25:10° 2.6
ZrN 7.3 2980 4.57 1.210° 3.2
HfN 13.8 3387 4,52 1.42:10° 3.7
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Figure 2.2. Total density of states of conductive nitrides (a) and insulating nitrides (b) of group 4
transition metals, calculated by means of density functional theory (DFT) calculations. Perpendicular
dashed line at 0 eV denotes the Fermi level (Ef). Adapted from ref. [7-10].

lll. Opto-electronic properties

TMN films have very high near-IR reflectivity. These properties enable their
application as reflective back contacts in thin film CIGS solar cells and/or heat
mirrors [21-23]. The opto-electronic properties of conductive TMN films, in
general, can be inferred by using one free-electron Drude oscillator and two
Lorentz oscillators [14, 16]. The Drude oscillator represents the intra-band low
energy transitions whereas two Lorentz represents the inter-band transitions at
low and high photon energy [14].

Drude Lorentz
SiEZ
E(E) =¢&(E)+ie,(F =s°o— Z ) 0 (1)
( ) 1( ) 2( ) lFDE E2 —Ej2+iEjI}

where &4, represents transitions at higher energy, E, is plasma energy and I is the
damping factor for a Drude oscillator. The Lorentz oscillators are centered at E,
which corresponds to the resonance frequency, while S indicates the strength of
the oscillators and I is the damping factor for the Lorentz oscillators. The screened
plasma frequency (w,) is given by
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(2)

where &, is the vacuum permittivity, €, is the relative permittivity at w,, m* is the
effective electron mass and N is the density of electrons. TMN films usually have
high values of w, (Table 2.1), the reason for high near-IR reflectivity.

2.2 Transition metal nitride synthesis

I. Physical vapour deposition (PVD)

Physical vapour deposition (PVD) is definitely the most reported and
investigated method for the deposition of TMN films in literature. In a typical PVD
process for the growth of TMN films, a highly pure metallic pellet (ca. ~99.9%) is
used as the target and either Ar or N, plasma or combination thereof is employed.
A bias is usually employed to enhance the energy of impinging ions onto the
metallic target. Consequently, the atoms are sputtered from the metallic target
and contribute to the development of a closed film on the substrate. High vacuum
processing, high purity of the target material and the process gases, and high
temperature processing of 500-650°C allows for the deposition of TMN films with
very low impurity content and high crystallinity by PVD. For instance, epitaxial and
stoichiometric TMN films have been grown using PVD on MgO(001) substrates by
employing pure metallic targets in combination with either N, plasma for TiN or
Ar-N, plasma for ZrN, HfN and TaN respectively [17-19, 24]. In regards to the
electrical properties, the epitaxial films of TiN [17], ZrN [18], HfN [19] and TaN [24]
exhibit a very low room temperature resistivity of 1.25-:10° Qcm, 1.2:10° Qcm,
1.42:10° Qcm and 1.85-10* Qcm, respectively. Furthermore, these films also
displayed superconductivity below a critical temperature (T.) of ca. ~5-10 K [20]. It
should be noted that in the case of PVD, nitridation occurs that oxidizes the metal
atom from M(0) oxidation state in the pellet to M(lIl) oxidation state in the grown
film. Since stoichiometric films are obtained, the M(lll) oxidation state fraction of
ca. 1 is expected in the grown films. This combination of high M(lll) fraction and
high crystallinity of the films leads to the very low film resisitivities. Although PVD
can yield films with high material quality, it suffers from issues such as poor step
coverage on trench structures with high aspect ratios of more than 2.5:1, since
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the film growth is limited by the line-of-sight of sputtered atoms from the metallic
target. Typically, a PVD process also leads to non-uniformity over large surface
areas and precise control over film thickness is a challenge, as schematically
illustrated in Figure 2.3.

( PVD ) ( CVvD ) ( ALD )

N

Non-uniform; bulging of Bulging on the edges; .
i DUBING . ) eing - g : Perfect conformality;
edges; poor conformality thickness non-uniformity . . R
K . thickness uniformity
on trench side walls on trench side walls

Figure 2.3. A schematic representation of the step-coverage and uniformity of thin films prepared by
either PVD, CVD or ALD on high aspect ratio trench structures. Films grown by PVD have poor step
coverage in 3D trench nanostructures since the deposition is limited by the line-of-sight of sputtered
atoms. CVD leads to an improved step coverage, however the imperfect diffusion of reactive species
into the trench nanostructures is still an issue. ALD leads to excellent conformality due to layer-by-
layer deposition process.

Il. Chemical vapour deposition (CVD)

Chemical vapour deposition (CVD) is a vapour-based deposition technique,
aimed at overcoming the shortcomings of PVD processing and therefore
improving the conformality and uniformity of the grown thin films. However,
achieving a high conformality and uniformity for the films grown by CVD can still
be a challenge, especially on the high aspect ratio trench nanostructures as shown
in Figure 2.3. In a typical CVD process, a metal (-halide or -organic) precursor and
the co-reactant (gas vapours or plasma) are dosed simultaneously. In some cases,
such as, the growth of graphene or carbon nanotubes, where the decomposition
of metal precursor is required, only the metal precursor is required. The reactions
that lead to film formation can occur either in the gaseous phase or on the surface
of the substrate [25-27]. A CVD process for the growth of conductive phase of
TMN films typically employs precursors with metal atoms present in a higher
oxidation state, and therefore a reducing co-reactant is essential to achieve the
M(lll) oxidation state in the grown films, as highlighted in Chapter 1. As can be
anticipated, the growth of low-resistivity TMN films by means of CVD is
challenging and the reduction potential of the metal atom determines the choice
of reducing co-reactant [28]. A typical CVD process for the growth of TMN films
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either employs NH; or N,H, gases as reducing co-reactants. Often, a CVD process
leads to the growth of polycrystalline TMN films. Therefore, the film resistivity
also depends on numerous other factors, such as, film crystallinity, film thickness,
grain size and nanoporosity. Furthermore, the presence of impurities in the film
(leading to e.g. M-0O bonds instead of M-N bonds) increases the oxidation state of
the metal atoms and film resistivity.

Fix et al. reported the CVD growth of conductive phase of TiN, and NbN, films
with a resistivity of ca. ~1.0-10° Qcm by employing Ti(NMe,), and Nb(NMe,)s
respectively as the metal precursors [29, 30]. On the other hand, the growth of
insulating Zr;N,, Hf3N, and TazNs phase was observed by respectively employing
Zr(NEt,)s, Hf(NEt,), and Ta(NMe;)s as the metal precursors [29, 30]. In all cases,
NH; gas was adopted as co-reactant. Relevantly, the impurity content in the films
was below the detection limit of Rutherford backscattering (RBS) measurements.
The reported results signify that the Ti(IV) and Nb(V) atoms in the respective
metal precursors can be effectively reduced by NH; gas such that the conductive
phases of TMN films are obtained. On the other hand, the reducing potential of
NH; gas is insufficient to reduce the Zr(IV), Hf(IV) and Ta(V) atoms in the
respective metal precursors. Therefore, it can be anticipated that stronger
reducing co-reactants are needed for the deposition of conductive phases of ZrN,
HfN and TaN.

In regards to plasma-enhanced CVD, Intemann et al. reported the growth of
conductive TiN, phase and the polycrystalline films exhibited a resistivity of 5.5:10°
* Qcm and a small grain size of ~5 nm using Ti(NMe,), and H,-N, plasma [31]. The
as-deposited films contained low oxygen contamination of 0.1 at.%. Furthermore,
Liu et al. showed the growth of superconductive and highly textured NbN(200)
films using Nb(NEt,)s; and N,H, plasma [32]. The as-deposited films contained 3.2
at.% O and 11 at.% C and exhibited a T, of 9.25 K. Interestingly, plasma-enhanced
CVD growth of conductive ZrN, phase using Zr(NEt,), and H, plasma was
demonstrated by Wendel and Suhr [33]. Specifically, a film resistivity of ~1.1-10°
Qcm was achieved. Furthermore, Kim et al. reported the plasma-enhanced CVD
growth of conductive HfN, phase using Hf(NMe,), and H, plasma and a film
resistivity value of ~5.0-10° Qcm was achieved [34]. The as-deposited films were
polycrystalline in nature with a predominant growth of HfN(111) direction and the
films were found to contain 18 at.% C and 2 at.% O. Ganin et al. showed the
formation of insulating orthorhombic Taz;Ns phase using TaCls and N, plasma at
temperature of 650°C - 700°C [35], whereas lower temperature of 600°C - 650°C
led to synthesis of Ta,N; phase with an optical bandgap of ~2.5 eV.

Based on the above reported results, it can be concluded that a stronger
reducing agent, such as H, plasma, can enable the reduction of Zr(IV) and Hf(IV)
atoms in the metal precursor and thus lead to synthesis of conductive phase of
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ZrN and HfN films. However, the extent of reduction, i.e. the fraction of M(lll)
oxidation state in the grown films, is not reported in the above mentioned works.
Even though the grown films contain low O impurity content, the information on
the chemical bonding environment of oxygen is missing. Furthermore, the data on
microstructure, such as, the crystalline fraction, nanoporosity, and grain size is
lacking. Therefore, a clear relation between the film resistivity and the material
properties cannot be accomplished and the deviations in the resistivity of CVD
grown films from the resistivity of PVD grown films cannot be explained. In
addition, it can be inferred that the N, plasma is inadequate to reduce the Ta(V)
atoms in the metal precursor. As a result, insulating TazNs phase was obtained.

lll. Atomic layer deposition (ALD)

Similar to CVD, a typical thermal ALD process for the growth of TMN films
employs either NH; or N,H, gases as reducing co-reactants [36-43]. When
processing at low temperature is sought, plasma offers the opportunity to process
at low thermal budget because of the high chemical and physical reactivity of the
plasma medium [44], in terms of generated radicals and ions impinging on the
surface of growing film (see thesis appendix Section B for more discussion on
plasma, Pg. 174). Furthermore, the use of plasma as the co-reactant also allows
the fine tuning of material properties in terms of film stoichiometry and
crystallinity [45, 46]. Typical plasmas used for the growth of TMN films are those
generated in H,, N, or NH; gases or their combinations [36, 47-61]. It should be
noted that in the case of H, plasma, the N atoms in TMN films originate from the
metal precursor itself. Due the greater reduction potential of plasma radicals (H-,
NH,:) in comparison to the molecular NH; or N,H, species, it can be anticipated
that the extent of reduction to the M(lll) oxidation state may be higher in plasma-
assisted ALD, as compared to thermal ALD.

Numerous approaches have been explored and reported in literature to
synthesize the TMN films by ALD by employing diverse alkylamide or halide metal
precursors in combination with various reducing co-reactants. Figure 2.4 presents
an overview of metal nitrides prepared by ALD, whereas Table A2.1 in the
appendix provides a comprehensive summary of the material properties of only
the group 4-6 transition metal nitride films prepared by both thermal and plasma-
assisted ALD routes.
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Figure 2.4. Overview of the metal nitrides grown by ALD. Classification is based on the fundamental
electrical properties exhibited by films of these metal nitrides (i.e. conductive, semi-conductive or
insulating). The superscripts T and P represent thermal and plasma ALD processes, respectively.
Conductive transition metal nitrides are depicted in golden colour.

Addressing the thermal ALD first, Tetsuro et al. achieved the growth of
conductive phase of TiN, films with a resistivity of 4.0-10° Qcm by using Ti(NMe,),
metal precursor and NH; gas as the reducing co-reactant [37]. Similarly, the
growth of conductive phases of VN, and WN, films was shown by employing
V(NEt,), and W(NMe;),(NCMes), metal precursors, and NH; gas as the reducing
agent [39, 43]. A resistivity of ~1.2:10 Qcm was obtained for VN, films, whereas
WN, films exhibited a resistivity of ~2.0-10° Qcm. These results signify that the
reduction of above mentioned metal atoms to M(lll) oxidation state can be
achieved by NH; gas and thus the conductive phases of the metal nitrides have
been obtained, similar to the aforementioned CVD processes. On the other hand,
the growth of insulating phases of Zr;N,, TasNs, Hf;N, phases was observed by
employing Zr(NMe,),, Ta(NEt,);NCMe; and Hf(NMe,), metal precursors and NH;
as the reducing gas [38, 40].

Based on the above works, it can be again concluded that more effective
reducing agents are required to obtain conductive phases of ZrN,, HfN, and TaN,
films, in particular. These observations are also in-line with the material
properties obtained for the aforementioned thermal CVD grown films.
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In regards to the plasma-assisted ALD, the material properties and growth of
only ZrN,, TaN, and HfN, films are discussed here, whereas the material properties
of other TMN films can be found in Table A2.1. Muneshwar and Cadien showed
that conductive ZrN, phase with a resistivity of 5.6:10* Qcm can be obtained by
employing Zr(NMe,), metal precursor and N,/H, plasma [49]. Similarly, Langereis
et al. reported the growth of conductive TaN, phase with a resistivity of 3.9-10"
Qcm by employing Ta(NMe,)s metal precursor and H, plasma [57]. In the same
work, the application of N,/H, plasma or NH; plasma, instead, resulted in the
deposition of insulating TasNs phase [57]. Consiglio et al. reported the growth of
conductive HfN, phase, with films exhibiting a resistivity of 2.3-10° Qcm, by a
combination of Hf(NMeEt), metal precursor and H, plasma [51]. Similarly, Kim et
al. also achieved the deposition of conductive HfN, phase with a film resistivity of
6.7-10° Qcm by using Hf(NMe,), metal precursor and H, plasma [52].

Based on the results obtained in above reported works, it can be clearly
inferred that H, plasma is capable of providing highly reducing species that allow
the reduction of Zr(IV), Ta(V) and Hf(IV) atoms to the M(lll) state, in line with the
results of plasma-enhanced CVD processes discussed above. However, even
though H, plasma can lead to the synthesis of conductive phases of ZrN,, HfN, and
TaN, films, the information on the effectiveness of H, plasma in reducing the
metal atoms (i.e. M(lIl) oxidation state fraction) is missing. Moreover, the effect of
presence of impurities (M-O bonds) on the M(IIl) is also not reported. Next to the
chemical composition, the data on the aforementioned key microstructural
parameters is also lacking. Therefore, the resistivities of the TMN films grown by
ALD cannot be compared with that of the PVD grown films. As will be shown later
in Chapters 3-6, a step-by-step improvement in the Hf(lll) fraction and HfN, film
microstructure by systematically varying the different co-reactant plasma
parameters leads to major decrease in the resistivity values of the grown HfN,
films. Furthermore, the HfN, film resistivity values even approach the resistivity
values of HfN, films prepared by PVD.

2.3 Effect of energetic ions on material properties

So far, we have discussed that H, plasma is capable of providing a reducing
environment that can enable the synthesis of conductive phases of ZrN,, TaN, and
HfN, films. During film growth by a plasma process, the surface of the growing film
is not only interacts with the plasma radicals as aforementioned, but also with the
impinging ions, photons and electrons. One of the important parameters that can
be manipulated during the plasma exposure is the energy and flux of impinging
ions [45, 62]. Smets et al. described the various ion-surface interaction processes
that may occur during growth of thin films [63]. They are schematically illustrated
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in Figure 2.5. The incoming ions gets accelerated in the plasma sheath. lons with
low energy may get assimilated in the near-surface region through in-elastic
collisions or back-scattered. Energy transfer to the surface may occur in form of
local heating, which may promote adatom migration or lattice vibrations
(enhancement of surface reactivity). On the other hand, ions with an energy
above a certain threshold may penetrate below the surface and get trapped as
interstitials or may also displace the lattice atoms of the surface or bulk [64-67].
At even higher energies of impinging ions, sputtering or ion implantation
processes may initiate, where ions can kick out the atoms of the target material.

Figure 2.6 shows the ranges of ion energies and ion fluxes that determine the
nature of ion-surface interactions. The latter allows to define the so-called
‘operating windows’ for various plasma-based processes. As we will learn, the ion
energy and flux values that are suitable and also beneficial for film growth and
various material properties can vary significantly and also depend on the material
system of interest and the growth technique (PVD, CVD or ALD). In regards to the
plasma-assisted ALD, the film growth by an ALD process typically employs an ion
energy of ca. 10 - 100 eV and an ion flux of ca. 10* - 10 cm™ s™. In a remote
plasma ALD reactor, which has been used for performing the experiments in this
dissertation, the plasma parameters (ion flux, radical density) can be varied fairly
independently from the ion energy. By biasing the substrate with an external rf
power source, energies of the impinging ions can be increased up to ca. 400 eV
upon increasing the bias power applied to the substrate up to 100W. A detailed
discussion on the various aspects of rf substrate biasing can be found in the thesis
appendix (Section C, Pg. 177).
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Figure 2.5. A schematic of energetic ion-surface and ion-bulk interactions with a crystalline lattice
during thin film growth. Adapted from ref. [63].
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Figure 2.6. lon-surface interactions in terms of ion energy and ion flux during various plasma
processes. The typical operating windows for various plasma-based processes are indicated.
Adapted from ref. [45, 62].
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It is relevant here to briefly review the effect of ion energy and ion flux on the
material properties of the films prepared by PVD, plasma-enhanced CVD and
plasma-assisted ALD. The effects of energetic ions on the structural properties of
films has been most extensively studied for the PVD technique [18, 24, 64, 66-72].
Addressing the nanoporosity first, Hultman et al. showed that the nanoporosity in
the sputtered TiN films grown using pure Ti target and N, plasma decreased
rapidly and monotonically with an increase in the absolute value of time-averaged
substrate potential (|Vjis|) from OV to 300V [72]. Increasing the |V,is| value
above 300V led to ion-induced degradation and an increase in the nanoporosity.
The reduction in the nanoporosity was attributed to the enhanced near-surface
and/or sub-surface diffusion processes as a result of energetic ion bombardment
[72]. In a follow-up study, Petrov et al. showed the growth of sputtered TiN films
with a dense microstructure and a large grain size below a | V,;,s| value of 120V in
an Ar-N, plasma discharge, whereas an increase in the value of | V| above 200V
led to incorporation of defects and nanoporosity in the films [71].

In regards to crystallinity and chemical composition, Adibi et al. demonstrated
that increasing either the energy or flux of bombarding N," ions can alter the
microstructural properties of the sputtered TigsAlgsN films in quite distinct ways
[68]. Specifically, it was demonstrated that while keeping the J/Jy. (ratio of the
flux of impinging ions J; to flux of the metal atoms J,,) at 1 and increasing the
<Ej,»> from 20 eV to 85 eV resulted in a minor change in the film texture, whereas
a significant variation in the film stoichiometry (N/(Ti+Al) ratio increased from 1.0
to 1.2) and the lattice parameter (a, increased from 0.415 to 0.419) was observed.
Alternatively, a constant <E;,,> of 20 eV and an increase in J;/Jy from 1 to 7 led to
an abrupt change in preferential growth orientation from <111> to <200>, while
only a slight variation in the stoichiometry and the lattice parameter was
observed. Furthermore, Villamayor et al. demonstrated an increase in the
crystalline quality of sputtered HfN films by adopting Kr-N, plasma, instead of Ar-
N, plasma [73].

In the case of plasma-enhanced CVD, Kuhr et al. reported that a variation in
| Vpias| significantly alters the nucleation and growth of insulating h-BN films [74].
In particular, a predominant growth of in-plane h-BN is observed at | V,,s| = 0V,
whereas the growth of out-of-plane h-BN is also observed | V,;,s| value above 30V.
Burke and Pomot demonstrated the plasma-enhanced CVD growth of epitaxial Si
below <E;,,> of 25 eV, whereas the epitaxial growth was lost above an <E;,,> of 25
eV [75]. Smets et al. showed a reduction in nanosized void density and defect
density in a-Si:H films upon increasing | V,i,s| up to ca. 50V, above which the void
density increased [63]. Considering the plasma-assisted ALD, Profijt et al. reported
a modification in the crystalline structure of TiO, thin films from anatase-TiO, to
rutile-TiO, by increasing the <E;,,> from 50 eV to 250 eV [76]. Furthermore, the
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mass density Cos0,4 thin films consistently increased with an increase in <Ej,,>
from 50 eV to 210 eV [76]. In a follow-up work, Faraz et al. showed that energetic
ions can induce crystallization of amorphous TiO, and HfO, films even at a low
stage temperature of 150°C [61]. In the same work, variations in refractive index,
density and the residual stress values with the | V.| value for TiO, and HfO, films
was also reported [61].

Based on the above reported works, it can be concluded that the energetic
ions may play an analogous role to the increase in growth temperature up to a
certain ion energy threshold, thereby overcoming the activation energy barrier for
near-surface atomic diffusion processes and thus leading to defect annihilation
and associated decrease in nanoporosity. Above this ion energy threshold, ion
induced damage occurs that leads to defect incorporation and increase in
nanoporosity. Moreover, ion bombardment can also induce crystallization in films
at low temperatures, which are otherwise amorphous in the absence of energetic
ions. Furthermore, the average energy deposited per metal atom (<E;> =
<Eion>-J/Jye) and the associated ion energy dose cannot be used as a universal
parameter to describe the effects of impinging ions on the growth and
microstructure of the polycrystalline films. The same ion energy dose can be
achieved by either increasing the ion energy or ion flux independently, however,
the effects of either of the two parameter on the microstructure of the grown
films can be completely different. Next to the ion energy and ion flux, the mass of
impinging ions is of equal importance. Increasing the mass of impinging ions may
lead to a greater extent of energy and momentum transfer to the atoms of
growing film, which may also promote the near-surface atomic diffusion
processes and lead to decrease in defects and nanoporosity. In short, the
interaction between the impinging ions and the growing film can affect the
microstructure and the growth process of thin films in several ways. These
different topics will be treated in more detail in Chapters 4 and 6.

Lastly, it should be noted that the range of ion energies reported for plasma-
assisted ALD that have a positive influence on the film properties may significantly
differ from those observed for the PVD or plasma-enhanced CVD processes. This
may pertain to the so-called ‘duty cycle’ of the substrate bias application. In a
typical PVD or plasma-enhanced CVD process, the energetic ion bombardment is
usually present during the entire time of the material growth. On the other hand,
in the case of plasma-assisted ALD, the external rf substrate bias may be applied
for the entire duration of the plasma half cycle or a small part of it. This means
that the surface of the growing film may be exposed to energetic ions for only a
small fraction of the entire ALD cycle of the material growth. Therefore, the
threshold limit of the <E;,,> and the ion energy dose above which the defect
incorporation and/or ion-induced degradation initiates might significantly vary
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between the different techniques. Furthermore, since the metal precursor dose
and the plasma exposure step are well separated in an ALD process, an ALD
process allows to distinctly study the effects of energetic ions and other plasma
parameters on the material properties of the grown films. This imparts a higher
degree of control on various process parameters. In short, as aforementioned, the
nature of ion-surface interaction depends on the ion energy, ion flux, mass of
impinging ions and the associated energy and momentum transfer to the surface
of growing film, duration of energetic ion bombardment and the target material
system of interest.

The above observations on material properties signify that the energetic ions
play a crucial role in affecting wide range of material properties. These include
microstructural properties (i.e. nanoporosity, crystallinity, and preferred
orientation), film nucleation (i.e. epitaxy, grain size), residual film stress and also
the chemical composition (i.e. stoichiometry). Figure 2.7 summarizes some of
these key aspects, which will also be highlighted in the following chapters. As
mentioned in Chapter 1, in this dissertation, we use plasma-assisted ALD of HfN,
films as a case study to illustrate the effect of the impingement of energetic ions
on the chemical composition, microstructural properties and associated electrical
properties of the grown HfN, films.
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Figure 2.7. A schematic representation of the different material properties of HfN, films that can be
modified by impingement of energetic ions.

24



References

1.

10.

11.

12.

13.

Pierson, H.0., Handbook of Refractory Carbides and Nitrides: Properties,
Characteristics, Processing and Apps. 1996: Elsevier Science.

Zhong, Y., et al., Transition metal carbides and nitrides in energy storage
and conversion. Advanced Science, 2015. 3(5).

Freer, R., The Physics and Chemistry of Carbides, Nitrides and Borides.
2012: Springer Netherlands.

Schwarz, K., Band structure and chemical bonding in transition metal
carbides and nitrides. Critical Reviews in Solid State and Materials
Sciences, 1987. 13(3): p. 211-257.

Johansson, L.l., Electronic and structural properties of transition-metal
carbide and nitride surfaces. Surface Science Reports, 1995. 21(5): p. 177-
250.

Lengauer, W., Nitrides: Transition Metal Solid-State Chemistry, in
Encyclopedia of Inorganic and Bioinorganic Chemistry, R. A. Scott (Ed.).
2015.

Saha, B., et al., Electronic structure, phonons, and thermal properties of
ScN, ZrN, and HfN: A first-principles study. Journal of Applied Physics,
2010. 107(3): p. 033715.

Marlo, M. and V. Milman, Density-functional study of bulk and surface
properties of titanium nitride using different exchange-correlation
functionals. Physical Review B, 2000. 62(4): p. 2899-2907.

Yu, S., et al., First-principles study of Zr—N crystalline phases: phase
stability, electronic and mechanical properties. RSC Advances, 2017. 7(8):
p. 4697-4703.

Huang, H.H., et al., Transformation of electronic properties and structural
phase transition from HfN to Hf3N4. Journal of Physics: Condensed
Matter, 2015. 27(22): p. 225501.

Knoops, H.C.M., et al., Reaction mechanisms of atomic layer deposition of
TaNx from Ta(NMe2)5 precursor and H2-based plasmas. Journal of
Vacuum Science & Technology A, 2012. 30(1): p. 01A101.

Leskeld, M. and M. Ritala, Atomic layer deposition (ALD): from precursors
to thin film structures. Thin Solid Films, 2002. 409(1): p. 138-146.

Farrell, I.L., et al., Tunable electrical and optical properties of hafnium
nitride thin films. Applied Physics Letters, 2010. 96(7).

25



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hu, C., et al., Nature of tunable optical reflectivity of rocksalt hafnium
nitride films. Journal of Physical Chemistry C, 2014. 118(35): p. 20511-
20520.

Kang, J.H. and K.J. Kim, Structural, optical, and electronic properties of
cubic TiNx compounds. Journal of Applied Physics, 1999. 86(1): p. 346-350.

Stremme, M., R. Karmhag, and C.G. Ribbing, Optical constants of
sputtered hafnium nitride films. Intra- and interband contributions. Optical
Materials, 1995. 4(5): p. 629-639.

Karr, B.W., et al., Effects of high-flux low-energy ion bombardment on the
low-temperature growth morphology of TiN(001) epitaxial layers. Physical
Review B, 2000. 61(23): p. 16137-16143.

Mei, A.B., et al., Physical properties of epitaxial ZrN/MgO(001) layers
grown by reactive magnetron sputtering. Journal of Vacuum Science &
Technology A, 2013. 31(6): p. 061516.

Seo, H.S., et al., Growth and physical properties of epitaxial HfN layers on
Mg0(001). Journal of Applied Physics, 2004. 96(1): p. 878-884.

Mei, A.B., et al., Electron/phonon coupling in group-IV transition-metal
and rare-earth nitrides. Journal of Applied Physics, 2013. 114(19): p.
193708.

Andersson, K.E., M. Veszelei, and A. Roos, Zirconium nitride based
transparent heat mirror coatings —preparation and characterisation.
Solar Energy Materials and Solar Cells, 1994. 32(2): p. 199-212.

Karlsson, B. and C.G. Ribbing. Optical Properties Of Transparent Heat
Mirrors Based On Thin Films Of TiN, ZrN, And HfN. in Optical Coatings for
Energy Efficiency and Solar Applications. 1982. Proc. SPIE.

Malmstrom, J., S. Schleussner, and L. Stolt, Enhanced back reflectance and
quantum efficiency in Cu(ln,Ga)Se 2 thin film solar cells with a ZrN back
reflector. Applied Physics Letters, 2004. 85(13): p. 2634-2636.

Shin, C.-S., et al., Epitaxial growth of metastable 6-TaN layers on
MgO0(001) using low-energy, high-flux ion irradiation during ultrahigh
vacuum reactive magnetron sputtering. Journal of Vacuum Science &
Technology A, 2002. 20(6): p. 2007-2017.

Pierson, H.O., 3 - The Chemistry of CVD, in Handbook of Chemical Vapor
Deposition (CVD) (Second Edition), H.O. Pierson, Editor. 1999, William
Andrew Publishing: Norwich, NY. p. 68-83.

26



26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Pierson, H.0., 2 - Fundamentals of Chemical Vapor Deposition, in
Handbook of Chemical Vapor Deposition (CVD) (Second Edition), H.O.
Pierson, Editor. 1999, William Andrew Publishing: Norwich, NY. p. 36-67.

Liu, Z., et al., Chapter 2 - CVD Synthesis of Graphene, in Thermal Transport
in Carbon-Based Nanomaterials, G. Zhang, Editor. 2017, Elsevier. p. 19-56.

Kim, Y., et al., Metal-organic CVD of conductive and crystalline hafnium
nitride films. Chemical Vapor Deposition, 2005. 11(6-7): p. 294-297.

Fix, R., R.G. Gordon, and D.M. Hoffman, Chemical vapor deposition of
titanium, zirconium, and hafnium nitride thin films. Chemistry of
Materials, 1991. 3(6): p. 1138-1148.

Fix, R., R.G. Gordon, and D.M. Hoffman, Chemical vapor deposition of
vanadium, niobium, and tantalum nitride thin films. Chemistry of
Materials, 1993. 5(5): p. 614-619.

Intemann, A., H. Koerner, and F. Koch, Film Properties of CVD Titanium
Nitride Deposited with Organometallic Precursors at Low Pressure Using
Inert Gases, Ammonia, or Remote Activation. Journal of The
Electrochemical Society, 1993. 140(11): p. 3215-3222.

Liu, X., et al., Plasma-Assisted MOCVD Growth of Superconducting NbN
Thin Films Using Nb Dialkylamide and Nb Alkylimide Precursors. Chemical
Vapor Deposition, 2001. 7(1): p. 25-28.

Wendel, H. and H. Suhr, Thin zirconium nitride films prepared by plasma-
enhanced CVD. Applied Physics A, 1992. 54(4): p. 389-392.

Kim, E.-J., H.-G. Woo, and D.-H. Kim, Effect of Deposition Temperature on
the Characteristics of HfNx Thin Films Prepared by Plasma Assisted Cyclic
Chemical Vapor Deposition. Journal of Nanoscience and Nanotechnology,
2010. 10(5): p. 3463-3466.

Ganin, Alexei Y., L. Kienle, and Grigori V. Vajenine, Plasma-Enhanced CVD
Synthesis and Structural Characterization of Ta2N3. European Journal of
Inorganic Chemistry, 2004. 2004(16): p. 3233-3239.

Musschoot, J., et al., Atomic layer deposition of titanium nitride from
TDMAT precursor. Microelectronic Engineering, 2009. 86(1): p. 72-77.

Tetsuro, H., et al., Investigation of Thermal Stability of TiN Film Formed by
Atomic Layer Deposition Using Tetrakis(dimethylamino)titanium Precursor
for Metal-Gate Metal-Oxide—Semiconductor Field-Effect Transistor.
Japanese Journal of Applied Physics, 2010. 49(4S): p. 04DA16.

27



38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

Becker, J.S., E. Kim, and R.G. Gordon, Atomic Layer Deposition of
Insulating Hafnium and Zirconium Nitrides. Chemistry of Materials, 2004.
16(18): p. 3497-3501.

Mayumi, B.T., et al., Atomic Layer Deposition of Thin VN x Film from
Tetrakis(diethylamido)vanadium Precursor. Japanese Journal of Applied
Physics, 2011. 50(551): p. 05EAOQ6.

Burton, B.B., A.R. Lavoie, and S.M. George, Tantalum nitride atomic layer
deposition using (tert-butylimido) tris(diethylamido)tantalum and
hydrazine. Journal of the Electrochemical Society, 2008. 155(7): p. D508-
D516.

Miikkulainen, V., M. Suvanto, and T.A. Pakkanen, Atomic Layer Deposition
of Molybdenum Nitride from Bis(tert-butylimido)-
bis(dimethylamido)molybdenum and Ammonia onto Several Types of
Substrate Materials with Equal Growth per Cycle. Chemistry of Materials,
2007.19(2): p. 263-269.

Klaus, J.W., S.J. Ferro, and S.M. George, Atomic layer deposition of
tungsten nitride films using sequential surface reactions. Journal of the
Electrochemical Society, 2000. 147(3): p. 1175-1181.

Becker, J.S., et al., Highly Conformal Thin Films of Tungsten Nitride
Prepared by Atomic Layer Deposition from a Novel Precursor. Chemistry of
Materials, 2003. 15(15): p. 2969-2976.

Profijt, H.B., et al., Plasma-assisted atomic layer deposition: Basics,
opportunities, and challenges. Journal of Vacuum Science and Technology
A: Vacuum, Surfaces and Films, 2011. 29(5).

Profijt, H.B., et al., Plasma-Assisted Atomic Layer Deposition: Basics,
Opportunities, and Challenges. Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films, 2011. 29(5): p. 050801.

Knoops, H.C.M., et al., Status and prospects of plasma-assisted atomic
layer deposition. Journal of Vacuum Science & Technology A, 2019. 37(3):
p. 030902.

Kim, J.Y., et al., Remote plasma enhanced atomic layer deposition of TiN
thin films using metalorganic precursor. Journal of Vacuum Science and
Technology A: Vacuum, Surfaces and Films, 2004. 22(1): p. 8-12.

Kim, J.Y., et al., Remote plasma-enhanced atomic-layer deposition of tiN
by using TDMAT with a NH 3 plasma. Journal of the Korean Physical
Society, 2004. 45(6): p. 1639-1643.

28



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Muneshwar, T. and K. Cadien, Low temperature plasma enhanced atomic
layer deposition of conducting zirconium nitride films using tetrakis
(dimethylamido) zirconium and forming gas (5% H2 + 95% N2) plasma.
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
2015. 33(3): p. 031502.

Seungchan, C., et al., Barrier Characteristics of ZrN Films Deposited by
Remote  Plasma-Enhanced  Atomic  Layer  Deposition  Using
Tetrakis(diethylamino)zirconium Precursor. Japanese Journal of Applied
Physics, 2007. 46(7R): p. 4085.

Consiglio, S., et al., Plasma-assisted atomic layer deposition of conductive
hafnium nitride using tetrakis(ethylmethylamino)hafnium for CMOS gate
electrode applications. Journal of the Electrochemical Society, 2008.
155(3): p. H196-H201.

Kim, E.J. and D.H. Kim, Highly conductive HfN x films prepared by plasma-
assisted atomic layer deposition. Electrochemical and Solid-State Letters,
2006. 9(8): p. C123-C125.

Jeong, W., et al., Characteristics of HfN films deposited by using remote
plasma-enhanced atomic layer deposition. Journal of the Korean Physical
Society, 2010. 56(3): p. 905-910.

Rampelberg, G., et al., Low temperature plasma-enhanced atomic layer
deposition of thin vanadium nitride layers for copper diffusion barriers.
Applied Physics Letters, 2013. 102(11): p. 111910.

Mario, Z., et al., Superconducting niobium nitride thin films deposited by
metal organic plasma-enhanced atomic layer deposition. Superconductor
Science and Technology, 2013. 26(2): p. 025008.

Sowa, M.., et al., Plasma-enhanced atomic layer deposition of
superconducting niobium nitride. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, 2017. 35(1): p. 01B143.

Langereis, E., et al., Synthesis and in situ characterization of low-resistivity
Ta Nx films by remote plasma atomic layer deposition. Journal of Applied
Physics, 2007. 102(8).

Bertuch, A., et al.,, Plasma enhanced atomic layer deposition of
molybdenum carbide and nitride with bis(tert-
butylimido)bis(dimethylamido) molybdenum. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, 2017. 35(1): p. 01B141.

29



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Jang, Y., et al., Highly-conformal nanocrystalline molybdenum nitride thin
films by atomic layer deposition as a diffusion barrier against Cu. Journal
of Alloys and Compounds, 2016. 663(Supplement C): p. 651-658.

Sowa, M.J., et al., Plasma-enhanced atomic layer deposition of tungsten
nitride. Journal of Vacuum Science & Technology A: Vacuum, Surfaces,
and Films, 2016. 34(5): p. 051516.

Faraz, T., et al.,, Tuning Material Properties of Oxides and Nitrides by
Substrate Biasing during Plasma-Enhanced Atomic Layer Deposition on
Planar and 3D Substrate Topographies. ACS Applied Materials &
Interfaces, 2018. 10(15): p. 13158-13180.

Takagi, T., lon—surface interactions during thin film deposition. Journal of
Vacuum Science & Technology A, 1984. 2(2): p. 382-388.

Smets, A.H.M., W.M.M. Kessels, and M.C.M.v.d. Sanden, The effect of ion-
surface and ion-bulk interactions during hydrogenated amorphous silicon
deposition. Journal of Applied Physics, 2007. 102(7): p. 073523.

Auciello, 0. and R. Kelly, lon bombardment modification of surfaces:
fundamentals and applications. 1984: Elsevier Science Publishers.

Kaufman, H.R. and J.M.E. Harper, lon doses for low-energy ion-assist
applications. Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films, 2004. 22(1): p. 221-224.

Greene, J.E. and S.A. Barnett, /ON-SURFACE INTERACTIONS DURING
VAPOR PHASE CRYSTAL GROWTH BY SPUTTERING, MBE, AND PLASMA-
ENHANCED CVD: APPLICATIONS TOSEMICONDUCTORS. PROC OF THE
ANNU CONF ON THE PHYS AND CHEM OF SEMICOND INTERFACES, 9TH,
1982.V 21(N 2): p. 285-302.

Anders, A., A structure zone diagram including plasma-based deposition
and ion etching. Thin Solid Films, 2010. 518(15): p. 4087-4090.

Adibi, F., et al., Effects of high-flux low-energy (20-100 eV) ion irradiation
during deposition on the microstructure and preferred orientation of
Ti0.5A10.5N alloys grown by ultra-high-vacuum reactive magnetron
sputtering. Journal of Applied Physics, 1993. 73(12): p. 8580-8589.

Johansson, B.O., et al., Reactively magnetron sputtered Hf-N films. |I.
Composition and structure. Journal of Applied Physics, 1985. 58(8): p.
3104-3111.

Petrov, I., et al., Microstructural evolution during film growth. Journal of
Vacuum Science & Technology A, 2003. 21(5): p. S117-5128.

30



71.

72.

73.

74.

75.

76.

Petrov, I., et al., Microstructure modification of TiN by ion bombardment
during reactive sputter deposition. Thin Solid Films, 1989. 169(2): p. 299-
314.

Hultman, L., et al.,, Low-energy ion irradiation during film growth for
reducing defect densities in epitaxial TiN(100) films deposited by reactive-
magnetron sputtering. Journal of Applied Physics, 1987. 61(2): p. 552-555.

Villamayor, M.M.S., et al., Low temperature (Ts/Tm < 0.1) epitaxial growth
of HfN/MgO0(001) via reactive HiPIMS with metal-ion synchronized
substrate bias. Journal of Vacuum Science & Technology A, 2018. 36(6): p.
061511.

Kuhr, M., S. Reinke, and W. Kulisch, Nucleation of cubic boron nitride (c-
BN) with ion-induced plasma-enhanced CVD. Diamond and Related
Materials, 1995. 4(4): p. 375-380.

Burke, R.R. and C. Pomot, Microwave multipolar plasma for etching and
deposition. Applied Surface Science, 1989. 36(1): p. 267-277.

Profijt, H.B., M.C.M. Van De Sanden, and W.M.M. Kessels, Substrate-
biasing during plasma-assisted atomic layer deposition to tailor metal-
oxide thin film growth. Journal of Vacuum Science and Technology A:
Vacuum, Surfaces and Films, 2013. 31(1).

31



Appendix 2

Table A2.1. Overview of the material properties of various transition metal nitride (TMN) films prepared by either the thermal or plasma-assisted ALD
route. The growth material, metal precursor, co-reactant, the plasma source configuration (‘d’ is direct plasma, ‘r is remote plasma and ‘-’ is ‘not
specified’), stage temperature (T;), crystalline phase, chemical composition ([N]/[M] is ratio between nitrogen and metal content), lowest reported film
electrical resistivity and the corresponding references are given. Me = methyl (CH3), Et = ethyl (C,Hs), Cp = cyclopentadienyl (C¢Hs), -* = ‘not specified’.

TiN Ti(NMey)s H, plasma r Si0,/Si 250 S6-TiN 1.1 15 15 7.0-10" [1]
N, plasma 1.3 5 5 3.010*
Ti(NMey), NH; r Si0,/Si 200 5-TiN 1.0 <1 5 1.8-10" 2]
plasma 2
0.5 9 37 5.3-10
NH; gas
Ti(NMey)s NH; r Si0,/Si 250 - 1.2 2 20 1.2-10° [3]
plasma
Ti(NMe,)s NH; gas - Si 200 - 1.0 5 20 4.0-10° [4]
ZrN Zr(NMe;y), NH; gas - Si 200 ZrsNg 1.3 <1 <2 >10° [5]
Zr(NMe;,), N2/H, r SiO,/Si 150 - - - - 5.610" [6]
plasma
Zr(NEty)q N, plasma r Si 300 - 0.4 10 10 4.0-10* [7]
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HfN Hf(NMe,)s NH; gas - Si 200 Hf3N4 1.3 <1 <2 >10 [5]
Hf(NMeEt), Ar/H; d Si0,/Si 250 S5-HfN 1.0 10.1 2 2.3.10° [8]
plasma
Hf(NMe)s H, plasma d Si0,/Si 175 &-HfN 0.6 21 2 6.7-10° [9]
Hf(NMe,)s N, plasma r Si 250 Hf3N,4 1.25 2 5 >10° [10]
HfCp(NMe,); H; plasma r Si0,/Si 450 &-HfN 0.86 <2 20.1 >10% [11]
HfCp(NMe,); H, plasma r+RF sub. Si0,/Si 450 &-HfN 1.0 11 <2 3.3.10° [12]
bias
HfCp(NMe,)s Ar/H, r+RF sub. Si0,/Si 450 6-HfN 0.85 8.4 <2 4.1.10" [13]
plasma bias
VN V(NEt,)4 NH; gas - Si0,/Si 190 - 0.4 6.3 - 1.2:10" [14]
V(NMeEt), NH; r Si0,/Si 150 5-VN 1.0 <2 <2 2.0-10™ [15]
plasma
NbN Nb(NMeEt)sNCMes H, plasma r Si 350 - 0.8 <2 27.5 9.0-10™ [16]
TaN Ta(NEt,)sNCMe; N,H, gas - Si0,/Si 225 TasNs 0.8 <2 5 >10% [17]
Ta(NMe,)s H, plasma r Si 225 5-TaN 0.45 12 8 3.9-10* [18]
Ta(NMe,)s NH; r Si 225 TasNs 1.67 - - >10° [18]
plasma
MoN Mo(NMe,),(NCMes), H; plasma r SiO,/Si 150 y-Mo,N <0.1 30 8 1.7-10* [19]
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Mo(NCMe;)»(SCMes);  H, plasma d Si0,/Si 300 y-Mo,N 0.7 26 - 3.5-10" [20]
WN W(NMe,),(NCMe3s), NH; gas - Si 300 - 1 <1 <2 2.0-10° [21]
W(NMe,),(NCMe3s), No/H, r Si0,/Si 400 - 0.4 <1 8 4.0-10* [22]

plasma
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Chapter 3

Plasma-assisted ALD of HfN,: Tailoring
the film properties by the plasma gas
composition*

Abstract

We synthesized HfN, (x=1) thin films by plasma-assisted atomic layer deposition
(ALD) at stage temperatures of 350°C-450°C by using the high-thermal-stability
CpHf(NMe,); monomer as Hf precursor and either H, plasma or N, plasma as co-
reactant. Most notably, the selection of the plasma gas composition enabled us to
tune the film properties: films fabricated using N, plasma led to formation of
highly resistive and amorphous Hf;N, films (6:10° Qcm), while the use of the
strongly reducing H, plasma generated conductive (resistivity of 6:10" Qcm) films
with the signature of the 6-HfN fcc crystal structure. Via X-ray photoelectron
spectroscopy, we observed that the use of the H, plasma facilitates the reduction
of the oxidation state of Hf from Hf(IV) to Hf(lll). This result was corroborated by
the simultaneous increase in the free carrier absorption observed in the infrared
range via spectroscopic ellipsometry. The 6-HfN, films fabricated via the present
route are promising as highly reflective back contacts for thin films solar cells, Cu
diffusion barriers and as a gate metal for MOS capacitors, provided that the
resistivity values can be further decreased by suppressing the formation of the
resistive Hf,ON, impurity phase and grain-boundary scattering of the charge
carriers.

*Saurabh Karwal, Benjamin L. Williams, Janne-P Niemelad, Marcel A. Verheijen,
Wilhelmus M. M. Kessels and Mariadriana Creatore, J. Vac. Sci. Technol. A 35,
01B129 (2017)
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3.1 Introduction

Transition metal nitrides (TMNs) are of great interest for semiconductor
devices owing to their low electrical resistivity and excellent oxygen [1] and
copper diffusion barrier properties [2-4]. Two envisioned applications are the
combination of HfO, with HfN as gate dielectric and gate metal in a MOS
configuration as reported by Yu et al. [1, 5] and HfN as back reflector electrode for
CIGS solar cells, due to its high reflectivity (>85%) in the low energy photon region
(1 eV < hv £ 2.4 eV) for semi-infinite films [6-8]. Both applications require low
resistivity of HfN layers (o = 10* - 10™ Qcm) [9].

Low resistivity epitaxial single crystal fcc 6-HfN films have been developed by
physical vapour deposition (PVD) with a resistivity of 1.4-10 Qcm for a thickness
of 650 nm [10]. Moreover, chemical vapour deposition (CVD) of §-HfN, at a stage
temperature of 800°C employing akylamide Hf precursor and N,N-
dimethylhydrazine as reducing agent led to a grain size of ~170 nm and a
resistivity of 1-10 Qcm for a film thickness of ~1 um [11]. An increase in the stage
temperature was shown to increase the film conductivity and was attributed to an
increase in crystallinity and grain size [11]. In the same work, NH; was
demonstrated to yield non-conductive Hf;N, films marking the requirement of a
highly reducing co-reactant (N,N-dimethylhydrazine) to obtain the conductive 6-
HfN, films [11].

Many of the applications mentioned above require conformal films on 3D
structured surfaces with precise thickness control. Supreme thickness
controllability and conformality achieved by ALD has been demonstrated on high
surface area materials such as silica gel [12-15], and nanopowders [16-18]. Some
works on ALD of HfN, have already been reported in the literature [19-21] and are
summarized in the Table 3.1 below. Becker et al. reported the growth of
insulating Hf;N, films by employing TEMAH as the precursor and NH; as the co-
reactant in a thermal ALD process, demonstrating the low reduction potential of
NH; [19]. Note that thermal decomposition of TEMAH was observed at a stage
temperature above 250°C [19]. On the other hand, low resistivity 6-HfN, films
(2.3-10° Qcm) were obtained by Consiglio et al. using Ar-H, mixed plasma and the
same precursor (TEMAH) in a plasma-assisted ALD processes [20]. Using TDMAH,
similar results were also reported by Kim et al. with a N,-H, mixed plasma yielding
a resistivity of 6.7-10° Qcm for 14 nm film [21]. These studies demonstrate the
requirement of highly reducing H, plasma species to achieve the conductive fcc 6-
HfN phase [20, 21].
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Table 3.1. Overview of HfN, film properties as reported for some ALD processes using several metal
precursors and co-reactants. The selected reports are chosen in order to highlight the importance of
reductive H, plasma essential to fabricate §-HfN, fcc phase.

Hf precursor Co- Stage N/Hf C 0 Resistivity GPC Ref.
reactant temperature (at%)  (at.%) (Qcm) (nm/cycle)
(°c)
TEMAH NH; 200 1.3 0.5 5 >10° 0.11-0.12  [19]
HF[N(CH3)(C,Hs)]a
TEMAH 15s Ar- 250 1 10.1 2.2 2.3-10° 0.12 [20]
HFIN(CH3)(CoHs)]a p|a:?na
TDMAH 60s H,- 175 0.6 21 2 6.7-10°° 0.085 [21]
HFIN(CHa) 2l pIaNsina

The extent of Hf(IV) reduction (in the precursor) to Hf(lll) (in the film) by H,
plasma species was not specifically addressed, and thus far, a comprehensive
study of the influence of variable plasma conditions and gas composition on the
chemical, microstructural and optical material properties of HfN, thin films is
lacking. Furthermore, the deposition of the HfN, films has been limited to rather
low temperatures due to the thermal self-decomposition of the used homoleptic
alkylamide precursors for Hf. Fortunately, the alkylamide precursor chemistry can
be tailored by replacing one of the original ligands with a cyclopentadienyl ligand
(Cp = CsHs). In such heteroleptic precursors the Cp functional group imparts high
thermal stability to the precursor, thus enabling a larger temperature window
while minimizing precursor decomposition [22].

In this contribution, we studied the effect of plasma gas composition for the
plasma-assisted ALD of HfN, at 350°C and 450°C by adopting a thermally stable
novel heteroleptic metal precursor tris(dimethylamino)cyclopentadienylhafnium
[CpHf(NMe,)s] [TDMACpPH] and using it together with H, or N, -fed plasma as the
co-reactant. In particular, a detailed study on the influence of plasma gas
composition on the opto-electronic, chemical and micro-structural properties is
presented. The material properties were shown to fundamentally depend on the
plasma composition: highly resistive (p = 610> Qcm) amorphous Hf;N, films are
obtained by using N, plasma, whereas use of highly reducing H, plasma enables
synthesis of conductive (p = 6:10" Qcm) 6-HfN, films. Using X-ray photoelectron
spectroscopy, these improved film properties for the H, plasma are shown to
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stem from a large increase in Hf(IIl)/(Hf(lI)+ Hf(IV)) fraction. In addition, the
factors limiting the film conductivity were identified and quantified.

3.2 Experimental section
I.  Film deposition

HfN, thin films of ~50 nm in thickness were deposited on 100 mm Si(100)
substrates with 450 nm SiO, using an Oxford Instruments FlexAL ALD reactor [23,
24], equipped with an inductively coupled remote plasma (ICP) source with an
alumina dielectric tube. The deposition chamber of the ALD reactor was pumped
down by a turbo-molecular pump to a base pressure of 1.6-10® Torr before every
deposition and thereafter the substrate was transferred to the chamber from the
load-lock. The stage temperature was controlled in the range 350°C - 450°C and
the reactor walls were maintained at 145°C during all the depositions. Note that
via SE, a substrate temperature of 270°C and 340°C was measured for a stage
temperature 350°C and 450°C, respectively [23].

The Hf precursor TDMACpH [CpHf(NMe,);] (Air Liquide, >99.99% purity) was
placed in a stainless steel container kept at 60°C and bubbled by an Ar flow of 100
sccm. During the precursor dosage, an Ar flow rate of 100 sccm was also injected
from the ICP chamber in order to suppress the deposition on the ICP tube,
thereby setting up the chamber pressure of 200 mTorr as illustrated in Figure 3.1.
Furthermore, during the plasma exposure, N, (>99.999% purity, working pressure
~12 mTorr) or H, (>99.999% purity, working pressure ~30 mTorr) was first
introduced into the chamber and thereafter the plasma was ignited for the
desired exposure time. The excess precursor, reaction byproducts and plasma
species were purged with Ar at 200 sccm with full valve opening. The ALD step
sequence is presented in Figure 3.1 including the optimum exposure times for the
N, and H, plasma cases.
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Figure 3.1. Time sequence for two complete ALD cycles of HfN, based on (a) N, plasma and (b) H,
plasma. Time intervals are not drawn to scale.

Il. Film analysis

Spectroscopic ellipsometry (SE) was employed to monitor the ALD growth
every 10 ALD cycles. Pseudo-dielectric functions were determined in the photon
energy range of 0.75-5.0 eV by employing a visible and near-infrared rotating
compensator ellipsometer (J.A. Woollam, Inc., M2000U) fitted to two optical
viewports on the reactor. Subsequently, a model was set up for HfN, films on SiO,
(450 nm)/c-Si substrates. In addition to the HfN, film thickness, key material
parameters such as optical resistivity and optical bandgap could be extracted by
parametrizing the complex dielectric function € = &; + ie, [25, 26].

High resistivity HfsN, with an N/Hf ratio of 1.3 behaves as an insulator [27], for
which the imaginary dielectric function (] ~%) can be described by a Tauc-Lorentz
relation [26]:

2
AE,C(E-Eg)” 1
11 = {E -z copr B (F > Fo) (1)
0; (E<Ey)

where A is the peak amplitude, E, is the natural transition energy, E, is the band
gap, Cis the full width half maximum (FWHM) of the &, peak and E represents the
photon energy. Then, once the imaginary part is known, the real part of the
dielectric function (SI_L) can be deduced using the Kramers-Kronig relation:

42



_ 2 ') |,
0

where P is the Cauchy principle value, w'is the complex angular frequency and ¢,
is the imaginary dielectric function as defined above.

On the other hand, the resistivity of the epitaxial fcc 6-HfN thin films can
be as low as 14.2 uQcm [10] and can be modelled by a combinatorial approach
using one Drude and two Lorentz oscillators as described by Hu et al. [7]. In our
case, due to the coexistence of two phases, 6-HfN, (x<1) and Hf,ON,, the dielectric
function can be modelled using one Drude, one Lorentz and one Tauc-Lorentz
oscillator:

e(E) = & (E) + ig(E)

Drude Lorentz
EZ N SE?
E?2 —iI,E  E}—E?+iET

Tauc—Lorentz
(3)

—_—
+ el Tt ig] L

_SOO

where, &, represents transitions at higher energy which are not accounted in
Lorentz oscillators, E, is plasma energy and I is the damping factor for Drude
oscillator. The Lorentz oscillator is centered at E, which corresponds to the
resonance frequency, while S indicates the strength of the oscillator and I is the
damping factor for the Lorentz oscillator.

The deposited films were analyzed by X-ray photoelectron spectroscopy
(XPS) using a Thermoscientific K-Alpha KA1066 system equipped with a
monochromatic Al Ka (hv = 1486.6 eV) source in order to determine the
composition of the HfN, layers. The films were first sputtered for 500 s by 200 eV
Ar" ion gun prior to taking high resolution (pass energy = 50 eV) scans, in order to
exclude the surface oxidation and adventitious carbon. Samples were
continuously subjected to an electron flood gun during measurements in order to
compensate for the charging. The sensitivity factors used for different elements in
order to determine the chemical composition of HfN, films were obtained from
the Thermoscientific Avantage library [28].
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The crystallinity of the films was studied by grazing-incidence X-ray diffraction
(GIXRD). The experiments were conducted with a PanAlytical X'pert PRO MRD
diffractometer operated at the incidence angle of 0.5° and using a Cu Ka (A =
1.542 A) X-ray source. The sheet resistance values (R,) of HfN, films deposited on
450 nm SiO,/Si were determined by four-point probe measurements, using a
Keithley 2400 SourceMeter and a Signaton probe. Electrical resistivity (p.) at room
temperature could subsequently be calculated using the film thickness deduced
from SE modeling. The surface morphology was studied by scanning electron
microscopy (SEM) using a ZeissSigma Nanolab operating at an acceleration
voltage of 2 kV.

3.3 Results and discussion

I. ALD process with N, plasma

0.08 T T - : :
@ T,=350°C (b)

006} P =12 mTorr | L J
o —
o P = 400 W
(&)
E 0.04} S 5 o
Q 0.02} {1t ]
V]

OOO L L L L L L L L

0 1 2 3 4 5 6 O 3 6 9 12
TDMACPpH dose time (s) TDMACDPH purge time (s)
0.08 T T T T - : : - :
(©) (d)

—~ 0.06+ 1 r 1
)
[S]
@)
g 0.04+ 1 3 3 3 3 1
g 0.02} 1t 1
O]

0.00

o 5 10 15 20 25 0 3 6 9 12 15 18

N, plasma exposure (s) N, plasma purge (s)
Figure 3.2. Growth-per-cycle (GPC) for the ALD process using N, plasma as the co-reactant as a
function of (a) TDMACpH dose, (b) TDMACpH purge, (c) N, plasma exposure time, (d) N, plasma

purge. On the basis of these results, a dosage sequence of 4-2-20-2 s was established for the ALD
process with N, plasma. The gray lines serve as a guide to the eye.
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The saturation of the growth-per-cycle (GPC) was studied at a stage
temperature of 350°C by systematically varying the process parameters, i.e.,
TDMACpH dose, TDMACpH purge, N, plasma exposure, and N, plasma purge
(Figure 3.2). Note that for all the depositions, a typical linear growth with no
nucleation delay as a function of the number of ALD cycles was retrieved from in-
situ SE (appendix, Figure A3.1).

During the variation of the TDMACpH dosing time, the N, plasma exposure
was set to 20 s. Saturation of the GPC to a value of 0.038 nm/cycle was attained
after 2 s of TDMACpH dosing (Figure 3.2a) and hence, a TDMACpH pulsing of 4 s
was adopted for subsequent experiments. Purging of the unreacted species and
reaction byproducts was found to be fast, as 1-2 s were already sufficient to
obtain saturated growth (Figure 3.2b,d).

Table 3.2. The GPC and C at.% as a function of N, plasma exposure for the HfN, films prepared at T; =
350°C. The carbon content is retrieved via XPS and the GPC is obtained via SE. The corresponding
error bars are indicated in the first row.

N, plasma exposure (s) Thickness (nm) GPC (nm/cycle) C (at.%)
5 17.2 0.043+0.003 13.0+0.5
10 16.0 0.040 10.0
15 15.2 0.038 8.2
20 15.2 0.038 7.0

On the other hand, a peculiar decrease in the GPC with the increase in the N,
plasma exposure was observed (Figure 3.2c). A very similar decrease in the GPC as
a function of N, plasma exposure during the ALD of SiN, was reported by Knoops
et al., attributed to the decrease in the C at.% [23]. In our case, closer inspection
via X-ray photoelectron spectroscopy (XPS) revealed a relative decrease in the C
at.% from 13 at.% for 5 s of N, plasma exposure to 7 at.% for 20 s of exposure
(Table 3.2). It should be emphasized that C in the film results from either the re-
deposition of the ligands that are dissociated in the plasma if the gas residence
time is long [24] or from the incomplete removal of ligands by the N radicals. In
order to verify whether the re-deposition is indeed occurring at T, = 350°C, the gas
residence time was systematically varied in a limited range (0.10 — 0.14 s) by
adding Ar to the total gas flow during the plasma step (only for this experiment)
(appendix, Table A3.1) and its effect on the GPC and C at.% was studied in a
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similar fashion as reported by Knoops et al. [24]. A constant GPC and C at.% was
obtained for 20 s of plasma exposure even for short residence time (0.10 s). This
result suggests that the residual C of 7 at.% is due to the incomplete removal of
the ligands at T, = 350°C.

The decomposition of TDMACpH was observed at a stage temperature above
360°C for the thermal ALD process of HfO, with H,0 [29]. In our case, the self-
limiting ALD obtained at a stage temperature of 350°C (substrate temperature =
270°C) suggests that we are well below the thermal decomposition temperature
of TDMACpH. Subsequently, the stage temperature was raised to 450°C, which
corresponds to a substrate temperature of 340°C as concluded from SE [29]. An
increase in the stage temperature to 450°C enabled complete removal of C (Table
3.3), while maintaining a constant GPC of 0.038 nm/cycle for 20 s N, plasma
exposure. This result corroborates that the 7 at.% residual C obtained at T, =
350°C is a result of incomplete removal of ligands by N radicals.

Table 3.3. The properties of the ALD HfN, films prepared using TDMACpH [CpHf(NMe,);] for
different deposition conditions. The chemical composition is determined by XPS, the resistivity by
four-point probe and the thickness and GPC via SE. The corresponding error bars are indicated in the
first row. The errors for the resistivity are less than 3% of their value.

Plasma Stage N/Hf C 0 HF(I11) Resistivity GPC Thickness
condition temperature
& (at.%) (at.%)  Hf(I)+Hf(1V) (Qcm) (nm/cycle) (nm)
(°C)
20s N, 350 1.5£0.1 7.0£0.5 2.0+0.3 0.371£0.02 7-10* 0.038+0.003 35
20s N, 450 1.6 0 2.0 0.35 6-10° 0.038 45
10sH, 450 1.0 0 15.3 0.59 610" 0.04 63
30sH, 450 1.0 0 20.2 0.53 910" 0.04 33

The N, plasma process generated films with a high resistivity of 6-10> Qcm for
a film thickness ~45 nm at T, = 450°C, measured via four-point probe. A closer
inspection via XPS revealed a relatively high N/Hf ratio of 1.6+0.03 (Table 3.3). XPS
was further used to study the oxidation state fraction Hf(l11)/(Hf(ll1)+ Hf(IV)). In
Figure 3.3a, the Hf 4f spectrum is presented: the Hf 4f7/2 peak centered at low
binding energy of 14.9 eV is attributed to the Hf-N bond in &-HfN. This peak is
assigned as Hf(lll), corresponding to the presence of the Hf(lll) oxidation state
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(Table 3.4) [30]. It should be noted that the spin orbit coupling of Hf 4f give rise to
a doublet: Hf 4f7/2 and Hf 4f5/2, which is utilized in the peak deconvolution.

N, plasma H, plasma

@ o025 HiIV) HiI] ® o2 Hiv) Hi]
Hf4f N1 Hiat ‘

21 18 15 12 24 21 18 15 12

© s Wo, | (@ Hids HfO,
1 O1s

Intensity (counts/sec)
N
N

545 540 535 530 525 545 540 535 530 525
Binding energy (eV)

Figure 3.3. The Hf 4f XPS spectra depicting the peak deconvolution for (a) ~45 nm HfN, deposited
using the N, plasma at T, = 450°C and (b) ~63 nm HfN, deposited using 10 s H, plasma exposure at T
=450°C. The deconvoluted O 1s spectra for (c) N, plasma and (d) H, plasma.

Table 3.4. The corresponding XPS peak assignment, binding energies and full width half maximum
for the Hf and O spectral lines used to de-convolute the peaks.

Hf 47/2 HF(IV) 16.0 1.6 131, 32]
Hf 4f5/2 HF(IV) 17.8 16 131, 32]
Hf 47/2 HF(111) 14.9 1.6 134]
Hf 4f5/2 HE(I1) 16.7 1.6 (34]
01s HfO, 530.8 1.9 [33]
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Kang et al. reported a Hf 4f7/2 peak shift to a higher binding energy of 16.0 eV
due to the presence of O and the formation of HfN,O, [31]. Moreover, Arranz et
al. reported the Hf 4f7/2 peak to be centered at 16.0 eV in the case of highly
resistive Hf;N, phase [32]. In both the above cases, the Hf 4f7/2 peak at 16.0 eV
corresponds to the Hf(IV) oxidation state. Correspondingly, in our case, the Hf
4f7/2 peak at 16.0 eV has been assigned to Hf(IV) although the demarcation of the
individual contributions of either Hf;N, or HfO4N, is not possible due to overlap of
the peaks (Table 3.4). In Figure 3.3c, the O 1s XPS spectrum is presented which
consists of a small peak at 530.8 eV [33], corresponding to the Hf-O bond
formation and a broad Hf 4s overlapping feature at 535.5 eV (Table 3.4). As a
result of the formation of the Hf-O bond, the Hf oxidation state increases to +4.
Altogether, it can be concluded that the N, plasma process yielded films with a
low relative Hf(lll) fraction of 0.35+£0.02 (Table 3.3). The small peak area of Hf-O
bond accounts for only ~2 at.% [O] in the films, suggesting that the low Hf(lll)
fraction is primarily related to the low reduction potential of N, plasma.

6~-HfN (fcc)

(111)
(200)

- (211)

(222)
" (400)
[ (440)

Intensity (a.u.)

m A 20s N2 1

20 30 40 50 60 70 80
20 (degrees)

Figure 3.4. The GI-XRD spectra for the HfN, films prepared by various ALD processes: the N, plasma
process and the H, plasma process with varying exposure times. The powder 6-HfN, and Hf,ON, XRD
spectra are shown for comparison.
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The results of the X-ray diffraction studies were in line with the XPS studies.
The N, plasma process generated amorphous films as no crystalline peak was
observed (Figure 3.4). Moreover, only a broad feature was seen at 26 = 33.6°.
Wang et al. reported the presence of a broad feature at 20 = 33.5° for N-rich
HfN; 39 films [34]. Hence for our films, the broad feature was attributed to over-
stoichiometric HfN, ¢, thus corroborating the XPS results.
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Figure 3.5. Imaginary dielectric function &, for (a) the resistive Hf;N, films prepared by the N, plasma
process obtained via parameterization of the spectroscopic ellipsometric data using one Tauc-
Lorentz oscillator, and (b) the conductive 6-HfN (x<1) films prepared by the H, plasma process
obtained via parameterization using one Drude, one Lorentz and one Tauc-Lorentz (T-L) oscillator.

The high film resistivity of the films (6-10° Qcm) is also reflected in the
dielectric functions, obtained via the modeling of the spectroscopic ellipsometry
data using a single Tauc-Lorentz (T-L) oscillator centered at 3.86 eV (Figure 3.5a).
The Tauc-Lorentz behavior of the &, is in-line with earlier reported optical studies
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for Hf;N, resistive phase in the given photon energy range [27]. Furthermore, the
Tauc-Lorentz oscillator gives a band-gap of 2.26 eV which further corroborates the
insulating properties of the material.

Altogether, the high resistivity of the films prepared with the N, plasma
process is attributed to a relative over-stoichiometric HfN, ¢ phase with a small
Hf(Il1) fraction, given the fact that the films only contain trace amounts of C and O
as impurities. Furthermore, a low O content of 2 at.% is believed to be obtained
for the N, plasma process due to the presence of a small Hf(lll) fraction. In order
to form an Hf-O bond, the oxidation state of Hf should increase from +3 to +4.
Since a small Hf(lll) fraction of 0.35+0.02 is obtained due to the low reduction
potential of the N, plasma, the films are less susceptible to be oxidized by O.

Il. ALD process with H; plasma

In the case of the H, plasma process, the GPC increased with the increase in
plasma exposure using TDMACpH dosing of 4 s and a saturated GPC of 0.04
nm/cycle was obtained for a plasma exposure of 10 s or longer (Figure 3.6).
Langereis et al. reported a soft-saturation in the GPC for the ALD of TaN, using
PDMAT and H, plasma [35], where the GPC continued to slightly increase after
attaining a saturation for a plasma exposure of 5 s. This increase in the GPC after
saturation is primarily attributed to the change in the N/Ta ratio with plasma
exposure [35]. XPS studies of the HfN, films revealed that the N/Hf ratio is
consistent with the increase in plasma exposure whereas the material properties
change due to an increase in the O at.% with the plasma exposure. The O content
increased from 15.3 at.% to 20.2 at.% as the H, plasma exposure was increased
from 10 s to 30 s respectively (Table 3.3). Note that the O in the film can result
from either the ingress of H,0 or O, from the reactor background during the
deposition, or from the post-deposition oxidation of the films which might arise
due to potentially low film density. In order to demarcate the source of O in the
HfN, films, a thin layer of dense SiN, (~10 nm) was deposited on top of the HfN,
film (~30 nm) in-situ, following the same recipe as reported by Andringa et al. for
the deposition of gas/moisture barrier layers [36]. A decrease in the O content to
10.2 at.% was observed for the HfN, films prepared with 10 s H, plasma exposure
and SiN, capping layer implying that the O primarily incorporates during the
deposition itself. This can occur due to the background H,O and/or O, (reactor
base pressure = 1.6-10° Torr) in the reactor which can get incorporated during the
film growth for the complete cycle time, depending on the reactivity of the
growing surface. Quite remarkably, an increase in the Hf(IIl)/(Hf(lll) + Hf(IV))
fraction to 0.59+0.02 was observed via XPS for 10 s of plasma exposure as
compared to the N, plasma process (Figure 3.3b). Due to the increased Hf(lll)
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oxidation state fraction as compared to the N, plasma process, the electrical
resistivity decreased from 6-10° Qcm prepared with the N, plasma process to 6:10°
' Qcm for 63 nm thick film prepared with 10 s H, plasma exposure.
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Figure 3.6. Growth-per-cycle (GPC) for the ALD process using H, plasma as the co-reactant as a
function of H, plasma exposure time. The gray line serves as a guide to the eye.

The X-ray diffractogram revealed the development of the conductive §-HfN
fcc structure for the H, plasma process, in line with the decrease in electrical
resistivity and the results from the XPS studies (Figure 3.4). Moreover, a shift in
the peak position was observed for &6-HfN pattern when compared with the
powder spectrum, as a result of the incorporation of O. In addition, a new peak
could be discerned at 26 = 31° for 30 s H, plasma exposure. This peak can be
attributed to the (222) reflection of the resistive, cubic Hf,ON, structure (Figure
3.4) [34], in-line with the XPS study suggesting Hf-O bond formation.

Although a polycrystalline 6-HfN fcc conductive phase is obtained, an
electrical resistivity of 6:10™" Qcm is rather high. In order to obtain more insight
into the electrical properties, modelling of the SE data was performed. The
dielectric function could be fitted with one Drude, one Lorentz oscillator centered
at 1.41 eV and one Tauc-Lorentz oscillator centered at 4.88 eV as shown in Figure
3.5b. The Tauc-Lorentz oscillator reveals a band-gap of 2.7 eV which is higher as
compared to 2.26 eV for the N, plasma process. This increase in the optical
bandgap most probably arises due to the presence O in the form of Hf-O bonds.
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The simultaneous presence of the Tauc-Lorentz and the Drude contributions
indicates the synthesis of a mixed phase material composed of both conductive
and resistive domains. The presence of the Drude absorption signifies the
presence of free electrons contributing to the conductivity [37]. The optical
resistivity can be deduced from the Drude absorption using:

2 (4)

where I is the damping factor for the Drude oscillator, &, is the permittivity of
free space, w, is the plasma frequency and p is the resistivity of the deposited
films as determined by SE. By using this equation, we obtained an optical
resistivity of 5-10° Qcm — a value that is notably lower than the electrical
resistivity value obtained via the four-point probe. The discrepancy between
optical and electrical resistivity signifies prominent grain boundary (GB) scattering
which dictates the electrical conductivity of the films [37]. In the simplified case
with O in the films existing only in the Hf,ON, lattice, 15 at.% O for 10 s H, plasma
exposure would imply 75 at.% of Hf,ON, and 25 at.% HfN. This result contradicts
the Hf(lll) fraction of 0.5940.02, signifying that only a fraction of O exits in the
Hf,ON, lattice. Therefore it is expected that O is primarily bonded to Hf on the
defect sites such as grain boundaries which can lead to prominent GB scattering.
Furthermore, Hf-O bond formation would warrant an increase in the oxidation
state of Hf to +4 which subsequently quenches the free electron density and limits
the conductivity.

A scanning electron microscope (SEM) image is shown in Figure 3.7a reveals a
lateral grain size of (24.5+2.5) nm for 63 nm thick film prepared with 10 s H,
plasma exposure. This grain size increases with thickness due to the grain growth
as apparent a from cross-sectional image (Figure 3.7b). The small grain size
obtained via SEM, together with formation of resistive Hf-O bond further
corroborates prominent grain-boundary scattering of the free electrons.
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Figure 3.7. (a) Top-view and (b) cross-sectional SEM image for approx. 63 nm HfN, film deposited by
10 s H, plasma exposure at T, = 450°C. The images reveal a V-shaped grain growth mechanism [38].

Altogether, H, plasma is capable of efficiently reducing the Hf(IV) oxidation
state to Hf(Ill), which is required to generate the conductive 6-HfN fcc structure.
However, a limited conductivity is obtained due to the prominent grain-boundary
scattering. Therefore, in order to further improve the conductivity of the HfN,
films (10 — 10 Qcm), either the O should be reduced which would therefore
promote the presence of the Hf(lll) fraction [20, 21] and/or the grain size has be
to increased.

3.4 Conclusions

A plasma-assisted ALD process for HfN, thin films has been introduced and
investigated using a novel metal precursor CpHf(NMe,); and a N, or H, plasma as
the co-reactant. The growth-per-cycle and the material properties, such as
chemical composition, electrical resistivity, optical properties and crystal
structure, were presented in light of the reducing character of the chosen plasma
gas. In case of the N, plasma, the films grown at stage temperatures of 350°C and
450°C showed a growth-per-cycle of 0.038 nm/cycle. An increase in the stage
temperature from 350°C to 450°C led to a decrease in carbon content from 7 at.%
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to below the XPS detection limit, for the N, plasma process. However, the N,
plasma was found inefficient in reducing the Hf(IV) oxidation state to Hf(lll),
leading to high resistivity values of 6-:10* Qcm.

The process employing H, plasma as the co-reactant yielded conductive
stoichiometric, fcc 86-HfN films. For this process, a higher Hf(1l1)/(Hf(lll) + Hf(IV))
fraction of 0.59 was obtained which can be attributed to the high reduction
potential of H, plasma species. The H, plasma based process markedly improved
the electrical resistivity down to a value of 6-10" Qcm. We identified two
predominant reasons for the yet limited conductivity. First, the presence of O, up
to 15 at.% was observed for 10 s H, plasma exposure: O induces the formation of
the resistive Hf,ON, impurity phase. Second, prominent grain-boundary scattering
as concluded from the discrepancy between the optical in-grain resistivity (5-10°
Qcm) and the electrical inter-grain resistivity (6-10" Qcm) values accompanied
with the small grain size of (24.5+2.5) nm.

In light of the results obtained in this study, we have demonstrated that the low
HE(11)/(Hf(111) + Hf(IV)) fraction is a bottleneck for the film conductivity, which is
attributed to either the low reduction potential of the N, plasma or high O
content in the case of H, plasma process. In the case HfN, films reported earlier
[20, 21], very low O at.% can justify the realization of conductive §-HfN films with
low resistivity. Furthermore, the presence of high C at.% leading to formation of
Hf-C (Table 3.1) would not increase the resistivity, since Hf-C is a conductive phase
[39]. In conclusion, highly reducing co-reactant is entailed in order to obtain
conductive &6-HfN fcc crystal system. The Hf(lll) oxidation state has high affinity
towards O and therefore reduction of O impurity content is a requirement to
further lower the resistivity of the films.
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Appendix 3

Table A3.1. The carbon content and the GPC as a function of gas residence time during the N,
plasma at T, = 350°C. The carbon content is retrieved via XPS and the GPC is obtained via SE. The

corresponding error bars are indicated in the first row.

20 100 0 100 125 0.14 7.0+0.5 0.038+0.003

20 100 100 200 20.3 0.11 7.0+0.5 0.038

20 100 200 300 28.3 0.10 6.9+0.5 0.038
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Figure A3.1. The thickness of HfN, films prepared at T, = 450°C as a function of ALD cycles obtained
via in-situ SE. A typical linear ALD growth is obtained for the two ALD processes.
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Chapter 4

Low resistivity HfN, grown by plasma-
assisted ALD with external rf substrate
biasing*

Abstract

Plasma-assisted atomic layer deposition (ALD) of HfN, thin films using
tris(dimethylamino)cyclopentadienylhafnium [CpHf(NMe,);] as the Hf precursor
and H, plasma as reducing co-reactant is reported. We previously concluded that
the HfN, films prepared for a grounded substrate (OV substrate potential)
exhibited a rather high electrical resistivity of 9.0-10" Qcm. In the present work,
we show a steady decrease in electrical resistivity by two orders of magnitude to
3.3-10° Qcm upon increasing the time-averaged substrate potential up to -130V
by externally biasing the substrate. A further increase in potential up to -187V led
to an increase in electrical resistivity to 1.0-10 Qcm. The variations in electrical
resistivity with the potential were found to correlate with the extent of grain
boundary scattering in the films, which significantly decreased upon increasing
the potential up to -130V, primarily due to major changes in film chemical
composition. The latter consisted in a decrease in O content from 20.1 at.% under
no bias to <2 at.% for a potential of -130V and an associated increase in Hf(lll)
fraction from 0.65 to 0.82. The latter is key to the development of low resistivity
6-HfN. A further increase in potential to -187V led to an increase in grain
boundary scattering as a consequence of a major decrease in grain size as well as
in-grain crystallinity. In view of advanced nanoelectronic devices, the HfN, layers
were also deposited on 3D trench nanostructures at a potential of -130V. A low
oxygen content in the HfN, film measured on both the planar and vertical
topographies of the trenches. Overall, the time-averaged substrate potential has
been shown to highly affect the chemical composition, microstructure and the
associated electrical properties of the HfN, layers and can be used to tailor the
HfN, film properties.

Saurabh Karwal, Marcel A. Verheijen, Benjamin L. Williams, Tahsin Faraz,
Wilhelmus M. M. Kessels and Mariadriana Creatore, J. Mater. Chem. C6, 3917
(2018)
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4.1 Introduction

Conductive transition metal nitride (TMN) films are widely employed in
microelectronics because of their low electrical resistivity [1, 2], and excellent
diffusion barrier properties against oxygen and copper [3-6]. In particular,
conductive titanium nitride and tantalum nitride films have been already
implemented as gate metals in metal oxide semiconductor field-effect transistors
(MOSFETs). One of the issues encountered in their implementation is the
formation of oxy-nitrides at the interface with the gate oxide [1, 7, 8]. In
photovoltaics, they are of interest due to the extended high near-IR reflectivity [9,
10]. Zirconium nitride has been employed as a back reflector electrode for thin-
film copper-indium-gallium-selenide (CIGS) solar cells [11]. Recently, low
resistivity hafnium nitride films (6-HfN) have gained notable importance because
of the superior stability when used in combination with HfO, [6]. Furthermore, a
very-high reflectivity in the spectral region between 1 eV and 2.4 eV,2 allows
applications such as back reflectors for CIGS solar cells and as heat mirrors [12,
13].

Hafnium nitride (HfN,) exists in different crystal phases including highly
resistive Hf;N, [14, 15], and the conductive 6-HfN fcc phase [9, 16]. Therefore, it
can be inferred that the oxidation state of Hf in the film (Hf(IV) vs. Hf(IIl)) and the
stoichiometry fundamentally affect the HfN, material properties. Thin films of -
HfN, have been grown by various methods, such as physical vapour deposition
(PVD) [10, 17, 18], metal-organic chemical vapour deposition (MO-CVD) [19] and
atomic layer deposition (ALD) [20-22]. Due to the stringent requirements posed by
the semiconductor industry as a result of device shrinkage, especially ALD has
emerged as a key deposition technique which holds promises of delivering ultra-
thin films with precise thickness control, excellent uniformity, and unparalleled
conformality on high surface area substrates [23-26].

Considering 6-HfN material properties, Seo et al. obtained a very low
electrical resistivity (p.) of 1.4-10” Qcm for a 650 nm thick single crystal §-HfN film
grown by PVD [18]. On the other hand, the preparation of low resistivity 6-HfN,
films by either CVD or ALD employing metal-organic Hf precursors and a reducing
co-reactant, is challenging. This is primarily due to incomplete abstraction of
ligands leading to impurities in the film and/or inefficient reduction of the Hf(IV)
oxidation state (in the precursor) to Hf(lll) (in the film). Kim et al. reported the
MO-CVD growth of 8-HfN film with an p. of 1.0-10® Qcm for a ~ 1 pm thick film
using an alkylamide Hf precursor and N,N-dimethylhydrazine as reducing agent.
On the contrary, non-conducting Hf;N, films were obtained when NH; was used as
the reducing agent [19]. This illustrates that the potential for the reduction of
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M(IV) to M(lll) (M = metal atom) dictates the choice in reducing co-reactant,
which as such, can significantly alter the film properties [22].

The growth of ultra-thin 6-HfN, films by ALD has been reported by Consiglio et
al. and Kim et al. by employing a highly reducing H, plasma as co-reactant and
using alkylamide Hf precursors [20, 21]. Consiglio et al. reported an p, of 2.3-10°
Qcm (film thickness is not reported) [20], whereas Kim et al. obtained an p, of
6.7-10° Qcm for a film thickness of 14 nm [21]. For these films, the fraction of
Hf(Il) oxidation state in the layers was not reported. Moreover, next to the
chemical composition, it can be expected that also the microstructure of the layer
is crucial for HfN, film resistivity. This effect has been only sparsely investigated so
far.

Recently, we have shown the importance of selecting the composition of the
plasma gas as co-reactant to control the chemical composition and microstructure
of HfN, thin films [22]. We demonstrated the necessity of a reducing H, plasma in
order to fabricate the conductive 6-HfN, phase [22]. However, the HfN, films
grown using H, plasma resulted in relatively high p, values of (9.0£0.2)-10™ Qcm
[22]. We observed that the film contained 20.1+0.7 O at.% leading to formation of
Hf-O bonds and resistive films. In a conductive 6-HfN phase, the Hf exists in the +3
oxidation state with loosely bound 5d electrons serving as free carriers [10]. The
presence of Hf-O bonds increased the oxidation state of Hf to +4, which limited
the Hf(lll) oxidation state fraction down to 0.65+0.02 for the aforementioned H,
plasma case. This decreased the conduction electron density and increased the
film resistivity [22].

Building on earlier studies, the seminal work of Anders showed that the mean
energy of ion bombardment can play a central role in determining the film
properties in case of PVD [27]. Furthermore, selected effects of energetic ion
bombardment on the film properties during a PE-CVD processes have been
reported [28, 29]. Regarding plasma-assisted ALD processes, Profijt et al.
introduced the aspect of increasing the ion energy by externally biasing the
substrate with an rf power source and studied the resulting ion energy
distributions [30]. In this case, the bias was applied only during the plasma half
cycle and it was found to tune the crystalline phase of TiO, films as well as
increase the mass density of Co;0, films [30].

In this work, we will address the impact of an external rf substrate bias during
the H, plasma half cycle on the HfN, films prepared by ALD. The time-averaged
substrate potential (V,;;, developed upon application of external rf substrate bias)
is shown to highly affect the material properties of HfN, films. We observed a
steady decrease in the p, of the HfN, films to a minimum of (3.3+0.1)-10” Qcm
upon increasing the |V,.s| up to 130V. On the contrary, we observed an increase
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in the p. to (1.0£0.3)-102 Qcm upon further increasing the |Veis| from 130V to
187V. We found that the variations in the p, with | V.| correlates with extent of
grain boundary scattering in the films, which significantly decreased upon
increasing the |V,i,s| up to 130V. The decrease in p. and scattering is due to a
substantial decrease in O content (down to <2 at.%) and an associated
improvement in Hf(Ill) fraction to 0.82+0.02 since the HfN, films grown at | Vpss| =
130V are found to be considerably more porous than HfN, films prepared with
grounded electrode. A further increase in the |V,,s| to 187V led to a major
decrease in grain size as well as in-grain crystallinity, culminating in an increase in
scattering and p. of the films. The HfN, was also deposited on 3D trench
nanostructures to investigate the chemical composition at different regions
(planar and vertical sidewalls), as is relevant for advanced nanoscale device
architectures. The HfN, layer grown at | V,;,s| = 130V showed a reduced O content
on both the planar and vertical regions of the trench structures. The low O
content on the vertical regions suggests that the ion bombardment reaches also
the sidewalls, most certainly due to collisions between ions in the plasma sheath
with background gas. The obtained results elucidate the importance of ions and
their energy in improving the chemical composition/microstructure and the
associated electrical properties of HfN, layers.

4.2 Experimental section

I. Plasma-assisted ALD of HfN, and Process Conditions

HfN, thin films were deposited using an Oxford Instruments FlexAL ALD
reactor [31, 32], equipped with an inductively coupled remote plasma (ICP) source
with an alumina dielectric tube. A base pressure of 1.6-10° Torr was achieved in
the reactor chamber using a turbo-molecular pump before every deposition. The
stage temperature was kept at 450°C (which corresponds to a substrate
temperature of 340°C as determined using spectroscopic ellipsometry (SE)) [22].
The reactor walls were kept at 145°C during all the depositions.

A stainless steel bubbler contained the Hf precursor CpHf(NMe,); (Air Liquide,
>99.99% purity) at 60°C and was bubbled by an Ar flow of 100 sccm. An Ar flow of
100 sccm was injected into the ICP alumina tube during the precursor dosage in
order to suppress deposition on the ICP tube walls (the gate valve between the
ICP source and reactor chamber was kept open during the full cycle). During the
plasma exposure, H, (>99.999% purity, working pressure ~30 mTorr) at 100 sccm
was introduced into the chamber and subsequently the plasma was ignited with
100W radio frequency (rf) ICP power (13.56 MHz) for the desired time (see Figure
A4.1 for ALD recipe). The purge step for both half cycles consisted of a flow of 200
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sccm Ar through the bubbling lines and 100 sccm Ar flow from the ICP source with
the valve to the pump fully opened. As reported previously, a CpHf(NMe,); pulse
length of 4 s and H, plasma exposure of 10 s was used, while keeping the purge
step of 2 s after every half cycle (Figure A4.2) [22].

Il. RF substrate biasing.

Employing the special feature of the latest Oxford Instruments FlexAL
systems, an external substrate bias was applied during the H2 plasma exposure
using a rf power source (13.56 MHz), attached to the substrate table (Figure A4.1).
The magnitude of the developed time-averaged substrate potential with respect
to ground is indicated by V. During the H, plasma exposure, this value was
regulated by varying the applied rf power.

electrons collection  Avg. subs.

100 @ T 7 T — potential (V,.):
0

-100 1-80v
-130V
200 PXZF 212 I 165V
-187V

-300

ion collection

Substrate potential (V)

-400

40W

-500 bt
100 75 50 25 0 25 50

Time (ns)
200 . : : .
(b)

150+ 1

100+ 1

|Vhias| (V)

50 1

0 L L L L
0 10 20 30 40 50

Bias power (W)

Figure 4.1. (a) Substrate potential waveforms as a function of time measured using an oscilloscope:
the development of time-averaged substrate potential V,;,; with respect to ground can be observed
(b) Absolute values of V,;,s as a function of the applied rf bias power. The line serves as a guide to
the eye.
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Shown in Figure 4.1a are the rf bias voltage waveforms as a function of time.
These are measured using an oscilloscope connected to the substrate table via a
high voltage probe. Figure 4.1a also shows that a time-averaged negative
potential with respect to ground (V,;,s) has developed at the substrate such that
the flux of electrons equals the flux of ions, when integrated over one period of
the rf waveform [30]. The amplitude of the voltage and V,;s can be regulated by
varying the power applied to the substrate table. A V,;,s = -80V is obtained when
10W rf bias power is applied, whereas V,;,s = -187V results from 40W rf power.
The plot of the absolute values of V,, as a function of rf bias power (Figure 4.1b)
shows a deviation from the ideal linear behaviour. This deviation may be due to
heating of the electrons near the substrate generating an additional plasma which
increases the ion current, as well as to other effects such as power dissipation by
resistive losses at the substrate or in the matching network.

As a result of the voltage drop over the plasma sheath, the ions are
accelerated towards the surface. For a collisionless sheath, the corresponding
average ion energy (Ej,) is given by Ej,, = e(V, — Viias), Where V, is the plasma
potential [30]. Profijt et al. showed that the E,, is 20-30 eV for a grounded
electrode (no external substrate bias) using H, plasma in a similar FlexAL system
and under similar experimental conditions [33]. This implies that the E;,, under rf
substrate biasing conditions is expected to be approximately 20-30 eV higher than
the value of e[V,,s/. We note however that the actual ion energy distribution
function is bimodal [30], and that the plasma sheath is not fully collisionless as will
be addressed in future work.

lll. Substrates and material characterization

The HfN, films were deposited on Si(100) substrates with a diameter of 100
mm and with 450 nm SiO, atop. The growth per cycle (GPC) and the dielectric
functions of the HfN, films were examined via spectroscopic ellipsometry (SE) (J.A.
Woollam, Inc., M2000U). The dielectric functions (0.75 < hv < 5.0 eV) of HfN, films
were modelled using one Drude and two Lorentz oscillators as demonstrated by
Hu et al. (see Figure A4.3a and Table A4.1 for details) [9]. Additionally, the optical
resistivity (pop) (at room temperature) was deduced from the free-carrier Drude
parameterization, given by p,, = Ip/€, - wg, where I is the damping factor for
the Drude oscillator, &, is the permittivity of free space, and w, is the screened
plasma frequency [34]. The electrical resistivity (p.) (at room temperature) was
obtained via four-point probe measurements using a Keithley 2400 SourceMeter
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and a Signaton probe by multiplying the sheet resistance of the HfN, films with
the film thickness as derived from SE.

The X-ray photoelectron spectroscopy (XPS) measurements were performed
using a Thermoscientific K-Alpha KA1066 system equipped with a monochromatic
Al Ka (hv = 1486.6 eV) source in order to study the chemical bonding and the
oxidation states of elements present in the film. The chemical composition and
the mass density of the films was evaluated via Rutherford backscattering
spectrometry (RBS) and elastic recoil detection (ERD) using 1900 keV *He" ions
(Detect99). For the ERD measurements, the recoil angle was 30° and the angle of
incidence with the sample surface was kept at 15° whereas for the RBS, two
detectors were used with scattering angles of 170° and 150°.

The HfN, film microstructure was studied using transmission electron
microscopy (TEM) using a JEOL ARM 200F, operated at 200 kV. Selected area
electron diffraction (SAED) pattern of 1.3 um diameter areas were acquired from
HfN, films with a similar film thickness (~15 nm), grown at various values of V.
The HfN, films were grown on SiN, TEM windows, coated with ~5 nm ALD SiO..

The crystallinity of the films was examined with a PANalytical X'pert PRO MRD
X-ray diffractometer using a Cu Ka (A = 1.542 ,&) X-ray source. The X-ray
diffractograms were obtained in a 6-26 configuration and were compared with
the powder HfN and Hf,0ON, patterns [35, 36]. The crystallite sizes were computed
using the X-ray line broadening in the Scherrer’s equation. The broadening of
peak in XRD primarily arises from the presence of stress and/or crystallite size
[37]. For the computation of the crystallite size in our case, the film stress was
neglected.

The surface morphology was studied using a Zeiss Sigma field emission
scanning electron microscope (FE-SEM) operated at an acceleration voltage of 2
kV.

The residual film stress was calculated using a Tencor FLX-2320 by evaluating
the laser deflection as a result of change in the curvature of the Si wafer using
Stoney’s equation [38].

The HfN, films were also deposited on trench nanostructures with varying
aspect ratio (height ~450 nm, width varying) in order to evaluate the chemical
composition on 3D topographies. Coupons containing these trench
nanostructures were prepared and provided by LAM Research [39]. The
respective 3D trench nanostructures were formed by first depositing thick SiO,
film on Si wafer via PECVD, which was then etched into trench structures. These
structures were subsequently coated with a conformal SiN, layer using a high-
temperature CVD process, followed by deposition of a very thin layer of SiO, using
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ALD [39]. Following the HfN, ALD, a thin lamella (¥100 nm) was prepared by a
focused ion beam (FIB) using the lift-out preparation procedure. Scanning TEM
combined with energy-dispersive X-ray spectroscopy (EDX) was used to study the
chemical composition of the deposited HfN, films.

4.3 Results and discussion
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Figure 4.2. (a) Electrical and optical resistivity values and (b) Hf(lll) oxidation state fraction of HfN,
films as a function of the absolute value of V,,;. Lines serve as a guide to the eye.

We previously reported on HfN, films (~70 nm thick) prepared with a
grounded electrode (|Vyies| = OV), reaching an p. of (9.0£0.2)-10" Qcm [22]. In
addition, the opto-electronic properties of the HfN, films were probed using SE.
Figure A4.3b shows the imaginary part of the dielectric function &, and the
corresponding Drude absorption for the HfN, films prepared at various values of
| Vpias|. Using magnitude of the Drude absorption, we previously reported an
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optical resistivity (p,,) of (5.9+0.1)-10 Qcm for the HN, films prepared at | Vi | =
oV [22].

The effect of an external rf substrate bias on the HfN, material properties was
evaluated. For these experiments, only |V,,s| was varied during the H, plasma
half cycle, whereas the CpHf(NMe,); pulse length of 4 s and H, plasma exposure of
10 s was kept constant [22]. A comprehensive summary of several material
properties of HfN, films prepared on planar SiO,/Si substrates for various values of
| Viies| (constant film thickness ~70-80 nm) can be found in Table 4.1.

The variations in electrical and opto-electronic properties of the HfN, films
with | Viies| are discussed at first. Figure 4.2a shows the p. and p,, for HfN, films as
a function of |V,is|. Remarkably, the p. decreased by two orders to a value of
(3.3+0.1)-10° Qcm at | Viigs| = 130V, as compared to the films prepared with the
grounded electrode. In parallel, an increase in the |V,,| to 130V led to an
increase in Drude absorption resulting in a decrease of p,, to (9.0+0.2)-10” Qcm
(Figure A4.3b). On the other hand, a further increase in the | V| to 187V led to a
subsequent increase in p, to (1.0+0.3)-10 Qcm and Pop tO (1.740.1)-10° Qcm.

By considering the rather small interaction distance of incident light with the
HfN, films (~2-3 nm) (see supplementary information), the difference between the
pe and p,, may provide insights in to the extent of grain boundary scattering
phenomena as described by Knoops et al. [22, 34]. The large difference between
pe and p,, values at |Vyes| = OV suggests the presence of prominent grain
boundary scattering in the HfN, films. Interestingly, the resistivity difference
decreased significantly by the application of external rf substrate bias and
attained a minimum at |V,,s| = 130V (Figure 4.2a). This indicates a decrease in
the scattering at grain boundaries, which reduces the resistance in transport of
the electrons between adjacent grains. On further increasing the | V| to 187V,
the resistivity difference increased slightly, pointing out an increase in scattering
in the film at high values of |V,;s|. The grain boundary scattering may arise from
several factors such as a high barrier height at the grain boundaries and/or a low
in-grain electron density [40]. Furthermore, smaller grains may result in larger
grain boundary scattering if the grain boundaries are poorly passivated [34].
Therefore, in order to understand the variation in grain boundary scattering and
the associated p, with | V.|, the chemical composition and microstructure of the
HfN, films was studied.

The chemical composition of HfN, films was investigated by means of RBS and
XPS. We previously reported that HfN, films grown at |V,;,s| = OV contained <2.0
at.% C and that 10 s H, plasma exposure was sufficiently long for complete
abstraction of the carbon groups from the adsorbed precursor (Table 4.1) [22].
Furthermore, the HfN, film was found to contain 20.1+0.7 at.% O [22]. We showed
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that oxygen was primarily incorporated during deposition and not because of
post-deposition oxidation [22]. We also demonstrated that the O present in the
films selectively formed Hf-O bonds (see the deconvolution of the O 1s XPS
spectrum in Figure A4.4a) [41], which can be related to the high enthalpy of
formation of HfO, (-1144.7 kl/mol) and HfO (-564.8 kl/mol) [42] as compared with
the enthalpy of formation of HfN (-369 kJ/mol) [43]. This limited the Hf(Ill)
oxidation state fraction to a relatively low value of 0.65+0.02 (Figure 4.2b, 4.3a
and Table 4.1).
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Figure 4.3. Deconvoluted XPS spectra for HfN, films prepared at | Vyjos| = 0V and | Vjigs| = 130V for Hf
4f with Hf(l11) and Hf(1V) oxidation states (a and c), N 1s with associated bonding to Hf atoms (c and
d). Data for |V,j,s| = OV is given in (a) and (b) and data for | V};,s| = 130V is given in (c) and (d) S.P.
represents the satellite peak.

Interestingly, the Hf(lll) fraction steadily increased to 0.82+0.02 upon
increasing the |V,;s| value up to 130V as shown in Figures 4.2b and 4.3c, in-line
with the aforementioned decrease in the p,,. On the other hand, when |Vj;] is
increased to 187V, the Hf(lll) fraction decreases again to 0.7310.02, in-line with
the increase in the p,,. The increase in Hf(lll) fraction with |Vjes| up to 130V
occurs in parallel with the decrease in O content to <2.0 at.% for | V,;,s| value of
130V or higher. Relevantly, preliminary density functional theory studies suggest
that an increase in energy of bombarding ions may promote desorption of H,0
from the surface of the film, resulting in lower oxygen content upon increasing
| Viies| - The decrease in the Hf(lll) fraction upon further increasing the |Vys| to
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187V is speculated to arise from an increase in the H content (Table 4.1) and the
associated Hf-H bonds, as the O content in the HfN, films grown above |Vl
value of 130V remains similar. This may lead to an increase in the Hf(IV) relative
content.

Nitrogen was also found to exist in two chemical environments, i.e. bonding
with Hf(Ill) and Hf(IV) atoms as presented in Figures 4.3b,d (see Table A4.2 for a
summary of the binding energies for different elements) [44, 45]. The application
of external rf substrate bias (| Vuis| = 130V) increased the number of N atoms
bonded to Hf atoms that are present in +3 oxidation state, when compared with
the grounded electrode condition. This result corroborates the increase in the
fraction of the 6-HfN phase. In contrast to the O content, the C concentration
increased by the application of external rf substrate bias (Table 4.1). Figure A4.5b
shows the C 1s XPS spectra of the bulk HfN, films as a function of | V,|. The peak
at lower binding energy (282 eV) is attributed to Hf-C bonding [46].
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Figure 4.4. Growth per cycle (GPC) in terms of thickness and number of Hf atoms deposited per nm?’
as determined by SE and RBS as a function of absolute value of V. Lines serve as a guide to the
eye.

A steady increase in the Hf-C peak intensity is observed upon increasing the
| Viias| from OV up to 130V. These results suggest that carbon in the films may
originate from the enhanced cracking of the ligands on the surface by energetic
ion bombardment, followed by re-deposition [32]. Alternatively, carbon-
containing cationic species in the plasma may also get accelerated towards the
growing film (a kind of redeposition) that may also lead to carbon incorporation.
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Figure 4.4 shows the effect of external rf substrate bias application on the
GPC in terms of thickness (A) and areal density of deposited Hf atoms (Hf atoms
nm), whereas an elaborate characterization of the ALD process (linear thickness
increase, self-saturation behaviour and thickness uniformity maps for HfN, films)
as a function of |V,;s| is shown in the appendix (Figure A4.3). The ALD process
was found to saturate for all values of |V,;;| investigated. A consistent increase in
GPC (A) with | V45| was observed, which may result from an increase in precursor
adsorption, decrease in film mass density and/or changes in chemical
composition. By means of RBS, we found that the areal density of deposited Hf
atoms per cycle also increased with |V|. This indicates that the precursor
adsorption increases with |V,i,s|, which may occur due to the presence of a
higher density of active sites for precursor adsorption after every ALD cycle. By
plotting the GPC (A) as a function of the areal density of Hf atoms deposited per
cycle (Figure A4.6), we found roughly a linear dependence. Therefore, it can be
concluded that the increase in the GPC (A) with the |V,is| is primarily due to an
increase in precursor adsorption. Furthermore, the application of external rf
substrate bias resulted in N/Hf ratio of 1.00£0.07 and 0.98+0.06 at | V,es| = 130V
and 187V respectively, which is higher than 0.86+0.05 obtained at | V,is| = OV
(Table 4.1). This result implies that the areal density of N atoms deposited per
cycle increases in par with the areal density of Hf atoms when | V.| increases.

In addition to the changes in Hf(lll) fraction, the variations in microstructure
with | Vyies| might also contribute to the p. as described by Ponomarev et al. [40].
The microstructure of the HfN, films was studied by evaluating the in-grain film
porosity, in-grain film crystallinity, lateral grain size and residual film stress as a
function of | Vy;s| (for films with a similar thickness of ~75 nm).
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Table 4.1. The properties of HfN, films prepared at various values of | V|, as determined by four-point probe (FPP), spectroscopic ellipsometry (SE), X-ray
photoelectron spectroscopy (XPS), Rutherford backscattering (RBS) and elastic recoil detection (ERD). The electrical resistivity was obtained by a
combination of FPP and SE whereas the optical resistivity, GPC and thickness were determined using SE. XPS was used to obtain the Hf(Ill) oxidation state
fraction and the chemical composition and the GPC values in terms of number of deposited Hf at. nm> cycle'1 were determined by RBS. The H content was
determined using ERD. The mass density was calculated by dividing the areal mass density (obtained via RBS and ERD) with the film thickness. The errors
for electrical resistivities and optical resistivities are less than 3% and 2% of their absolute values, respectively. The errors for the GPC, the Hf(lll) fraction
and the mass densities are mentioned in the first line unless otherwise mentioned.

0 9.010™ 5.9-10° 0.35+0.03 71 0.65+0.02 0.82+0.04 0.86%0.05 <2.0 20.1+0.7  8.2+0.2 7.0+0.3
130 3.3.10° 9.0-10"* 0.50 81 0.82 1.53+0.06 1.00+0.07 11.0+1.2 <2.0 8.6 12.6+0.6
187 1.0-10” 1.7-10° 0.60 83 0.73 1.76+0.06 0.98+0.06 10.3%1.1 <2.0 8.0 18.5+0.9
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Figure 4.5. (a) Bright-field transmission electron microscope image (BF-TEM) and (b) high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the HfN, film
grown in two steps with different substrate potentials: bottom layer at | V,;,s| = 130V and top layer
at |Vbias| =0Vv.

First, the microstructure of the HfO N, and HfN, films grown at | V| = OV
and |V,i.s| = 130V respectively are compared and the grain development was
scrutinized. To serve our purposes, the HfN, ALD was carried out under two
conditions in a single run (without breaking the vacuum): a ~45 nm bottom layer
grown at |V,i,s| = 130V and a ~85 nm top layer was grown at | V,,s| = OV. The
bright-field TEM (BF-TEM) image of the stack of HfN, films is presented in Figure
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4.5a. The grain growth of HfN, film prepared at |V,i,| = OV was found to be
inverse pyramidal whereas a columnar growth of the HfN, film was detected at
| Viios| = 130V. Furthermore, the contrast variations within the crystals of the HfN,
film grown at |V,is| = OV indicate the presence of many small defects such as
dislocations and/or low-angle grain boundaries. In Figure 4.5b, the high-angle
annular dark-field STEM (HAADF-STEM) image for the HfN, film stack is presented
elucidating that the HfN, film grown at | V,;,s| = 130V is rich in nanopores whereas
the HfN, film prepared at | V,,s| = OV is relatively more dense.

The crystallinity of the HfN, films was examined using XRD (6-286 mode)
(Figure 4.6). The HfN, films grown at | V};,s| = OV are polycrystalline with a mixture
of two phases: 6-HfN and cubic Hf,ON,, as evident from previously reported
grazing incidence XRD patterns [22, 36]. The 8-26 scan of this sample in Figure 4.6
shows broad peaks, which can be explained by the defect-rich nature of the
grains, in-line with the TEM study. Based on the chemical composition analysis,
GIXRD patterns (Figure A4.7) and 8-26 scans, we suggest a predominant growth of
6-HfN phase at | V,.s| value of 130V and higher, whereas Hf,ON, phase is below
detection limit. The HfN, films grown at | V.| = 130V gave a strong HfN(200)
reflection implying a preferred orientation, in-line with the columnar grain
growth. Furthermore, the increase in HfN(111) and HfN(200) peak intensity
suggests that the crystalline quality of XRD coherent domains increased upon
increasing the |V,i,s| from OV to 130V, despite the introduction of voids in the
film. In contrast to the HfN, films grown at |V,,| = 130V, HfN(111) is the
preferred orientation at |V,.| = 187V. The development of a preferred
orientation during film growth can be introduced by several factors, such as the
minimization of strain or surface energy [47]. This was demonstrated by Pelleg et
al. for TiN, films grown by PVD [48]. It was reported that the growth of TiN(200) is
favoured in order to minimize the surface energy whereas TiN(111) is the
preferred growth direction to minimize the strain energy [48, 49]. Alternatively,
the texture could already be different in the nucleation phase of the films.
Interestingly, the crystallographic texture appeared to be similar for ~15 nm thick
HfN, films grown at | Vies| = 130V and | V,ies| = 187V, as evident from the HAADF-
STEM and SAED studies (see the discussion underneath in the appendix, Figure
A4.8).
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Figure 4.6. X-ray diffractograms (Gonio (6-26) scans) for ~75 nm thick HfN, films for various values of
| Vpias| referenced with powder fcc 8-HfN and cubic Hf,ON, XRD patterns.

Subsequently, the lateral grain size of the HfN, films was investigated for the
relevant layer thickness of 75 nm by means of SEM. The HfN, films grown with
grounded electrode (| V,ies| = OV) displayed a lateral grain size of 25+3 nm (Figure
4.7a and Table 4.2). Interestingly, the 75 nm thick HfN, layer grown at | V.| value
of 130V exhibits a similar grain size of 2622 nm (Figure 4.7b).

Figure 4.7. Scanning electron micrographs displaying top-view for HfN, films (thickness ~75 nm)
prepared at (a) | Vpjas| = OV (b) | Viias| = 130V and (c) | Vpias| = 187V. Insets depicts a magnified view
of the surface morphology used to obtain lateral grain sizes.
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Summarizing the first part, we can conclude that the HfN, films grown at
| Vbias| of 130V are considerably more porous than HfO,N, films grown with
grounded electrode even though the lateral grain sizes are similar for both layers.
Therefore, the decrease in the pe and grain boundary scattering upon increasing
the | Vyies| from OV to 130V appears to be primarily a result of modification in the
chemical composition. The latter stems from a decrease in O content and
associated improvement in Hf(lll) fraction.

Having established that the decrease in p, up to |Vies| = 130V is primarily
driven by modification in chemical composition, the microstructure of the HfN,
films grown at |Vu.| = 130V and |V,ies| = 187V with the same chemical
composition was subsequently compared. An increment in the |V,;,s| from 130V
to 187V led to a major decrease in the lateral grain size from 2612 nm to 18+3 nm
respectively (Figure 4.7c), as revealed from SEM analyses.

Complementary to the lateral grain size obtained from SEM analysis, the
vertical crystallite sizes for the same films were deduced for the HfN(200) and
HfN(111) reflections of the XRD patterns. The difference between the grain size
from SEM and the crystallite size can have two reasons; firstly, SEM yields the
lateral grain size as evident on the top surface, while XRD probes the vertical grain
size. Secondly, a grain may contain many defects and small angle grain
boundaries. The peaks widths in XRD scans represent the lengths of the coherent
diffraction domains in a crystal. Therefore, crystallite size might be smaller or
equal to the grain size. The data in Table 4.2 indicates the formation of relatively
larger crystallites at | V,ios| = 130V. On the other hand, an increment in the | V]|
to 187V gives an apparent broad peak for HfN(111) reflection yielding a relatively
smaller crystallite size. A comparison with the BF-TEM image in Figure 4.5a shows
that the crystallite size as determined from XRD is significantly smaller than the
column height, which can be understood from the limited XRD coherence due to
the porous and defect-rich nature of the layer. Furthermore, it should be also
noted that the peak broadening may also result from the presence of residual
stress in the layers [37].

The residual stress for the HfN, films grown at varied |V,;,s| was determined
by means of wafer curvature measurements and is presented in Table 4.2 [38].
The data displays a much higher compressive residual stress for the HfN, films
deposited at |Vjis| = 130V as compared to that at | V,,s| = 187V. Liao et al.
demonstrated that the resistivity of HfN, films, grown by PVD, can significantly
depend on the residual stresses, i.e. high residual stress can lead to lower p, [38].
Therefore the lower p. at |V,is| = 130V may also partly arise from the high
residual stress in the layer. Additionally, it can be concluded that the broadening
of peaks in XRD at |V,s| = 187V is primarily due to decrease in the vertical
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crystallite size. In addition, a discrete SAED pattern is obtained for ~15 nm thick
HfN, film prepared at |V,is| = 130V whereas HfN, film grown at |V,,s| = 187V
exhibits a continuous pattern. This suggests that the lateral crystallite size is also
smaller for HfN, film grown at | V,.s| = 187V (see appendix, Figure A4.8).

Table 4.2. Grain size and residual stress values for HfN, films (thickness ~75 nm) prepared under
various values of |V,|. The lateral grain sizes are determined via SEM. The crystallite size is
obtained from XRD using Scherrer’s equation for the corresponding diffracting planes (h k /). Typical
errors associated with the measured quantities are indicated. The film stress has been determined
by wafer curvature measurements.

200 -
0 2543 -

111 -
200 10.6+0.1

130 26+2 2.00+0.05
111 6.2+0.2
200 -

187 18+3 0.3440.03
111 3.6+0.1

Based on the microstructural characterization, it can be concluded that an
increase in p, and grain boundary scattering at | Vyi.s| above 130V is primarily a
consequence of a major decrease in lateral grain size as well as in-grain crystalline
quality in both vertical and lateral directions, since the chemical composition of
the HfN, films grown above | V};,s| = 130V is similar.
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(a) Top layer: | Vyiss| = OV
Bottom layer: | Vjigs| = 130V

No bias

With bias

c———— 250 nm ———— 250 nm ———— 250 nm

Figure 4.8. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of the HfN, film grown in two steps with different substrate potentials: bottom layer at
| Viias| = 130V and top layer with grounded electrode (| Vpies| = OV) (b and e) higher magnification
HAADF-STEM images containing both planar and vertical topography and EDX elemental mappings
of (c and f) O and (d and g) N. The trench aspect ratio for (b,c and d) was 2:1 and 1:1 for (e,f and g).

Having established that the p, is related to the chemical composition of the
HfN, films in the range of | V,.s| up to 130V, the chemical composition of the HfN,
films was investigated on 3D topographies which is relevant for advanced

77



nanoscale device architectures. The HAADF-STEM image of HfN, films grown on
3D trench nanostructures is presented in Figure 4.8. A stack of HfN, films was
prepared in a single run with ~45 nm bottom layer grown at | V,;,s| = 130V and a
~85 nm top layer was grown at |V,.| = OV, as aforementioned. Magnified
HAADF-STEM images for a trench with an aspect ratio of 2:1 and 1:1 are
presented in Figure 4.8b,e. The difference in the chemical compositions of the
two HfN, films grown at different values of | V,;;| is clearly evident from the EDX
elemental mapping (Figure 4.8¢,f and 4.8d,g), in agreement with Table 4.1. On
planar surfaces, the HfN, layer grown at | V,;,s| = 130V was found to contain no O,
whereas O was present in abundance in the HfN, layer grown at | V| = OV
(Figure 4.8c,f), in-line with the RBS findings. Moreover, the HfN, layer grown at
| Viias| = 130V was found to be relatively richer in N content as compared to the
film grown at | V,;,s| = OV (Figure 4.8d,g), also in-line with the RBS results.

Considering the sidewalls of the trenches, a higher O content and relatively
lower N content was noted in comparison with planar surfaces at | Vj;,s| = OV. This
relates to the fact that the sidewalls are exposed to a much lower ion flux as
compared to the planar surfaces due to directionality of the ions. Strikingly, the
sidewalls of HfN, film grown at |V,;,s| = 130V appears to contain less oxygen than
the planar surfaces of HfN, film grown at | V.| = OV. Similarly, nitrogen appears
to be higher in concentration on the sidewalls of the HfN, film grown at | V| =
130V with respect to the planar surfaces of HfN, film grown at | V.| = OV. This
may be a consequence of ion bombardment present also on the sidewalls due to
ions colliding in the plasma sheath which allows the ions to reach the sidewalls,
but with a lower flux and energy. Indeed, the plasma sheath appears not to be
fully collisionless as will be addressed in follow-up work on the basis of actual ion
energy measurements.

4.4 Conclusions

A plasma-assisted HfN, ALD process has been reported employing
CpHf(NMe,); as the Hf precursor and H, plasma as the reducing co-reactant. The
application of external rf substrate bias during H, plasma half cycle has been
addressed in order to study the effects of increase in energy of ions impinging on
the surface during film growth. It has been shown that the electrical resistivity of
the HfN, films decreased from 9.0-10" Qcm to 3.3-10° Qcm upon increasing the
| Viias| from OV to 130V respectively. A further increase in | Vyies| to 187V led to an
increase in film resistivity to 1.0-10% Qcm. Furthermore, we showed that the
variations in electrical resistivity with |V,;,s| correlated with the grain boundary
scattering in the films, which significantly decreased upon increasing | Vj;,s| up to
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130V. The decrease in electrical resistivity and scattering is the result of a major
improvement in chemical composition. The latter stems from a major decrease in
the O content from 20.1 at.% at no bias to <2 at.% at | V};,s| of 130V or higher and
associated increase in the Hf(lll) oxidation state fraction from 0.65 to 0.82
respectively. Microstructural analyses revealed that the HfN, films prepared at
[Vhies| = 130V are more porous than films grown with grounded electrode
whereas the lateral grain sizes are similar. On the other hand, the grain boundary
scattering increased at |V,,s| above 130V primarily due to a major decrease in
grain size as well as in-grain crystalline quality. Furthermore, the HfN, was also
deposited at |V,ies| = 130V on 3D trench nanostructures. A low O content in the
HfN, film was obtained on the planar as well as vertical regions of the trench
structures, attributed to collisions in plasma sheath leading to some ion
bombardment on the sidewalls as well. In conclusions, we demonstrate that the
energy of bombarding ions during plasma-assisted ALD play a vital role in
improving the chemical composition, microstructure and electrical properties of
the HfN, films and may be extended to related nitrides.
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Appendix 4
A. HfN, ALD process

Ar
(200 mTorr)

Cpr(NMe2)3

H,
(30 mTorr)

Plasma
(100W power)

External rf bias
(Power varied)

H "

1 kms
«—1 cycle—

Figure A4.1. Time sequence for the complete ALD cycles of HfN, using CpHf(NMe,); and H, plasma
depicting the application of an external rf substrate bias during the H, plasma step. A plasma
stabilization time of 1s was used and can be neglected. Time intervals are not drawn to scale.
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Figure A4.2. Growth per cycle (GPC) (&) for HfN, films prepared at | V,;s| = OV as a function of (a)
CpHf(NMe,); dose time and (b) H, plasma exposure time. The CpHf(NMe,); dose, H, plasma
exposure and purge times under saturation conditions were 4 s, 10 s and 2 s respectively. (c) GPC(A)
for the HfN, films prepared under saturation conditions as a function of the stage temperature
showing an abrupt increase above 450°C. Lines serve as a guide to the eye.
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Figure A4.3a shows a linear thickness increase with number of ALD cycles for
HfN, films prepared at various values of | V,;,|. Furthermore, the ALD process was
found to saturate using a CpHf(NMe,); dose time of 4 s at all values of | V|
investigated (Figure A4.3b). Therefore, the application of external rf substrate bias
does not affect the self-saturation behavior of the ALD process. The HfN, films
were also prepared at |V,is| = OV and at | V,es| = 187V on 8-inch Si wafers and
the thickness non-uniformity was evaluated (Figure A4.3c). The thickness non-
uniformity was deduced by taking the ratio between standard deviation and
average film thickness (1-sigma). A similar thickness non-uniformity of 9.1% and
7.8% was obtained for the HfN, films prepared with grounded electrode and at
| Viias| = 187V respectively.
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Figure A4.3. (a) HfN, film thickness as a function of number of ALD cycles prepared for various values
of |Vyisl; (b) GPC(A) as a function of CpHf(NMe,); dose time for HfN, films prepared at various
values of |Vy;sl; (c) thickness uniformity maps on 8-inch Si wafer for HfN, films prepared with
grounded electrode (| Vyjos| = 0V) and at | V,,s| = 187V showing a similar thickness non-uniformity in
both cases. The black points on the wafer are the actual measurement points with 5 mm edge
exclusion.

85



B. Modeling of HfN, dielectric functions using spectroscopic
ellipsometry

The dielectric functions can be modelled using one Drude and two Lorentz
oscillators:

Drude Lorentz

(1)

E) = & (E) + ig,(E) = £, — ——P—— Z
£(B) = &1(E) +igy () = €0 — 13 erE EZ, E2+1E1“

where, &, represents transitions at higher energy which are not accounted in
Lorentz oscillators, E, is plasma energy and [ is the damping factor for Drude
oscillator. The Lorentz oscillators are centered at E, which corresponds to the
resonance frequency, while S indicates the strength of the oscillators and I is the
damping factor for the Lorentz oscillators.
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= 20: - - -Lorentz 1T - = |V,.| =130V (Drude)
El —— IV,,,| = 187V (Total)
2 - = |V, = 187V (Drude)
=] 10+

P

@
£

(o))

©
E

o

1 2 3 4 5
Photon energy (eV) Photon energy (eV)

Figure A4.4. Imaginary dielectric function €, for the 6-HfN, films prepared at (a) |Vpies| = 130V
obtained via fitting of the ellipsometry data with parameterization including one Drude and two
Lorentz oscillators and (b) various values | V,;,|. The individual Drude oscillators for the films are
also given revealing an increase in Drude absorption by applying an external rf substrate bias.
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Table A4.1. SE fitting parameter values for one Drude and two Lorentz oscillators for the &-HfN film
prepared at | Vy;,s| = 130V.

130
4.15
1.7
19.4
1.2
11
5.4
4.3

5.7

Knoops et al. described that the insights into grain boundary scattering can be
gained by probing opto-electronic properties using SE [1]. In Figure A4.4, the
imaginary part of the dielectric function &, and the corresponding Drude
absorption for the HfN, films grown at various values of |V,;,| are presented. An
optical resistivity (pop) Of (5.940.1)-10° Qcm was deduced from the magnitude of
Drude absorption for the HfN, film grown with grounded electrode (| Vji,s| = OV).
An increase in |V,s| to 130V led to an increase in the magnitude of Drude
absorption, signifying an increase in the in-grain conduction electron density. An
Pop Of (9.0+0.2)-10™ Qcm was deduced for the HfN, film grown at | Vjigs| = 130V. A
further increase in the | V,;,s| to 187V led to a decrease in the magnitude of Drude
absorption and an increase in p,, to (1.740.1)-10° Qcm. In addition, the
interaction distance (d;,) of the incident light with the HfN, films was calculated
using the HfN effective mass of 0.88 [2], the fermi velocity

27\\1/3
(ve = B(3T°N) /m*> and a photon energy of 0.75 eV (lower limit of SE) in the

same manner as described by Knoops et al. [1]. An d;,; of 2.3 nm, 3.3 nm and 2.9
nm were deduced for HfN, films grown at |V,.| of 0OV, 130V and 187V
respectively. In-view of the small interaction distance as compared to the lateral
grain size of ~20-25 nm of the HfN, films (as will be explained in microstructural
characterization section), it is plausible to use the difference between electrical
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and optical resistivity in order to judge the extent of scattering at the grain
boundaries as a function of | V|-

C. Chemical composition analyses of HfN, films using X-ray
photoelectron spectroscopy
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Figure A4.5. (a) De-convoluted O 1s XPS spectrum for HfN, film prepared at | V};,s| = OV showing the
presence of Hf-O bonds and (b) C 1s XPS spectra for HfN, films prepared at various values of |Vp;s;]|
showing an increase in the peak intensity of Hf-C bonds with an increase in | Vg -

Table A4.2. Corresponding peak assignment, binding energies and full width half maximum for the
Hf, N, O and C spectral lines used to deconvolute the peaks, measured by XPS.

HF 4f5), HF(IV) 16.0 1.6 3, 4]
HF 4f,, HF(II1) 14.9 1.6 [5]
N 1s HF(IIN 397.5 1.5 6]
N 1s HF(IV)N 396.5 1.6 171
01s HfO, 530.8 1.9 8]
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Cils HfC, 282 1.2 [9]

D. Variation of GPC (A) with GPC (Hf atoms nm?)
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Figure A4.6. GPC in terms of thickness as a function of GPC in terms of Hf atoms deposited per nm?
illustrating a proportional dependence.
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E. GIXRD patterns for HfN, films as a function of | V|
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Figure A4.7. Grazing incindence X-ray diffractograms for ~75 nm thick HfN, films prepared at various
values of | V,,s| referenced with powder fcc §-HfN and cubic Hf,ON, XRD patterns.

F. HAADF-STEM images for HfN, films during nucleation phase

The development of microstructure was studied during the nucleation phase
of film growth by preparing ~15 nm of HfN, films on Si;N, TEM windows that are
coated with ~5 nm ALD SiO,. Figure A4.8 shows the HAADF-STEM images of the
HfN, layers deposited at various values of | V,,s|. The HfN, film grown at | V| =
130V exhibits a lateral grain size of 7.5+2.0 nm whereas the film grown at | V,| =
187V was found to be nanocrystalline in nature. In addition, the selected area
electron diffraction patterns (SAED) were acquired from 1.3 pm diameter areas
for the corresponding HfN, films (insets in Figure A4.8). Interestingly, no
significant difference in crystallographic texture was observed in the nucleation
layer for both the HfN, films. However, the HfN, film grown at |V,gs| = 130V
exhibits discontinuous diffraction rings signifying the formation of relatively large
crystallites whereas a more continuous diffraction pattern was obtained for the
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HfN, film grown at |V,.| = 187V. This result implies that at |V,.| = 187V,
relatively small |lateral crystallites are formed.

'(i) };:.A 2 T
[Vipice] 5,0V .
?éfalp s:ze fﬁi‘% nm‘ 35

s B . “’r 3

Figure A4.8. Top-view high-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) images for ~15 nm thick HfN, films prepared (a) | Vpigs| = OV (b) | Vpias| = 130V and (c)
| Viias| = 187V. Inset depicts the corresponding selected area electron diffraction (SAED) patterns.
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Chapter 5

Atomic Insights into the Oxygen
Incorporation in Atomic Layer
Deposited Conductive Nitrides and its
Mitigation by Energetic lons*

Abstract

Oxygen is often detected as impurity in metal and metal nitride films prepared by
atomic layer deposition (ALD) and its presence has profound and adverse effects
on the material properties. In this work, we present the case study of HfN, films
prepared by plasma-assisted ALD by alternating exposures of CpHf(NMe,); and H,
plasma. First, we identify the primary source of O contamination in the film.
Specifically, we find that the extent of O incorporation in HfN, films is determined
by the flux of background H,0/0, residual gases reaching the HfN, surface during
the ALD process and leads to the formation of Hf-O bonds. Then, we report on the
decrease in the concentration of Hf-O bonds in the film upon application of an
external rf substrate bias during the H, plasma step. The experimental work is
accompanied by first principles calculations to gain insights into the O
incorporation and its mitigation upon the impingement of energetic ions on the
surface. Specifically, we find that the dissociative binding of H,O on a bare HfN
surface is highly favoured, resulting in surface H—OH groups and concomitant
increase in the oxidation state of Hf. We also show that energetic cations (H", H,"
and H;') lead to the dissociation of surface Hf-OH bonds, H,O formation, and its
subsequent desorption from the surface. The latter is followed by reduction of the
Hf oxidation state, presumably by H- radicals. The atomic-level understanding
obtained in this work on O incorporation and its abstraction are expected to be
crucial to prevent O impurities in the HfN, films and contribute to the fabrication
of other technologically relevant low resistivity ALD-grown transition metal nitride
films.

* Saurabh Karwal, Bora Karasulu, Harm C. M. Knoops, Vincent Vandalon,
Wilhelmus M.M. Kessels and Mariadriana Creatore (submitted)
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5.1 Introduction

Atomic layer deposition (ALD) has emerged as the method of choice for the
synthesis of ultra-thin, uniform and highly conformal layers, required in the
fabrication of advanced nanoscale device architectures [1-4]. At the same time,
control over the film properties in terms of chemical composition and
microstructure is highly important. When specifically referring to the metal and
metal nitride films prepared by ALD, oxygen is often detected as impurity [5-7].
An interesting class of materials to evaluate the effect of oxygen contamination is
the one of conductive transition metal nitride (TMN) films, such as TiN,, TaN,,
MoN,, HfN,. In fact, oxygen contamination can be directly related to the decrease
in electrical conductivity [8-26], as illustrated in the literature over-view for
various TMN films (appendix Section A, Table A5.1) [8-28]. In particular,
Musschoot et al. and Langereis et al. reported on the inevitable oxygen
incorporation in TiN, and TaN, films and suggested residual H,O in the reactor
background and/or process gases as potential sources of oxygen contamination in
the films [18, 19]. However, these observations have not been followed by in-
depth analysis of the surface reactivity of TMN films towards H,0/0,.

Recently, we have reported on the growth of the conductive phase of hafnium
nitride (6-HfN) by adopting CpHf(NMe,); as Hf(IV) precursor and H, plasma as co-
reactant [29]. We observed that the HfN, films contained 20 at.% oxygen [13].
Furthermore, due to the formation of Hf-O bonds, a low Hf(lll) oxidation state
fraction of 0.65 was detected, contributing to a rather high film resistivity of 0.9
Q-cm [13]. Moreover, we have also reported a decrease in the film resistivity by
two orders of magnitude down to 3.3-10° Q-cm upon the application of an
external rf substrate bias during the H, plasma step with a time-averaged
potential value (V) of -130V [12]. This resulted from a decrease in oxygen
content to below 2.0 at.% and a correlated increase in the Hf(lll) fraction up to
0.82 [12]. These results suggest a correlation between the decrease in oxygen
content in the films and the increase in the average energy of incident ions (E;y,).
However, the mechanism of the suppression of oxygen content enabled by
energetic ions was not explored.

In this work, we first elucidate the primary source of oxygen incorporation in
the film and study the dependence of oxygen content as a function of the total
ALD cycle time. We find a gradual increase in the oxygen content when the ALD
cycle time is increased. Subsequently, we demonstrate a gradual decrease in the
density of Hf-O bonds in the HfN, films with an increase in E,,, enabled by the
application of external rf substrate bias. By means of first-principles density
functional theory (DFT) calculations, we provide an atomistic insight into the
kinetics of chemisorption of gaseous H,0/0, on the pristine HfN surface that leads
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to formation of surface Hf—OH groups. Subsequently, we show that energetic
cations in the H, plasma trigger the dissociation of surface Hf-OH bonds and led to
H,O0 formation, followed by its desorption. In addition, we hypothesize that the H-
radicals in the H, plasma reduce Hf(IV) to Hf(lll) subsequent to H,0 desorption, in-
line with our previous report [12]. The atomic-level understanding of the oxygen
incorporation and the underlying mechanism of its removal provided here is
expected to be key in devising efficient approaches for preventing oxygen
impurities in the ALD-grown metal nitride and metal films.

5.2 Experimental section

The plasma-assisted ALD process of HfN, films was carried out in an Oxford
Instruments FlexAL ALD reactor that is equipped with an inductively coupled
remote plasma (ICP) source with an alumina dielectric tube [6, 30]. A base
pressure of 10°® Torr was achieved in the reactor chamber using a turbo-molecular
pump before every deposition. The metal-organic Hf(IV) precursor CpHf(NMe,);
was used and an H, plasma served as the reducing co-reactant. The details of the
recipe can be found elsewhere [13]. An ALD cycle under saturation conditions
comprised of a CpHf(NMe,); pulse of 4 s and H, plasma exposure of 10 s, while
keeping the purge steps of 2 s after every half cycle (appendix Section B, Figure
A5.1). An external rf substrate bias was applied during the H, plasma exposure. As
a result of bias application, a time-averaged negative potential with respect to
ground develops at the substrate (Vi) [12, 31]. The magnitude of the developed
V,ies Was tuned by varying the applied rf power transmitted to the substrate
holder as previously reported [12]. Furthermore, as a result of negative substrate
potential, the average energy of exclusively the cationic species in the plasma is
enhanced by accelerating them towards the HfN surface. Si(100) with a diameter
of 100 mm and with 450 nm SiO, atop was used as the substrate.

X-ray photoelectron spectroscopy (XPS) measurements were performed using
a Thermoscientific K-Alpha KA1066 system equipped with a monochromatic Al Ka
(hv = 1486.6 eV) source in order to study the chemical bonds and the oxidation
states of the elements present in the film. Rutherford backscattering
spectrometry (RBS) was performed using 1900 keV “He* ions (Detect99) with two
detectors at scattering angles of 170° and 150° in order to study the chemical
composition of the HfN, layers.

All electronic structure calculations were done using the projector augmented
wavefunction (PAW) [32, 33] as implemented in Vienna Ab Initio Simulation
Package (VASP, v.5.3.5) [34-37]. Generalized gradient approximation (GGA) to DFT
[38, 39] was used jointly with the Perdew-Burke-Ernzerhof (PBE) exchange
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correlation functional [40, 41]. DFT(PBE)-D3 corrections with Becke-Jonson
damping [42] were employed to account for Van der Waals interactions on an
empirical basis (see appendix section C1 for further computational details).

5.3 Results and discussion

Our initial experiments were focused on the investigation of the primary
source of oxygen incorporation in the HfN, films. This was probed by adding a
pump-down step following the H, plasma exposure in order to bring the reactor
down to the vacuum base pressure (appendix Section B, Figure A5.1). The
duration of the pump-down step was varied from 0 s to 80 s, thereby increasing
the total ALD cycle time from 20 s to 100 s. This additional pump-down step
exposed the HfN, surface only to the residual gases in reactor background. Figure
5.1a shows the O 1s XPS spectra of the HfN, films as a function of total ALD cycle
time. A gradual increase in Hf-O peak intensity is observed when increasing the
total ALD cycle time, leading to a steady decrease in Hf(lIl) fraction from 0.65+0.02
to 0.47£0.02 . This result suggests that oxygen content in the HfN, layers is
determined by the total flux of residual H,0/0, gases in the reactor background
reaching the HfN, surface. In every ALD cycle, this pristine HfN, surface is exposed
to the vacuum conditions for a relatively long time, making it susceptible to
oxidation even at a vacuum base pressure of 10° Torr. Relevantly, Kroll et al.
showed that the oxygen incorporation in a-Si:H films prepared by plasma-
enhanced CVD was enhanced at lower deposition rates [17]. The reactor
outgassing, i.e. release of residual gases, was identified as one of the primary
reason for oxygen contamination [17]. The lower the deposition rate of a-Si:H
films, the more important is the flux of outgassed residual gases. In our case, in
order to illustrate that even very low background pressures can lead to significant
oxygen incorporation in the film, the flux of H,0 molecules impinging on the HfN,
surface was calculated using the Hertz-Knudsen equation (see appendix Section
B). This calculation reveals that a significant O content in the film can result even
from a very low background H,O partial pressure.
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Figure 5.1. O 1s XPS spectra for the (a) HfN, films prepared with grounded substrate (Vs = 0V)
showing an increase in the peak intensity of Hf-O bonds as a function of ALD cycle time. The
difference in ALD cycle time is due to an extension of the pump-down time of the reactor. (b) HfN,
films grown at various values of V,;, illustrating a steady decrease in the Hf-O peak intensity upon
increasing the V,;,s from OV to -130V and above.

The effect of application of external rf substrate bias on the oxygen content in
the HfN, films was subsequently investigated. The HfN, films were prepared using
a H, plasma exposure of 10 s (no pump-down step) and the magnitude of Vs was
gradually increased from 0V to -187V during the H, plasma half cycle. Figure 5.1b
shows the Hf-O peak intensity as a function of the value of V. Interestingly, the
Hf-O peak intensity significantly decreased upon increasing the Vs from 0V to -
80V, suggesting a decrease in the density of Hf-O bonds. Moreover, an increase in
the Vjis to -130V or higher led to a saturation in decrease of Hf-O peak intensity,
yielding an oxygen content below 2.0 at.% as determined by RBS [12]. Energetic
ions may lead to the physical sputtering of oxygen. In the case of sputtering, a
decrease in the areal density of nitrogen atoms is also expected to occur in
parallel. In contrast, we reported an increase in the areal density of nitrogen
atoms per cycle from 0.71+0.03 atoms nm™ at Vpias = OV to 1.53+0.08 atoms nm™
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at V,i,s = -130V [12]. This cannot be simply explained by sputtering. Therefore, a
preferential abstraction of oxygen (and containing groups) is expected as a result
of the impingement of energetic ions on the surface of growing film. The seminal
works of Sigmund and Steinbriichel show that ca. 10 times higher ion energy
values than the bond energy value is required in order to dissociate molecular
bonds, due to the inefficient transfer of the ion energy to the film surface [43, 44].
Following this, Kanarik et al. recently reported on the requirement of Ar* ions with
an E;,, of ca. 50 eV in order to enable the dissociation of Si-Si bonds with a bond
energy of 2.3 eV in order to facilitate the atomic layer etching of Si [45, 46]. In our
case, assuming a similar energy transfer factor, an E,, of ~90-100 eV seems
adequate to dissociate the Hf-O bonds with a high bond energy of 8.3 eV, as will
be shown later [47].

In order to gain insights into the oxygen incorporation in the HfN, films and its
mitigation upon delivery of energetic ions to the surface, detailed DFT calculations
were carried out. To this end, the dissociative binding of H,0 and O, on a bare HfN
surface was simulated. Three 8-HfN models were generated for DFT simulations:
one HfN(200) surface with equivalent N- and Hf- termination and two HfN(111)
surface with either Hf- or N- termination (see appendix Section C2, Figure A5.2 for
the discussion on HfN surface termination). These surfaces are in-line with our
experimental observations on the growth of polycrystalline §-HfN, films, with the
co-existence of HfN(200) and HfN(111) orientations at Vs = OV and Vs = -130V
[12]. For brevity, we discuss here the results for the case of HfN(200) surface,
whereas similar results for Hf(111) surface can be found in the appendix (Section
D2).

Ab initio molecular dynamics (AIMD) simulations were performed to generate
canonical (NVT) ensembles at 1000 K in vacuum environment, using 1 fs time step
for a set of at least 3.0 ps trajectories. The model system used for bare HfN(200)
surface contained 32 Hf and 32 N atoms on the top-most surface (appendix,
Section C2). A total of 16 H,0 molecules were placed atop the HfN(200) surface,
providing a surface coverage ratio of one H,0O molecule per two surface Hf sites
(i.e. Hf:0=2:1). MD simulations suggest that following a thermal adsorption
process, H,0 molecules bind exclusively to Hf atoms, leading to the formation of
Hf-OH bonds (appendix Section D2, Figure A5.3- A5.4), supporting the XPS results
of Figure 5.1a. Furthermore, the dissociative adsorption of H,0 molecules could
proceed via two routes. The first involves the combination of two H,0 molecules
to yield a H, molecule, with the two -OH groups easily binding on two Hf(lll) sites
(Egn. 1). The second route involves the binding of one -OH group at the Hf-site,
whereas the additional H is transferred to the neighbouring N-site (Eqn. 2).
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2HF(II1)* + 2H,0(g) > 2HF(I1)%*-OH** + H,(g) (1)

HF(I)* + N* + H,0(g) > HF(II)™*-OH®* + N-H* )

*Denotes surface species, whereas partial charges are represented by ®*,>. Partial

charges are only limited to the surface as Hf(ll1)-N bonds are present in the bulk.
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Figure 5.2. DFT/PBE-D3 level minimum-energy paths (MEPs) for the thermal adsorption of H,O
molecule(s) on the bare HfN(200) surface following the pathways as described in (a) Eqn. 1 and (b)
Eqgn. 2. Color code: cyan: Hf; blue: N; red: O; white: H.

AIMD simulations suggest route 1 is most likely to occur, as concluded from
the released H, molecules and the absence of amine groups (N-H) (see appendix
Section D2, Figures A5.3-A5.4 for snapshots from the relevant MD trajectories).
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For a more quantitative comparison, the climbing-image nudged elastic band (ClI-
NEB) method was utilized for concerted binding of two H,0 molecules on a
pristine HfN(200) surface following each pathway. Figure 5.2 shows the resulting
minimum-energy paths (MEPs) revealing that unlike the second pathway (Eqn. 2),
which has a high activation energy (E, = 0.28 eV), the first one (Egn. 1) is both
kinetically and thermodynamically highly feasible (E, = 0.11 eV and AE = -2.05 eV),
in-line with the above AIMD results.

Based on the AIMD and NEB results, it can be concluded that the binding of
H,O on a pristine HfN surface is expected to proceed via route 1, leading to
surface Hf-OH groups. Furthermore, the low E, agrees well with the easy
incorporation of oxygen in the HfN, films prepared by plasma-assisted ALD with
the grounded electrode as discussed earlier. It is worth mentioning that the
reverse reaction (i.e. associative desorption of H,0) is energetically unfeasible,
involving high energy barriers and high endothermicity. The latter conclusion falls
in line with the high bond energy for Hf-O bonds (i.e. 8.3 eV) [47], rendering
surface -OH groups thermodynamically stable.

It should be noted that only the overall reaction for hydroxylation of bare HfN
surface is presented in Eqn. 1, whereas the hypothesized redox half reactions and
related discussion can be found in the appendix (Section D2, Eqns. S2-S5).

Alongside the background H,0, the dissociative binding of gaseous O, on HfN
surface was also investigated (see appendix Section D3 for detailed discussion,
Figure A5.5). The dissociative binding of O, on HfN surface is found to be
kinetically hindered (E, = 0.25 eV) when compared to chemisorption of H,0.

The effect of energetic ions on surface functionalization was investigated
next. First, the binding energies of distinct species in a H, plasma towards surface
—OH group was determined using static ab initio DFT calculations, wherein the
plasma species are manually attached to the surface (i.e. without energetic ions).
For simplicity, the HfN(200) surface was assumed to be fully hydroxylated (with
Hf/O=1:1), along with a fully oxygenated one (with Hf/O=2:1) for comparison
purposes (see appendix Section E1, Figure A5.6 for further discussion). Bader
charge analysis [48, 49] reveals that the binding of 32 —OH groups leads to an
increase in the total charge of HfN slab by ca. 16e, in-line with the partial
oxidation of Hf(Ill) to Hf(I11)** (see note [50] for a detailed discussion).

Based upon the experimental work of Sode et al. [51], a H, plasma discharge
is expected to contain H, H*, H," and Hs" ions and H- radicals species. Table 5.1
summarizes the computed binding energies of all the possible H, plasma species
with the surface —OH groups at the PBE-D3 level. Furthermore, the corresponding
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reaction products as a result of their binding with surface —OH groups are also
reported.

Table 5.1. DFT/PBE-D3 level binding energies (E,) of various hydrogen-containing plasma species on
a hydroxylated HfN surface and the type of volatile product(s) being formed. The most reactive
species (i.e. cations), their E, and type of products are given in bold. Only a single adsorbent species
is considered for computing the E, of each adsorbing species.

Species E, [eV]® Reaction product(s)
H/H/H 0.64/-1.61/-4.26 H,/H,/H,0

H, /Hy/Hy 1.90/-0.21/-15.23 —/—/2H,0

Hy /Hs/Hs' 0.46 /-6.25/-16.65 2H,/2H,/H,0+H,

®Binding energies are computed using E,=E,-E,-E, where E,, is the product energy,
Ey and E; energies of the isolated hydrogen-containing species and isolated
hydroxylated HfN surface.

It can be concluded that the cationic species (H*, H," and Hs%) show the
highest affinity for the surface —OH groups. Furthermore, the cationic species are
predicted to form H,0 as a product upon reacting with surface -OH groups. In
contrast, the anionic (H, H, and H3) and neutral (H, H, and H;) species are
(energetically) reluctant to react with the surface —OH groups. The anionic and
neutral species in the H, plasma were found to yield volatile H, products, leaving
the surface -OH groups intact (see appendix Section E2 for the results on fully
oxygenated HfN surface).

Based on the energetics results, a set of redox half reactions that likely
underlie the binding of H" ions on Hf-OH surface groups are proposed and can be
found in the appendix (Section E3, Eqns. S8-512). Moreover, we hypothesize that
following the liberation of H,0 from the HfN surface, H- radicals in the plasma
near the surface restore the pristine HfN surface via reduction of Hf(IV) to Hf(lll) in
a concerted reaction pathway (Eqns. S10-S11), in-line with the previously reported
XPS results [13]. This hypothesis is also based on the application of H, plasma to
reduce the Pt(IV) and Ta(V) in the precursor to synthesize metallic Pt(0) and
Ta(ll)N films with ALD [52, 53].

Based on the experimental observations of the mitigation of oxygen
incorporation due to energetic ions, a set of AIMD simulations were designed to
probe this effect at molecular level. As aforementioned, the average energy (Ei,)
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of the highly-reactive cationic species (H*, H," and H5") in our experimental work is
controlled by the application of external rf substrate bias [12, 31]. In these
simulations, the fully hydroxylated HfN surface model (as previously introduced,
Figure A5.6) was again assumed. In addition, 16 hydrogen cations (H') were
placed randomly 4.5 A above the hydroxylated HfN surface in three separate tries
(which differ in terms of initial H" positions), and all ions were assigned with the
same initial velocities directed towards the surface. A sample simulation model is
visualized in Figure 5.3a. Two cases with ion velocities of v=0.76 A/fs and vi=1.75
A/fs were assumed in order to roughly model the resulting kinetic energy for the
grounded electrode and rf substrate bias conditions (see appendix Section E4,
Table A5.4 for a substantiation of these values). The ions with a lower initial
velocity did not lead to dissociation of surface Hf-OH bonds. AIMD simulations
point at the formation of intermediate surface [H,0]" species, which remains
chemisorbed on the surface, and later dissociates to yield again the Hf-OH surface
bonds. On the other hand, the ions with a higher initial velocity lead to abstraction
of -OH groups from the surface and H,0 liberation was observed within the same
time frame (e.g. 350 fs simulation) (Figure 5.3b). It should also be noted here that
the DFT calculations were performed only for the H' ions to limit the
computational efforts, however the H," and H;" ions are expected to yield similar
results.
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Figure 5.3. Ab initio molecular dynamics (AIMD) simulation snapshots illustrating the desorption of
H,O resulting from the impingement of energetic H* ions with a velocity of 1.75 A fs'on a fully
hydroxylated HfN(200) surface at (a) At = 0.0 fs and (b) 350.0 fs. Color code: cyan: Hf; blue: N; red:
O; white: H. See appendix Section E4, Figure A5.7 for additional snapshots of the movies.

]

So far, we have discussed a one-off ion exposure event (i.e. a single layer of
ions impacting the surface), while the HfN surface experiences a continuous flux
of energetic ions in reality. In an attempt to crudely account for the continuous
energetic ion flux, we performed analogous MD simulations with two layers of 16
H* ions (instead of one) in the simulation model (with 3.5 A interlayer separation,
data not shown). An extra layer of H" ions with a v; value of 1.75 A/fs indeed led to
an increase in the number of removed surface -OH groups as volatile H,0
products with respect to a single layer H" ions, thus suggesting an enhanced
removal of the surface -OH groups upon increasing ion flux (see appendix Section
E5 for the discussion on surface termination subsequent to the abstraction of all
surface —OH groups).
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Figure 5.4. A schematic summary of the oxygen incorporation and elimination mechanisms proposed in this work. The H,0 chemisorption occurs during
the entire ALD cycle and leads to the hydroxylation of HfN surface and the formation of Hf-OH bonds. The liberation of H,0 and subsequent reduction of
Hf(IV) to Hf(lll) takes place only during the H, plasma half cycle, resulting from the impingement of energetic cations. It should be noted that only a part of

the entire ALD cycle is depicted.
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5.4 Conclusions

Suppressing the oxygen contamination is a well-known challenge in the
synthesis of conductive metal nitride and metal thin films by ALD, since oxygen
limits their electrical conductivity. Here, we present a study on the O
incorporation in conductive metal nitrides by using plasma-assisted ALD of HfN,
films as case study. We investigate the atomic-level processes that leads to the
oxidation of the HfN, surface by first principles DFT calculations. In addition, the
kinetics of O elimination by energetic ions upon application of external rf
substrate bias during the H, plasma step is addressed. The corresponding events
of H,0 chemisorption on the HfN surface and Hf-O bond dissociation and H,0
formation due to impingement of energetic ions are schematically summarized in
Figure 5.4.

We show that the O content in the HfN, layers is determined by the total flux
of H,0/0, impinging on the HfN, surface during the entire ALD cycle. Next, we
observed that an increase in the time-averaged substrate potential from 0V to
130V leads to a decrease in the density of Hf-O bonds in HfN, films due to the
impingement of energetic ions.

By using DFT calculations, we found that the chemisorption of H,O on the
bare HfN surface is kinetically and thermodynamically highly feasible, creating
hydroxyl (Hf-OH) surface groups (I, Figure 5.4). DFT calculations also revealed that
only the cationic species (H*, H,", H5') present in H, plasma are highly reactive
towards the surface —OH groups. Moreover, an increase in the energy of incident
cations was shown to not only dissociate Hf-OH surface bonds but also lead to
H,O formation and desorption (ll, Figure 5.4). In addition, the H- radicals present
in H, plasma are hypothesized to reduce Hf(IV) to Hf(lll) subsequent to H,0
liberation (lll, Figure 5.4), in line with previously reported increase in Hf(lll)
fraction. These reactions can be considered as contributing to a so-called atomic
layer cleaning (ALC) process [54].

In perspective, these results shed light on the mechanism of oxygen
incorporation and its mitigation for a wide range of ALD processes, where surfaces
with high affinity towards oxidation are considered, such as TiN,, HfN,, MoC,, Ta,
and enable ALD of low resistivity films with potential application in nano-
electronics [25, 26, 55].
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Appendix 5

A. Literature overview of TMN films prepared by plasma-assisted
ALD and O incorporation

Table A5.1. Overview of the material properties of various transition metal nitride (TMN) films
prepared by plasma-assisted ALD as reported in the literature. The deposited material, metal
precursor, co-reactant, the plasma source configuration (‘d’ is ‘direct plasma’, ‘r’ is ‘remote plasma’
and ‘-’ is ‘not specified’), stage temperature (T;), chemical composition (‘[N]/[M]’ is ‘ratio of
nitrogen-to-metal content’), lowest film electrical resistivity reported in respective works and the
corresponding references are provided. Me = methyl (CH;), Et = ethyl (C,Hs), Cp = cyclopentadienyl
(CgHs), -’ = not reported.

plasma 15 15 1.1 700
TiN Ti(NMe,), r 250 [1]
N, 5 5 1.3 300
plasma
Ti(NMe,) NHs r 200 5 <1 1.0 180 2]
24 plasma )
) NH;
Ti(NMe,), r 250 20 2 1.2 1200 [3]
plasma
Ticl, Na/H, r 400 2 - 1.0 70 (4]
plasma
N,
plasma 25 <2 110
Ti(NMe,) NH; r 300 25 <2 1.0 75 [5]
24 plasma ‘ ’
12
H, 7 8 5
plasma
ZrN Zr(NEt,), N r 300 10 10 0.4 400 (6]
plasma
HfN Hf(NMeEt), Ar/H, d 250 2 101 1.0 2327 [7]
plasma
Hf(NMe,), H, d 175 2 21 0.6 6700 (8]
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plasma

HZ 5
1 <2 . .
HfCp(NMe,); plasma 450 20.1 <2.0 0.86 9.10 [9]
N, 5
HfCp(NMe,); olasma r 450 5 <2.0 1.25 >10 [9]
H,
plasma+rf
HfCp(NMe,); <Ubstrate 450 <2 11 1.0 3300 [10]
bias
NH;
VN V(NMeEt), r 150 <2 <2 1.0 200 [11]
plasma
NbN Nb(NMeEt)sNCMes Hy r 350 275 <2 0.8 905 [12]
plasma
H
TaN Ta(NMe,)s 2 r 150 15 10 0.55 1000 [13]
plasma
H,
r 225 8 12 0.45 390 [13]
plasma
NHs r 225 <2 <2 1.67 >10° [13]
plasma
H,
MoN  Mo(NMe,),(NCMes), plasma r 150 8 30 <0.1 170 [14]
WN W(NMe,),(NCMe3) Na/H, r 400 10 <1 0.4 405 [15]
22 3/ plasma :

A general observation is that the application of N, or N, containing plasma
usually leads to less O incorporation in comparison to the H, plasma. The low O
content in the case of N, plasma may be attributed to a lower fraction of M(ll)
oxidation state in the films and/or less affinity of the growing surface towards
oxidation in comparison to the films grown with H, plasma.

B. Flux of H,0 and O incorporation in HfN, films
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Figure A5.1. Layout of ALD cycles of HfN, in which the duration of the pump-down step (with
duration x s) following the H, plasma has been varied. The total cycle time ranges from 20 s (x = 0s)
up to 100 s (x = 80 s). The figure shows 2 ALD cycles and the time intervals are not drawn to scale.
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Oxygen contamination in the HfN, films can result from various sources during
the film growth even when oxygen is not intentionally introduced in the reactor,
as highlighted by Ritala et al. and Knoops et al. [16, 17]. Specifically, oxygen in the
HfN, films can originate from the post-deposition oxidation when exposing the
samples to air. Furthermore, oxygen in the HfN, films can originate from the
adsorption of H,0/0, present as residual gases in the reactor background.
Moreover, H,0/0, impurities present in the precursor and in the process and
purge gases used during the ALD process can also result in oxygen incorporation.

The residual H,0/0, gases are present in the reactor due to inadequate
sealing of the reactor. Even when pumped by a turbo-molecular pump, this results
in approximately vacuum base pressure of 10° Torr for an O-ring sealed reactor.
The residual gases present in reactor background mainly comprise of H,, N, H,0
and O, [18]. Note that a constant partial pressure of the impurity gases may not
be necessarily assumed since the reactor wall surfaces covered with the metal
nitride film and metal precursor acts as a sink for the adsorption of H,0/0, [16].
As a result, the partial pressure of the impurity gases can be anticipated to
decrease with time. Furthermore, oxygen incorporation happens particularly
when the reactivity of the growth surface is high towards H,0/0, (e.g. when
growing HfN, TiN etc.). Moreover, the ALD cycle time and/or the growth per cycle
influences the O content as shown by Kroll et al. [19], i.e., a slower process gives a
higher O content in the films.
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In our case, the XPS experimental data presented in Figure 5.1 in the main
text shows that the peak intensity of Hf-O bonds (and the associated oxygen
concentration in the HfN, films) increases significantly even when the HfN, films
are exposed to base vacuum conditions (10 Torr) for up to 100 s and the peak
intensity does not saturate. Therefore, it can be concluded that under our
experimental conditions, the primary source of oxygen contamination in the HfN,
films is from residual H,0/0, gas in the reactor background.

To further support this conclusion, the O content in the HfN, films as a
consequence of the adsorption of residual H,0/0, gas in the reactor background
can be estimated by calculating the flux (F) of H,0/0, molecules impinging on the
pristine HfN, surface using the Hertz-Knudsen equation [F = P(2nka)'1/2], where P
is the H,0 partial pressure; m is the mass of one H,0 molecule; k is the Boltzmann
constant and T is the wall temperature. For calculation, a total ALD cycle time of
20 s, and a wall temperature of 145°C is considered. Furthermore, the total
number of all the atoms (i.e. Hf, N, O, C and H) being deposited in each ALD cycle
is considered to be 2.1 atoms cycle” nm™ as obtained from RBS measurements
[10]. For calculation purposes, the residual H,0 gas is assumed to be the primary
source of oxygen contamination. In addition, the partial pressure of background
H,O and the density of surface sites for H,O adsorption are assumed to be
constant in the calculations. Making crude assumptions that each H,0 molecule
delivers one O atom to the surface, Table A5.2 shows the calculated O content as
a function of background H,0 partial pressure for a sticking probability of s = 1. In
addition to that, the table shows the calculated O content as a function the s for a
background H,O partial pressure of 10® Torr. These calculations illustrates that
even a relatively small amount of residual H,0 gas in reactor background can lead
to a significant amount of oxygen incorporation. Although the calculation is simple
and based on very crude assumptions, a reasonable estimation on the oxygen
incorporation can be made. Experimentally, we determine an O content of
20.140.7 at.% by RBS analysis [10].

Table A5.2. The calculated O content as a function of the background H,O partial pressure for a
sticking probability (s) = 1 is shown. Furthermore, the O content as a function of s for a constant H,0
partial pressure of 10 Torr is reported. A total ALD cycle time of 20 s and a total number of atoms
being deposited every cycle of approximately ~2.1 atoms cycle™ nm™ has been considered. The
calculation was done for a wall temperature of 145°C during ALD.

H,0 partial H,0 flux H,0 fluence per Sticking ® @eriE
pressure . cycle probability of
(Torr) nm-=s") (nm?) FHOE o
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10 0.04 0.8 1 39.00
10° 0.004 0.08 1 3.90
10 0.0004 0.008 1 0.39
10 0.04 0.8 1 39.00
10 0.04 0.8 0.1 3.90
10 0.04 0.8 0.01 0.39

C. Density functional theory (DFT) simulations
1. Computational details

All electronic structure calculations were done using the projector augmented
wavefunction (PAW) [20, 21] as implemented in Vienna Ab Initio Simulation
Package (VASP, v.5.3.5) [22-25]. Generalized Gradient Approximation (GGA) to
Density Functional theory (DFT) [26, 27] was wused jointly with the
Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [28, 29].
DFT(PBE)-D3 corrections with Becke-Johnson damping [30] were employed to
account for Van der Waals (VDW) interactions on an empirical basis. Structural
relaxations were carried out using the conjugate gradient algorithm, where they
were considered converged once all forces deviate less than 0.01 eV A™ in two
consecutive ionic steps. Besides, we used the default accuracy parameters for the
FFT grid and real space projectors alongside a Gaussian smearing of 0.1 eV. No
constraints have been applied on any atoms during the optimizations. Minimum
energy paths (MEPs) along the predefined reaction pathways connecting a
reactant-product pair were computed by optimizing several geometries
collectively with the climbing-image nudge elastic band (CI-NEB) method [31]. CI-
NEB optimizations were done with a looser convergence criterion on forces (0.1
eV A™) utilizing the Hessian-based (G)-LBFGS [32] algorithm as implemented in
VTST tool set [33].

Due to their rather large size, the supercells (see HfN surface models for DFT
simulations, Figure A5.2) could be integrated in reciprocal-space with only one K-
point coinciding with the M-point. Relevantly, all the supercells considered here
were optimized in terms of size and shape using a rather large kinetic energy
cutoff of 520 eV, only containing the HfN surface with various surface
functionalization (bare/pristine, hydroxylated or oxygenated). These optimized
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supercells are used in the H,0/0, chemisorption or H" ion exposure ab initio
molecular dynamics (AIMD) simulations, as will be reported later.

The AIMD simulations were carried out to elucidate the underlying chemistry
taking place on the HfN surface, when exposed to reactive species (H,0, O, or H').
Unlike the static approach, AIMD can suggest the possible chemical routes for
surface reactions. Furthermore, AIMD can also account for dynamic effects, such
as the impact of energetic ions (Hs*, H,", H') incident on the surface by tuning the
velocities assigned to ions.

2. 6-HfNsurface models for DFT simulations

Three distinct bare HfN surface models were considered for simulating
thermal adsorption of H,0 and O, (Figure A5.2). It should be noted that a -NH
termination was found to be unstable (data not shown). The H on the N sites
tends to migrate to Hf sites and remain weakly physisorbed, hoping from one Hf
site to another. Subsequently, recombination of 2 H is observed leading to
liberation of molecular H,.

Each HfN surface is composed of four layers, where each monolayer is made
up of 32 Hf and 32 N atoms, coordinated to form a face-centered-cubic (fcc)
crystal structure. The HfN(200) orientation was found to vyield a unique
termination comprising of equivalent Hf and N atoms, whereas two distinct
HfN(111) surfaces were obtained, depending on the termination type (Hf- or N-).
These surfaces are in-line with our previous experimental report on the growth of
polycrystalline &-HfN, films exhibiting HfN(200) and HfN(111) textures, when
grown at a time-averaged substrate potential (V) values of OV and -130V [10].
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Figure A5.2. Three simulation models of pristine (bare) HfN surfaces, which are predominantly
formed upon the cleavage of the bulk 8-HfN fcc crystal (top). Color code: cyan: Hf; blue: N.

D. Chemisorption of reactive H,0/0, on HfN(200) and HfN(111)
surface

1. Computational details and simulation model

The spontaneous thermal adsorption of H,0 and O, residual gases in the
reactor background on the bare HfN surfaces is deemed as the primary reason for
O incorporation in the HfN, films. The underlying surface chemistry of the
hydroxylation and oxygenation was studied by using AIMD, as aforementioned.
We utilized two model systems containing either 16 H,0 molecules or 16 O,
molecules, thereby covering the bare HfN surface with a ratio of Hf:0=2:1.
Following the proper cell and geometry relaxations, canonical (NVT) AIMD
ensembles were created at 1000 K (assigning random initial velocities to the
particles in the system according to Boltzmann distribution) and in a vacuum
environment. A time step of 1 fs was employed for sampling the model systems
for a total of ca. 3.0 ps for each case.

Furthermore, the binding energies of H,0 or O, on the HfN(200) and HfN(111)
surfaces were computed through physisorption (AE,) or chemisorption (AE.) using
Eqgn. Al.
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AE,/=Eas-Ep-Es (A1)

where E,s is the total energy of the physisorbed/chemisorbed substrate-adsorbate
complex, E, and Es are the total energies of an isolated adsorbate and a given
substrate surface. As will be shown later, the same procedure is employed to
obtain the binding energies of neutral or charged H, plasma species (H-, H*, H,", H’
etc.) on the fully hydroxylated and oxygenated HfN surfaces.

In order to accommodate the corresponding amount of adsorbent molecules
(H,0, 0,) on a given HfN surface and to minimize the resulting interactions
through periodic boundary conditions, supercells were kept rather large in the xy
plane. Particularly, a 4x4 supercell of the HfN(200) surface slab (with the
optimized dimensions of 17.8 A x 17.8 A x 27.6 A, a=B=y=90°, 256 atoms) and a
4x4 supercell of HfN(111) surface slab (Hf- or N-terminated, 19.3 Ax 19.3 A x 24.7
A a=p=90°, y=120°). The hydroxylation or oxygenation of the bare HfN surface
resulted in only very minor deviations from the original cell dimensions (less than
5%). To limit the computational efforts, we have used four layers of the HfN slab
in our model, which turned out to yield binding energy of a single adsorbent
molecule within 2 meV of a 6-layer model. For minimizing the image interactions
through PBC, the surface slab images in each model were separated along the z-
axis by 15 A or more.

2. Hydroxylation of HfN(200) and HfN(111) surfaces

H,O molecules were found to readily bind on the HfN(200) surface.
Altogether, 14 out of 16 H,0 molecules adsorbed on the surface leading to
selective formation of Hf-OH surface bonds. Furthermore, volatile H, is released
as the reaction by-product. Figure A5.3 shows the side-view and top-view
snapshots of the corresponding AIMD simulations.

In addition to the overall reaction for hydroxylation of bare HfN surface as
given in Egn. 1, we propose a set of redox half reactions in Eqns. A2-A5 in order to
better understand the surface chemistry. It is hypothesized that the dissociative
adsorption of H,0 molecules proceeds via formation of H" and OH  ions, given the
high electronegativity of —OH group. Furthermore, judging from the low kinetic
barrier (ca. 0.11 eV for route 1) for Hf-OH bond formation and the electronic
configuration (e.c.) of Hf(lll) oxidation state ([Xe] 4f**5d'6s°), the loss of 5d
electron (i.e. oxidation to Hf(IV) with e.c. [Xe] 4f**5d%s°) is highly probable.
Subsequent to the oxidation of Hf, the liberation of H, is likely to occur (Egns. A3-
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A4), in-line with the DFT findings. Furthermore, the binding of OH" with the Hf(IV)
is hypothesized to proceed via sharing the extra electron of OH for formation of a
covalent bond. As a result, the Hf(IV) partially reverts back to Hf(lll) state.
However, the bond is expected to be highly polarized due to high
electronegativity of O. This leads to partial oxidization of Hf(II1)>* (Eqn. A5), in-line
with the previously reported XPS results and the Bader charge analysis mentioned
in the main text (see note [34] in the main text for more discussions) [10].

Redox half reaction for H,0 chemisorption on pristine HfN surface

H,0 = H + OH’ (A2)
HF(I1)* > HE(IV)* + 1e” (A3)
H' +1e = %Hyg (A4)
Hf(IV)* + OH > Hf(I11)**-OH%* (A5)
2HF(III)* + 2H,0(g) = 2HF(I11)%"-OH>* + Hy (A6)

&+ 6-

*Denotes surface species, whereas partial charges are represented by ™,

Figure A5.3. (a) Side-view and (b) top-view snapshot from the AIMD simulation of the thermal
hydroxylation of bare HfN(200) surface. A total of 16 H,0 molecules were added to provide a
coverage ratio of Hf:0=2:1. Color code: cyan: Hf; blue: N; red: O; white: H.
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Figure A5.4. Side-view snapshots from the AIMD simulations of the thermal hydroxylation of bare
HfN(111) surface with (a) Hf-termination and (b) N-termination. A total of 16 H,0 molecules were
added to provide a coverage ratio of Hf:0=2:1. Color code: cyan: Hf; blue: N; red: O; white: H.

Figure A5.4 shows the snapshots of the AIMD simulations performed using
the HfN(111) surface. Similar to the HfN(200) surface, H,O molecules were found
to readily bind on the Hf-terminated HfN(111) surface with a total of 11 H,0
molecules being adsorbed. On the other hand, only 2 H,O molecules adsorbed on
N-terminated HfN(111) surface, preventing an efficient H,0O adsorption.
Furthermore, the formation of exclusively surface Hf-OH bonds is observed in
both the cases, similar to the result of adsorption of H,0 on HfN(200) surface.
Formation of volatile H, by-products is also observed.

3. Oxygenation of HfN(200) surface

Gaseous 0, is also found as a residual gas in the reactor background alongside
H,O, even though in trace amounts compared to H,0 [35]. The likelihood of
oxygenation of the bare HfN(200) surface was computed by the PBE-D3 level MEP
along the designated pathway (as given in Eqn. A7 and Figure A5.5). The predicted
MEP suggests that the dissociative binding of O, on HfN surface is also
thermodynamically driven (AE = -3.58 eV) and even more favorable than the
binding of a H,O molecule. However, it is kinetically more hindered (E, = 0.25 eV)
as compared to the chemisorption of H,0, given in Eqn. 1 (see Figure 5.2a). The
pathway comprises of binding of one O, molecule on the Hf(200) surface,
resulting in two distinct chemisorbed products, which differ in terms of the
orientation of the separated O atoms on the surface (Figure A5.5). O, is assumed
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to be in the singlet form in the calculations. However, the dissociation of O,
requires an intersystem crossing (ISC) from the triplet ground state of dioxygen to
the activated singlet species, which could introduce even higher kinetic barriers.
Furthermore, the oxygenated HfN surface is still highly reactive due to the
enhanced nucleophilic character of the Hf-O-Hf bonds, and it is predicted to
abstract H from the nearby H,O molecules in the reactor background and form
stable surface -OH groups.

AHF(II)* + Oy > 2HF(I1)*-O>-HE(111)%** (A7)

*Denotes surface species, whereas partial charges are represented by 8+.8-

AHF(IIY* + O, --> 2Hf(1I1)™-O%-Hf(lll)™™*

1 T T T T T ! '
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Figure A5.5. DFT/PBE-D3 level energy profile for the thermal adsorption of an O, molecule on bare
HfN(200) surface following the pathway as described in Eqn. A7. Color code: cyan: Hf; blue: N; red:
O; white: H.

E. Effect of ion bombardment on the surface termination of fully
hydroxylated/oxygenated HfN(200) surface

1. HfN(200) surface model for probing the effect of ion bombardment

The bare HfN(200) surface was taken as the starting point to create fully
hydroxylated and oxygenated HfN surfaces (Figure A5.6) for probing the binding
energies of various H, plasma species (H-, H', H,", H etc.) towards the surface —OH
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groups and evaluating the underlying surface chemistry during the energetic
cation exposure. Hydroxylation and oxygenation of the HfN surface were carried
out by attaching 32 -OH and 16 -O groups to the surface Hf sites, yielding a
surface coverage ratio of either Hf/O=1:1 or Hf/0=2:1 respectively. These models
represent an idealized case, where all the surface Hf sites are hydroxylated or
oxygenated, corresponding to the Hf(III)5+ oxidation state. However, it should be
noted that in reality the HfN film contains a mixture of Hf(lll) and Hf(lll)‘”, as
previously reported [10].

OH OH OH O (o]
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Figure A5.6. Relaxed hydroxylated and oxygenated HfN(200) models used in first-principles DFT
simulations, whereby either -OH or -O adatoms are bonded to the surface Hf atoms with a coverage
ratio of Hf:0=1:1 and Hf:0=2:1 respectively. For the oxygenated case, each oxygen atom is shared by
two neighboring Hf sites (bridging O), and surface reconstruction is also observed (as opposed to the
hydroxylated model). Color code: cyan: Hf; blue: N; red: O; white: H.

2. Binding energy of various H, plasma species with oxygenated HfN surface

As described in the Table 5.1 and in the main text, the cationic plasma species
(H*, H," and H;") show the highest affinity towards binding with the surface —OH
groups for a fully hydroxylated HfN(200) surface, whereas the anionic (H’, H, and
Hs) and neutral (H, H, and H3) species are (energetically) reluctant to react with
the surface —OH groups. All the cationic species were found to form H,0 as a
product upon reaction with the surface —OH groups.

In the case of the oxygenated HfN(200) surface, a similar affinity of the
cationic species towards the surface Hf-O-Hf groups is observed, whereas the
neutral or anionic species are again found to have much lower surface reactivity.
However, in contrast to the hydroxylated case, cationic species (particularly H*
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and Hs") react with the surface Hf-O-Hf groups to vyield surface Hf—OH groups,
(partly) converting the surface into a more stable hydroxylated termination.

Table A5.3. DFT/PBE-D3 level binding energies (E,) of various hydrogen-containing plasma species on
an oxygenated HfN surface (Hf-O-Hf) and the type of the product(s) formed.

Species Ep [eV]® Product Type

H/H/H -1.14/-2.38/-2.61 All form surface -OH
Hy /H,/H,” 0.57/-0.46/-13.46  None reacts with surface. Only physisorbed

Hy /Hs/Hs" -1.24/-7.05/-15.06 All decompose into H, and H, which forms surface -OH group.

®Binding energies are computed using E,=E,-E-E, where E, is the product energy,
E;, and E; energies of the isolated hydrogen-containing species and isolated
oxygenated HfN surface.

3. Redox reactions occurring on fully hydroxylated HfN(200) surface

Based on the static DFT results (i.e. without energetic ions), we propose a set
of redox half reactions that likely underlie the binding of H" ions on Hf-OH surface
groups (Eqns. A8-A12). The energetic H' ions may lead to dissociation of surface
Hf-OH bonds to yield Hf(IV) and OH" ions (Eqn. A8, backward reaction of Eqn. A5),
if provided with sufficient kinetic energy as will be shown later. Concertedly, the
H* ions most likely undergo reaction with the released OH ions to form H,0O
molecules (Eqn. A9). The formation and release of H,0 is seen in DFT. Following
the H,0 liberation, H- radicals in the plasma near the surface are hypothesized to
restore the pristine HfN surface via reduction of Hf(IV) to Hf(lll) in a concerted
reaction pathway (Egns. A10-A11), in-line with the previously reported XPS results
[9]. Furthermore, the released H' ion in Eqn. A10 most likely undergo
recombination with the electrons present on the HfN, surface to yield surface H-
radical (Egn. A12). The liberation of H, molecules is also observed in the dynamic
AIMD simulations shown later in the main text (Figure 5.3). Other cationic species
(H,", H3") were also evaluated towards the H,0 liberation and the corresponding
redox half reactions and overall reactions are provided in Eqns. A14-A25.

Redox half reaction for H,0 liberation during energetic H* ion exposure
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HE(I1)>*-OH>* > Hf(IV)* + OH (A8)

H* energetic ion) + OH = H,0(g) (A9)

H: (prasma) = H' + 1€ (A10)
HF(IV)* + 1e” > Hf(lI1)* (A11)
H* + 1€ (surface) = H- (A12)

Redox half reaction for H,0 liberation during energetic H," ion exposure

2HF(I11)*-0H>* > 2Hf(IV)* + 20H" (A14)
H " (energeticion) + OH > H;0( + H- (A15)
2H- (piasma) > 2H" + 2€ (A16)
2HF(IV)* + 2e > 2Hf(II1)* (A17)
H' + 1€ (surface) > H- (A18)

Redox half reaction for H,0 liberation during energetic H;" ion exposure

HE(I1)%*-0H>* > Hf(IV)* + OH (A20)
H" (energeticion) + OH = H,0(g + H, (A21)
H-(plasma) = H' + 1€ (A22)
HF(IV)* + 1e” > Hf(lI1)* (A23)
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H + 1e—(surface) 2 H (A24)

4. Effect of the energetic cations on the surface termination

As aforementioned, the AIMD simulations can provide valuable atomistic
insights into the reactions occurring at the HfN(200) surface when exposed to
energetic H, plasma cations at different values of V,;,,. Several models with 16 H*
ions placed above the fully hydroxylated HfN(200) surface (see Figures A5.7-A5.8
for visuals of the models) were utilized for simulating the cation exposure. For
simplicity, we have considered only the H" cations, even though H, plasma also
contains the other cations (H," and Hs;'). Using these models, microcanonical
ensembles (NVE) were generated, whereby the H* ions were manually assigned
two sets of initial velocity values to roughly represent the case for the grounded
electrode and external rf substrate bias application. Velocities were deduced on
the basis of the substrate potential (V,s) (see Table A5.4), obtained from the
readout of FlexAL ALD tool. Profijt et al. and Faraz et al. reported that the E,, is
roughly ~30 eV higher than the value of V,;,, [36, 37]. However, it should be noted
that the mean ion velocity (v;) deduced in the calculations may slightly differ from
the actual v; as the ion energy distribution is also not taken into account in the
calculations. Using the mass of H* ion (m) = 1.67-10% kg, we can compute the v; of

2: Eion/m. Velocities of the other

atoms (i.e. those of the HfN surface) were assigned randomly to match the initial
temperature of 1000 K.

ions impinging on the surface by using v; =

Table A5.4. Based on the typical mean ion energies (E;,,), mean ion velocity is computed for H" and
Hs" ions.

Mean ion energy (Eion) ~30 ~160 ~30 ~160
(eV)
Mean ion velocity (v;)

(Afs?) 0.76 1.75 0.44 1.00

125



Figure A5.7 shows a few snapshots from one of the trajectories (among
several diverse ensembles) of the AIMD simulations for the fully hydroxylated
HfN(200) surface. An initial ion velocity of 1.75 A/fs was used in these simulations,
corresponding to the V,, value of -130V. From the snapshots, it can be observed
that the bombardment of H" ions with enough energy leads to dissociation of Hf-
OH surface bonds and subsequent formation of volatile H,O can be seen.
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Figure A5.7. Ab initio molecular dynamics (AIMD) simulations for probing the effect of energetic H"
jon bombardment with higher initial velocity (1.75 A/fs) on fully hydroxylated HfN(200) surface.
Extended version of Figure 5.3, with more time steps being visualized. Color code: cyan: Hf; blue: N;
red: O; white: H.
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5. Surface species following the H® ion bombardment and complete
abstraction of H,0

We have previously discussed the surface reactions occurring on the fully
hydroxylated HfN(200) surface upon H' ion bombardment based on the AIMD
simulations. For comparison purposes, we also simulated the H" ion
bombardment (with assigned velocity of 1.75 A/fs) on bare HfN(200) surface,
supposing that all the surface —OH groups have been dissociated and H,O has
been completely abstracted. The corresponding AIMD simulations (Figure A5.8
depicts several snapshots) suggests that only a very small fraction of the incoming
H* ions binds on the bare HfN surface and can penetrate into the HfN lattice,
whereas most of the ions are deflected off the surface. Only after losing their
kinetic energy due to collisions with other particles and/or the HfN surface, the H*
ions are found to bind preferably on the Hf sites (rather than N). However, the H*
ions were found to weakly adsorb on the surface (i.e. physisorbed). Furthermore,
they can freely hover above the surface, hopping from one Hf site to another.
Additionally, the physisorbed H was found to undergo recombination to form
molecular H,.
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Figure A5.8. AIMD simulations for probing the effect of H" ion bombardment with higher kinetic
energy on the bare HfN surface. Color code: cyan: Hf; blue: N; white: H.
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Subsequently, a hypothetical case was considered, where all the surface Hf sites
were hydrogenated and the efficiency of H,O chemisorption was investigated. The
relevant MD simulations (Figure A5.9) showed that the H,O molecules do undergo
chemisorption, but less efficiently (ca. 25% vs. 90% of the 16 H,O molecules bind).
Therefore, it can be inferred that the physisorbed H species might only slightly
passivate the surface towards chemisorption of H,0 molecules following the H*
ion bombardment. However, considering the rather weak binding of H® ions on
the surface, it is anticipated that these ions are most likely removed during the
purging step (with high Ar flow) subsequent to H, plasma exposure.
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Figure A5.9. AIMD simulations for the H,0 adsorption on hydrogenated HfN surface. Color code:

cyan: Hf; blue: N; red: O; white: H.
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Chapter 6

Plasma-assisted ALD of highly
conductive HfN,: on the effect of
energetic ions on film microstructure*

Abstract

In this work, we report on the atomic layer deposition (ALD) of HfN, thin films by
employing CpHf(NMe,); as the Hf(IV) precursor and Ar-H, plasma in combination
with external rf substrate biasing as the co-reactant. Following up on our previous
results based on an H, plasma and external rf substrate biasing, here we address
the effect of ions with a larger mass and higher energy impinging on HfN, film
surface during growth. We show that an increase in the average ion energy up to
304 eV leads to a very low electrical resistivity of 4.1-10* Qcm. This resistivity
value is achieved for films as thin as ~35 nm, and it is an order of magnitude lower
than the resistivity reported in literature for HfN, films grown by either CVD or
ALD, while being comparable to the resistivity of PVD-grown HfN, films. From the
extensive thin film characterization, we conclude that the impinging ions during
the film growth lead to the very low electrical resistivity of HfN, films by
suppressing the oxygen incorporation and in-grain nano-porosity in the films.

Saurabh Karwal, Marcel A. Verheijen, Karsten Arts, Tahsin Faraz, Wilhelmus M.M.
Kessels and Mariadriana Creatore (submitted)
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6.1 Introduction

Conductive transition metal nitride (TMN) films find many applications in
nano-electronics. They are used as metal electrodes in metal oxide semiconductor
field effect transistors (MOSFETs) [1-4], and as diffusion barriers in inter-connects
[5-8]. In view of the continuous scaling of semiconductor devices, the application
of TMN films at small dimensions requires ultra-thin films with low resistivity,
besides forming stable interfaces, e.g. with the underlying high-k HfO, [1, 3, 4, 8].
Specifically, thin films of titanium nitride and tantalum nitride tend to form
undesirable oxy-nitrides at the interface with HfO, [4, 8]. Low resistivity hafnium
nitride (HfN,) can serve as an effective alternative because of its superior stability
when used in combination with HfO, [8].

HfN, predominantly exists in two crystal phases: highly resistive HfsN; with
Hf(IV) oxidation state [9, 10], and low resistivity 6-HfN with Hf(lll) oxidation state
[11, 12]. The control of the oxidation state of Hf is therefore essential to
synthesize conductive HfN, layers [13-15]. Physical vapor deposition (PVD)
methods have been widely adopted for the synthesis of low resistivity HfN, films
[8, 11, 12, 16-19]. Seo et al. have reported the growth of stoichiometric and
epitaxial 500 nm thick HfN, layers with a resistivity of 1.4-10° Qcm, which is the
lowest resistivity value reported thus far [18]. Typically, the polycrystalline HfN,
films prepared by PVD exhibit a resistivity of ca. (1-2)-10 Qcm for a typical film
thickness of ~200 nm [17, 19, 20]. On the other hand, the growth of low resistivity
HfN, films by techniques employing a metal-organic precursor, such as chemical
vapor deposition (CVD) or atomic layer deposition (ALD), is very challenging [13,
14, 21-23]. A major challenge is the reduction of Hf(IV) oxidation state in the
precursor to Hf(lll) oxidation state in the deposited film, as highlighted in our
previous work [13, 14]. Kim et al. reported the growth of HfN, films with a
resistivity of 1-10” Qcm, the lowest achieved by means of CVD [21].

The urgent requirement from the field of nano-electronics is the synthesis of
ultra-thin films with precise control over film thickness, excellent uniformity and
conformality on high aspect ratio 3D nanostructures [24-27]. These requirements
motivate the synthesis of low resistivity HfN, films by ALD. We have recently
shown that the 6-HfN phase can be achieved by adopting CpHf(NMe,); as Hf(IV)
precursor and H, plasma as reducing co-reactant in a plasma-assisted ALD process
[13]. We demonstrated that the application of an external rf substrate bias during
the H, plasma exposure and an increase in the time-averaged substrate potential
(| Vpias|) from OV to 130V resulted in a major decrease in electrical resistivity (p.)
from 0.9 Qcm to 3.3-10° Qcm [14]. The decrease in p. was found to be correlated
with a major increase in the fraction of Hf(lll) oxidation state from 0.65+0.02 to
0.8240.02 [13, 14]. These results demonstrated that the impingement of energetic
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ions during the film growth can significantly improve the chemical and associated
electrical properties of HfN, thin films prepared by ALD. In parallel, Villamayor et
al. recently showed that an increase in the mass of impinging ions positively
affects also the crystallinity of HfN, films grown by PVD, which contributes to the
decrease in electrical resistivity [20].

In the present work, we investigate the effect of Ar-H, plasma in combination
with external rf substrate biasing during the plasma half cycle as the reducing co-
reactant. The impact of impingement of ions with larger mass and higher energy
on the chemical and microstructural properties of HfN, films is addressed here.
The motivation to use Ar-H, plasma derives from the work of Sode et al. [28]. ArH*
is anticipated to be the most abundant ion in an Ar-H, plasma, in contrast to the
lighter H;" ion in a H, plasma as employed in the previous work [28]. Furthermore,
the ion energy measurements carried out in the present work indicate that the
growing HfN, film is subjected to a higher average ion energy (<E;,,>) in the case
of Ar-H, plasma with respect to the previously reported H, plasma process [14].
The ions with a larger mass and higher <E;,,> leads to a minimum in the electrical
resistivity of 4.1.10* Qcm. To best of our knowledge, this value represents the
lowest resistivity reported in the literature for HfN, films grown by either CVD or
ALD, and is comparable to the resistivity of PVD grown films [13, 14, 21-23]. This
low resistivity is achieved for films as thin as ~35 nm. As a result of impinging ions
with a larger mass and higher <E;,,>, a high Hf(lll) fraction of 0.86 is obtained and
major suppression of in-grain nano-porosity is observed, in contrast to the H,
plasma process.

6.2 Experimental section
I. Plasma-assisted ALD of HfN,

The ALD of HfN, thin films was conducted in an Oxford Instruments FlexAL
ALD reactor [14, 29, 30], equipped with an inductively coupled remote plasma
(ICP) source with an alumina dielectric tube. The reactor chamber was pumped to
a base pressure of 10° Torr using a turbo-molecular pump before every
deposition. A stage temperature of 450°C was selected for HfN, ALD. This
corresponds to a substrate temperature of about 340°C as verified by
spectroscopic ellipsometry (SE) [13, 14]. The onset of precursor decomposition
and the start of a CVD regime was observed above 450°C as previously reported
[14]. The reactor walls were kept at 145°C during all the depositions.

The Hf precursor CpHf(NMe,); (Air Liquide, >99.99% purity) was contained in a
stainless steel bubbler at 60°C and bubbled by an Ar flow of 100 sccm. An Ar flow
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of 100 sccm was also injected into the ICP alumina tube during the precursor
dosage in order to suppress deposition on the ICP tube walls (a gate valve present
between the ICP source and reactor chamber was kept open during the full cycle).
Following the precursor dose, the chamber was pumped down to a base pressure
of 10 Torr in order to remove the unreacted precursor and reaction byproducts
for 4 s. For the plasma exposure half cycle, an Ar+H, gas mixture (10 sccm Ar and
40 sccm H,) was introduced into the chamber from the ICP alumina tube. The
valve to the pump was fully opened culminating in a reactor pressure of ~6 mTorr.
After stabilization of the gas flows for 4 s, the plasma was ignited with 100W radio
frequency (rf) ICP power (13.56 MHz) for the desired time. The purge steps for
both half cycles consisted of a flow of 200 sccm Ar through the bubbling lines in
addition to the 100 sccm Ar flow from the ICP source and with the valve to the
pump fully opened. A CpHf(NMe,); pulse length of 4 s and plasma exposure of 10
s were used, while keeping the purge step of 2 s after every half cycle [13].

Il. External rf substrate biasing

Employing the special feature of our Oxford Instruments FlexAL systems, an
external substrate bias is applied during the plasma half cycle for the last 5 s using
an additional rf power source (13.56 MHz), attached to the substrate table [14].
As a result, a time-averaged negative substrate potential with respect to ground
(Vpias) develops during the plasma exposure [14]. The magnitude of V,,; is tuned
by changing the applied rf power as previously reported in detail (appendix,
Figure A6.1) [14]. An oscilloscope was connected to the substrate table via a high
voltage probe that was used to measure the rf bias voltage waveforms as a
function of time [14]. Figure A6.1 also shows the |V,s| values for the applied rf
bias power values [14, 31].

The ions are accelerated towards the surface of the growing film as a
consequence of the voltage drop over the plasma sheath [31]. The ion flux-energy
distribution functions (IFEDFs) of incident ions are measured using an Impedans
Semion retarding field energy analyzer (RFEA) [31-33], as described in detail in ref.
[34]. As reported by Profijt et al., a mono-modal IFEDF for the grounded electrode
(| Vias] = OV) condition, whereas the application of external rf substrate bias
resulted in a bi-modal IFEDF [31]. The shape of the IFEDF for a collisionless sheath
is determined by the ratio of ion transit time to the period of rf cycle [32]. The
mean ion energy is denoted by E;, while AE,, represents the peak-to-peak
separation in a bimodal IFEDF in the text. Furthermore, the RFEA is also used to

estimate the flux of incident ions using I; = Le e A where /. is the collector
e
current measured by the RFEA, e is the elementary charge and A. is the effective
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collector area. Ref. [34] describes a detailed procedure to deduce the value of
factor A., equal to (3.941.0)-10° cm?® for the RFEA probe used in this work.
Moreover, a slightly lower value of |V,q| was obtained during the IFEDF
measurements using RFEA than during the growth of HfN, films on a substrate, for
a particular rf bias power application (appendix, Figure A6.1c).

I1l. Substrates and material characterization

The HfN, films are deposited on planar Si(100) substrates with a diameter of
100 mm and with 450 nm SiO, atop.

The growth per cycle (GPC) and the dielectric functions of the HfN, films were
examined using spectroscopic ellipsometry (SE, J.A. Woollam, Inc., M2000U). The
dielectric functions (0.75 < hv < 5.0 eV) of HfN, films could be modelled using one
Drude and two Lorentz oscillators as demonstrated by Hu et al. (appendix, Table
A6.1 for details and discussion on the selected optical model) [11]. Additionally,
the optical film resistivity (p,,) was deduced from the free-carrier Drude
parameterization, given by p,,, = (Ip/¢&,) - wg, where [ is the damping factor for
the Drude oscillator, &, is the permittivity of free space, and w, is the screened
plasma frequency. The electrical resistivity (p.) was obtained via the four-point
probe measurements using a Keithley 2400 SourceMeter and a Signaton probe by
multiplying the sheet resistance of the HfN, films with the film thickness as
derived from SE. All resistivities reported in this work are for room temperature.

X-ray photoelectron spectroscopy (XPS) measurements were performed using
a Thermoscientific K-Alpha KA1066 system equipped with a monochromatic Al Ka
(hv = 1486.6 eV) source in order to study the chemical bonding and the oxidation
states of elements present in the film. The chemical composition and the mass
density of the films was evaluated via Rutherford backscattering spectrometry
(RBS) and elastic recoil detection (ERD) using 1900 keV “He" ions (Detect99). For
the ERD measurements, the recoil angle was 30° and the angle of incidence with
the sample surface was kept at 15° whereas for the RBS, two detectors were used
with scattering angles of 170° and 150°.

The surface morphology and the lateral grain sizes of thick HfN, films (t > 30
nm) were studied using a Zeiss Sigma field emission scanning electron microscope
(FE-SEM) operated at an acceleration voltage of 2 kV.

The crystallinity of the HfN, films was examined with a PANalytical X’'pert PRO
MRD X-ray diffractometer using a Cu Ka (A = 1.542 ,&) X-ray source. The X-ray
diffractograms were obtained in a 6-26 configuration and were compared with
the powder HfN patterns [35, 36]. High-angle annular dark-field scanning
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transmission electron microscopy (HAADF-STEM) studies were conducted using a
JEOL ARM 200F operated at 200kV in order to analyze: 1) the lateral grain sizes of
thin HfN, films (t < 10 nm), defined by the low atomic density grain boundary
regions in the top-view images and 2) the microstructure and the nano-porosity of
thick HfN, films (t > 30 nm), obtained from the cross-sectional samples. These
cross-sectional samples were prepared using a Focused lon Beam (FIB), following
a standard lift-out sample preparation procedure. Prior to FIB milling, a protective
layer was deposited on the HfN, layers. In case of the Ar-H, plasma sample, a
stack of Electron Beam Induced Deposited (EBID) SiO,, EBID Pt/C and lon Beam
Induced Deposited (IBID) Pt was used. In case of the H, plasma sample, only EBID
Pt/C and IBID Pt was used, as can be recognized from the TEM images below.

6.3 Results and discussion

I. lon energy characterization

The IFEDF measurements were carried out at various values of | V.| for Ar-
H, plasma and are presented in Figure 6.1. The IFEDFs for the H, plasma process
were also measured and are shown for comparison. It is noted that the energy
distribution of ions with a specific mass cannot be resolved and rather a
cumulative distribution of all the ions impinging on the surface is obtained.
However, from literature [37-39] and a recent report from Sode et al. [28], it can
be expected that an Ar-H, plasma contains ArH*, Ar®, Hs*, H," and H" ions, with
ArH" being the most abundant ion under a similar experimental conditions. In a
pure H, plasma discharge, Hs" is the most abundant ion, in combination with H,"
and H" ions [28].

A mono-modal IFEDF with an average ion energy (<E,,>) of 24 eV was
obtained for the grounded electrode (| Vpies| = OV) for the Ar-H, plasma as shown
in Figure 6.1a. The application of 10W rf bias power resulted in an asymmetrical
IFEDF with a | Vyjes| = 102V, <Ej,,> = 126 eV and an outermost peak-to-peak width
(AE;,,) of 47 eV. Upon increasing the rf bias power to 60W, the value of | Vy;|
increased to 246V, the <E;,> increased to 308 eV and an AE;,, of 77 eV was
obtained. The increase in AE;,, with | V.| is a consequence of an increase in the
peak-to-peak sheath voltage [32]. Furthermore, when closely inspecting the
IFEDFs, they appear to be a superposition of multiple bi-modal IFEDFs of
individual cationic species with different masses (i.e. ArH*, Ar’, H;*, H," and HY),
that have different transit times through the plasma sheath as described by
Manenschijn et al. [40]. This may be expected at low operating pressures used,
where there are less ion-neutral collisions in the plasma sheath and ions are
essentially unidirectional towards the surface of growing film.
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Figure 6.1. lon flux-energy distribution functions (IFEDFs) for ions in a (a) Ar-H, plasma operated at 6
mTorr and (b) H, plasma operated at 30 mTorr for various values of | Vyjg| -

Figure 6.1b shows the IFEDFs at various values of |V,;,s| for the previously
reported H, plasma process at 30 mTorr. Similar to the Ar-H, plasma, a mono-
modal IFEDF was obtained for the grounded electrode (| Viis| = OV), centered at
<E,,> of 19 eV. Upon the application of external rf substrate bias, the IFEDF
became bi-modal and an <Ej,,> of 98 eV with AE;,, of 39 eV was obtained at | Vyju|
= 78V (rf bias power = 10W). Furthermore, the <E,,> and AE;, increases with
| Viias| in a similar fashion as for Ar-H, plasma.

The flux of impinging ions (I;) was calculated from the total ion current (/)
recorded by the RFEA, since the flux of impinging ions is also expected to
influence the film growth and related properties, as shown by Adibi et al. [41]. In
our case, a constant I of (9.0+2.1)-10" cm™ s was calculated independent of
| Vbias| for the Ar-H, plasma, whereas a slight increase in I’; from (3.1+0.7)-10" cm™
st at | Vpigs| = OV to (9.542.2)-10™ cm™ s at | Vyies| = 173V was observed for the H,
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plasma process. Based on these results, we can conclude that the values of I; for
both the processes are relatively similar in the entire range of | V,;,s| investigated,
whereas a significant increase in E;,, is observed in the case of the Ar-H, plasma.

Il. Opto-electrical properties of HfN,

The ALD process was extensively characterized in terms of growth-per-cycle
(GPC) and material properties. A detailed discussion can be found in the appendix
and here, only a few aspects are highlighted. The GPC was found to be constant at
0.35+0.04 A/cycle (Figure A6.2), independent of the increase in the |Vjqs| from OV
to 255V. Above the |[V,is| value of 255V, a slight increase in the GPC was
observed. The previously reported data for the H, plasma process is also included
in Figure A6.2 for comparison. Furthermore, based on our previous studies on the
ALD process employing H, plasma, it is anticipated that the application of external
rf substrate bias does not affect the saturation behavior of the ALD process [14].

Figure 6.2a shows the p. and the p,, resistivity values for HfN, films as a
function of |Vyies|. The HfN, films grown at |V,i,s| = OV using an Ar-H, plasma
exhibit values of p, of (2.0£0.1)-10" Qcm and of Pop = (5.240.1)-10° Qcm. When
increasing the | V,.s| value up to 255V, a substantial decrease in p, to (4.1£0.1)-10°
* Qcm and in Pop tO (2.4+0.1)-10" Qcm was observed. A subsequent increase in
| Viios| value to 367V led to an increase in p, to (6.5+0.1)-10“ Qcm and p,, to
(3.5+0.1)-10 Qcm. Figure 6.2a also contains the previously reported p. and Pop
data for the H, plasma process for comparison [14].

It should be noted that the very low p. achieved at |V};,s| = 255V is for HfN,
films as thin as ~35 nm. To best of our knowledge, this resistivity value is the
lowest reported for HfN, films grown by either CVD or ALD, and is comparable to
values reported for PVD-grown films [13, 14, 21-23]. The | V5| value that yields
the minimum in p. and p,, is here referred to as optimum condition for the
corresponding ALD process and the rest of the manuscript will address the film
characterization mainly at the optimum conditions.
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Figure 6.2. (a) Electrical (o.) and optical resistivity (p,,) values for ~35 nm HfN, films grown using Ar-
H, plasma compared with previously reported ~80 nm HfN, films grown using H, plasma and (b) the
corresponding Hf(lll) oxidation state fractions as a function of |V,4|. Lines serve as a guide to the
eye and the (green) arrows indicate the optimum condition in terms of minimum in resistivity
achieved in both ALD processes.

By considering that the interaction distance of the incident light with the HfN,
films is rather small, it can be expected that only the crystalline quality within 3-4
nm is probed by SE for determining the p,, (see Table A6.1 and the discussion
underneath). Therefore, the difference between the p. and p,, (Ap) provides
insights into the amount of electronic scattering in the HfN, films, as we
previously described [13, 14, 42]. A very low Ap is achieved at the optimum
condition for Ar-H, plasma. It is relevant here to underline that Ap is an order of
magnitude smaller than in the case of the previously reported H, plasma process.
This suggests that the application of Ar-H, plasma has greatly contributed to
reduce the amount of electronic scattering in the HfN, films. In order to
comprehend the reason behind the very low scattering and the low value of p,
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achieved at the optimum condition, the chemical composition and microstructure
of the HfN, films was studied [14].

lll. Chemical properties of HfN,

The chemical composition of the HfN, films was investigated by means of XPS
and RBS. The binding energy values attributed to each spectral line for a specific
chemical element in the XPS spectrum can be found in the appendix (Table A6.2).
Figure 6.2b shows the Hf(Ill) oxidation state fraction as a function of | V,|. For
comparison, the previously reported Hf(lll) fraction data for H, plasma is also
shown. The Hf(lll) fraction increased from 0.70£0.02 to 0.86+0.02 upon increasing
the |Vyies| from OV up to the optimum condition (see the deconvolution of Hf 4f
XPS spectrum in Figure A6.3a-b). Interestingly, the high Hf(lll) fraction achieved at
the optimum condition for Ar-H, plasma is comparable to the previously reported
H, plasma (i.e. 0.86+0.02 vs. 0.82+0.02).

Table 6.1 gives an overview of the material properties of HfN, films grown at
the optimum condition using Ar-H, plasma, whereas the film properties as a
function of | V,ies| can be found in the appendix (Table A6.3). The aforementioned
increase in Hf(l11) fraction upon increasing the | V,,s| from 0V to 255V is correlated
with a major suppression in O content from 19.9+0.9 at.% to <2 at.%. In our
previous report on H, plasma [14], we also concluded that this increase in Hf(lII)
fraction with |V,;,s| is associated with a major decrease in O content in the HfN,
films. Additionally, the H content (and presumably Hf-H bonds) at the optimum
condition appears to limit the Hf(lll) fraction from reaching unity [14]. The latter
suggestion is further corroborated by the fact that an increase in |V,;,s| beyond
the optimum condition leads to an increase in H at.%, while a simultaneous
decrease in Hf(lll) fraction is observed (Table A6.3). It should be noted that the O
content stays below <2 at.% at |V,is| of 255V or higher. Furthermore, the C
concentration was found to increase upon increasing the |V,s| up to the
optimum condition (see Figure A6.3d). This increase in carbon is similar to
previously reported H, plasma process and is thought to arise from enhanced
cracking of ligands on the film surface by energetic ions, followed by their re-
deposition [14, 30].

Based on these results, it can be concluded that a high Hf(lll) fraction and a
very low O content is achieved at the optimum condition for the HfN, films grown
using Ar-H, plasma, which is comparable to the previously reported H, plasma
process.
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Table 6.1. Properties of the HfN, films prepared at optimum conditions using an Ar-H, plasma compared with previously reported properties of HfN, films
deposited using a H, plasma. The electrical resistivity was obtained by a combination of four-point probe (FPP) and spectroscopic ellipsometry (SE)
whereas the optical resistivity and thickness were determined using SE. X-ray photoelectron spectroscopy (XPS) was used to obtain the Hf(Ill) oxidation
state fraction whereas the chemical composition was determined via Rutherford backscattering (RBS). The H content was measured using elastic recoil
detection (ERD). The mass density was calculated by dividing the total areal mass density (obtained via RBS and ERD) with the film thickness. The
measurement errors for electrical and optical resistivities are less than 3% and 2% of their absolute values, respectively.

Ar-H, 4.110" 2.4-10" 35 0.86+0.02 0.84+0.08  8.4:0.4 <2.0 10.0£0.3 11.8+0.6
255V
H, 3.3.10° 9.0-10™ 81 0.82 1.00£0.07  11.0%1.2 <2.0 8.6 12.640.6
130
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IV. Microstructural properties of HfN,

The crystallinity and microstructure of the HfN, films were also investigated.
In fact, we have previously shown that the p. is also related to the film
microstructure [14]. The crystallinity of 35 nm thick film grown using Ar-H, plasma
and 80 nm thick film grown using H, plasma was examined using XRD (6-26 mode)
(appendix, Figure A6.4). Conductive 6-HfN phase was observed for the optimum
condition of the Ar-H, plasma, exhibiting HfN(111), HfN(200) and HfN(220)
reflections in a similar peak intensity ratio as the powder §-HfN pattern [14],
indicating no preferred growth direction.
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Figure 6.3. Top-view high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and scanning electron microscopy (SEM) images for HfN, films prepared at the
optimum conditions using Ar-H, plasma and H, plasma with an approximate thickness of (a and d) 10
nm; (b and e) 35 nm and 50 nm; (c and f) 90 nm and 80 nm, respectively.

The lateral grain sizes of the HfN, films were subsequently investigated. Figure
6.3 shows top-view high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and scanning electron microscopy (SEM) images of
HfN, layers grown at the optimum condition of Ar-H, plasma, allowing evaluation
of the lateral grain size as a function of film thickness. The images for H, plasma
process are also shown for comparison purposes. It can be concluded from the
data in HAADF-STEM and SEM images that the rate of lateral grain growth is
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higher for Ar-H, plasma as compared to the H, plasma (Figure 6.4). Importantly,
the lateral grain size for the relevant ~35 nm thick film grown using the Ar-H,
plasma is similar to that of previously reported ~80 nm thick HfN, film prepared
with H, plasma (green circles in Figure 6.4).

The lateral grain sizes of the HfN, films were subsequently investigated. Figure
6.3 shows top-view high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and scanning electron microscopy (SEM) images of
HfN, layers grown at the optimum condition of Ar-H, plasma, allowing evaluation
of the lateral grain size as a function of film thickness. The images for H, plasma
process are also shown for comparison purposes. It can be concluded from the
data in HAADF-STEM and SEM images that the rate of lateral grain growth is
higher for Ar-H, plasma as compared to the H, plasma (Figure 6.4). Importantly,
the lateral grain size for the relevant ~35 nm thick film grown using the Ar-H,
plasma is similar to that of previously reported ~80 nm thick HfN, film prepared
with H, plasma (green circles in Figure 6.4).

—— Ar-H, blasma,l Vol = 255V

sol —v—H, plasma, |V __ | = 130V |

Grain size (nm)
I
o

Thickness (nm)

Figure 6.4. Lateral grain sizes for the HfN, films prepared at the optimum conditions of the Ar-H,
plasma and H, plasma as a function of film thickness. The points with the (green) circles indicate the
grain sizes of HfN, films that are discussed in more detail in terms of resistivity for the corresponding
ALD process.
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Figure 6.5. Cross-sectional high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images for (a) ~35 nm thick film grown at | V};,s| = 255V using Ar-H, plasma and (b)
~80 nm thick film prepared using H, plasma at | V| = 130V. The insets show magnified views of
the micro-structure displaying the nano-scale porosity in the film as indicated by the highlighted
(yellow) areas.

The in-grain crystal quality of the HfN, films grown at the optimum conditions
was investigated by studying its micro-structure. Figure 6.5 shows the HAADF-
STEM image of cross-sectional samples for the Ar-H, plasma (35 nm thick) and the
H, plasma (80 nm thick) cases. Dark regions in the films indicate the presence of
lighter elements and/or porosity. The images with a 50 nm scale display the
lateral development of crystal grains as a function of height, yielding similar grain
size values on the top surfaces of the film as measured from the aforementioned
top-view HAADF-STEM and SEM studies of Figure 6.3. The higher magnification
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insets reveal that the HfN, film grown using Ar-H, plasma are quite dense, i.e.
displaying much less nano-porosity than the case of H, plasma. Specifically, non-
uniform contrast variations and dark patches can be observed within the crystal
grains of the HfN, film grown using H, plasma, suggesting the presence of lower
density regions such as nano-pores. These results agree with the higher mass
density obtained for HfN, films grown using Ar-H, plasma in comparison with the
H, plasma (Table 6.1).

The in-grain crystal quality of the HfN, films grown at the optimum conditions
was investigated by studying its micro-structure. Figure 6.5 shows the HAADF-
STEM image of cross-sectional samples for the Ar-H, plasma (35 nm thick) and the
H, plasma (80 nm thick) cases. Dark regions in the films indicate the presence of
lighter elements and/or porosity. The images with a 50 nm scale display the
lateral development of crystal grains as a function of height, yielding similar grain
size values on the top surfaces of the film as measured from the aforementioned
top-view HAADF-STEM and SEM studies of Figure 6.3. The higher magnification
insets reveal that the HfN, film grown using Ar-H, plasma are quite dense, i.e.
displaying much less nano-porosity than the case of H, plasma. Specifically, non-
uniform contrast variations and dark patches can be observed within the crystal
grains of the HfN, film grown using H, plasma, suggesting the presence of lower
density regions such as nano-pores. These results agree with the higher mass
density obtained for HfN, films grown using Ar-H, plasma in comparison with the
H, plasma (Table 6.1).

In addition, we observed the presence of V-shaped pyramidal voids for the Ar-
H, plasma in the initial phase of film growth (Figure 6.5a). The cause for this
phenomenon is not known yet. Although the voids can be observed in several
areas of the whole TEM cross-section of the Ar-H, sample (appendix, Figure A6.5),
it appears that their presence does not affect the film electrical properties.

6.4 Conclusions

Plasma-assisted ALD of HfN, has been studied using CpHf(NMe,); as the Hf(IV)
precursor and Ar-H, plasma in combination with an external rf substrate bias
application as the co-reactant. lon energy characterization reveals that the
average energy of the impinging ions (<E;,,>) on the HfN, surface at the optimum
condition of the lowest film resistivity of 4.1-10 Qcm for Ar-H, plasma is 304 eV
and the ion flux (I7) is (9.0¢2.1)-10" cm™ s™. Such a low resistivity is achieved for
films as thin as ~¥35 nm. From the extensive thin film characterization, we show
that a very low O content (<2 at.%) and a correlated high Hf(lll) oxidation state
fraction of 0.86+0.02 is obtained for the HfN, films grown at the optimum
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condition. Furthermore, the HfN, films exhibit a very low in-grain nano-porosity.
The high in-grain crystalline quality and low in-grain nano-porosity is also in line
with the aforementioned observation on the very low electronic scattering (i.e.
small Ap) in the HfN, films (Figure 6.2a). Altogether, these excellent material
properties lead to the very low p. of the HfN, films grown using Ar-H, plasma with
energetic ion bombardment.

Impinging ions during plasma processes are known to initiate several
interactions with the growing films, for example, enhanced adatom surface
diffusion leading to decrease in the defect density; bulk lattice atom
displacements resulting in a collision cascade; sputtering and ion-induced
damage; ion implantation at higher ion energies [20, 43-51]. In regards to the
material properties, Hultman et al. and Petrov et al. showed that energetic ions in
a N, and Ar-N, plasma discharges respectively with |V,;,s| value in the range of
150V - 250V can lead to annihilation of defects and reduction in nano-porosity in
sputtered TiN films [52, 53], and attributed the decrease in defect density to the
near-surface and sub-surface diffusion processes [44, 45].

Next to the ion energy, the mass of impinging ions is of importance. In our
case, from the ion energy results and from literature reports [28], it is concluded
that the HfN, film surface at the optimum conditions is subjected to energetic ions
with significantly higher ion energy and larger mass when using an Ar-H, plasma
(mainly ArH) instead of a H, plasma (<E,,,> = 159 eV, mainly H;), while the I;
remains comparable (I; = (8.2+1.9)-10™ cm™ s™ for H, plasma). It is further noted
that the p. value for HfN, films grown at the optimum conditions using Ar-H,
plasma is an order of magnitude lower than the H, plasma. This major decrease in
the p. value is primarily attributed to the improvement in the HfN, film
microstructure, enabled by the impingement of ions with a larger mass and higher
energy. Relevantly, Villamayor et al. also recently showed that an increase in the
mass of impinging ions by adopting Kr-N, plasma, instead of Ar-N, plasma, led to
an improvement in the crystalline quality of the sputtered HfN, films [20]. The
above results can be understood from the fact that the nature of ion-surface
interaction depends on the extent of energy and momentum transfer. As
highlighted by Gago et al. [48], the system can be approximated by the simple
case of an elastic binary atom(ion)-atom collision. Using this model, the kinematic

factor (k) for energy transfer can be easily calculated using k = 4Mm/(M +m)?’

cos?p, where M and m are the masses of incoming ion and target atom
respectively and ¢ is the scattering angle [48]. It should be noted that the value of
k is approximately an order of magnitude higher for the impinging heavy ArH" ions
in comparison to the light H;" ions, when Hf is considered as the target atom.
Altogether, it is expected that the impinging ions with a higher energy (304 eV vs.
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159 eV) and larger mass (ArH" vs. H;') may lead to a greater extent of energy and
momentum transfer to the HfN, film surface [20, 43-51].

So to conclude, the obtained results demonstrate how energy and mass of
impinging ions and the associated energy and momentum transfer during plasma
ALD can contribute to the fine tuning of the chemical and microstructural
properties of HfN, thin films. The results may be applicable to wide range of ALD
processes including for the growth of other transition metal nitrides [54].
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Appendix 6

A. Substrate potential waveform and RFEA measurements
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Figure A6.1. Substrate potential waveforms obtained via high voltage probe measurements and an
oscilloscope for (a) H, plasma at 30 mTorr and (b) Ar-H, plasma at 6 mTorr. They reveal the
development of the time-averaged negative substrate potential (V) with respect to ground
(shown by horizontal dashed lines) (c) absolute values of the time-averaged substrate potential
(| Viias|) as a function of the applied rf bias power for Ar-H, plasma at 6 mTorr and H, plasma at 30
mTorr measured during the HfN, film deposition (with a 100 mm SiO,/Si substrate on the substrate
stage) and RFEA measurements (with the RFEA [1], made from aluminium, on the substrate stage).

A small difference in |V,4|, as measured by a high voltage probe and
oscilloscope, is observed between RFEA measurements and performing the HfN,
ALD, for any given rf bias power value. This may be a consequence of a difference
in the impedance of the substrate stage when using a substrate and when using
RFEA.

B. HfN, ALD process characterization

The effect of the application of external rf substrate bias on the GPC in terms
of thickness (A) and areal density of Hf atoms deposited per cycle (Hf atoms nm™)°
is presented in Figure A6.2. We have previously shown that the application of
external rf substrate bias does not affect the saturation of the ALD process for H,
plasma process [2]. The GPC(A) for the growth of HfN, films using Ar-H, plasma
was found to be constant independent of an increase in the |V, from 0OV to
255V, beyond which a slight increase in GPC(A) was observed. This is in contrast to
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the previously reported H, plasma process, where a consistent increase in the
GPC(A) with the increase in | Vyiss| Was observed [2].

By means of RBS,” we found that the areal density of Hf atoms per cycle
remained constant at roughly ~1.30+0.04 atoms nm™ cycle™ for the Ar-H, plasma
in the whole range of |V,s|. On the contrary, the areal density of Hf atoms per
cycle increased with increasing |V,is| values for H, plasma process, signifying
enhanced precursor adsorption that led to an increase in the aforementioned
GPC(A) [2].
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Figure A6.2. Growth per cycle (GPC) in terms of thickness and number of Hf atoms deposited per
nm” for the Ar-H, plasma case and the previously reported H, plasma case as a function of |Vy;|.
Lines serve as guides to the eye and (green) arrows indicate the optimum condition in terms of
resistivity for both ALD processes.

A similar GPC(A) was obtained at |V,is| = OV using Ar-H, plasma as for the
earlier reported H, plasma. However, we found a much higher areal density of Hf
atoms deposited per cycle at | Vy,s| = OV using Ar-H, plasma, as compared to the
H, plasma. Based on the results, we can conclude that a similar GPC(A) and yet
higher GPC (Hf atoms nm™) at |Vyis| = OV can be explained in terms of higher
mass density of HfN, films grown using Ar-H, plasma (10.4+0.3 g/cm?) as
compared to the H, plasma (8.2+0.2 g/cm?) (Table A6.3).° On the other hand, the
values for the GPC (Hf atoms nm?) are quite comparable at the optimum
condition® of both the processes, while the GPC(A) is lower for the Ar-H, plasma as
compared to the H, plasma. This is again a consequence of the higher mass
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density of HfN, films grown using Ar-H, plasma (10.0+0.3 g/cm?) in comparison to
the H, plasma (8.6+0.2 g/cm?®). Furthermore, the slight increase in the GPC(A) at
| Voios| = 367V for Ar-H, plasma is thought to stem from the decrease in HfN, film
mass density to 8.4+0.2 g/cm?, since the GPC(Hf atoms nm?) is not affected by
increase in | Vjigs| -

C. Dielectric function from spectroscopic ellipsometry (SE) and notes
on the electronic scattering

The dielectric function of conductive 6-HfN, can be modelled using one Drude
and two Lorentz oscillators:

Drude Lorentz

(1)

E) = &1(E) + igp(E) = £ — 5o Z
e() = & (E) +ie,(E) = ¢ lFDE VB3 - E2+1EF

where, &, represents transitions at higher energy which are not accounted in
Lorentz oscillators, E, is plasma energy and [ is the damping factor for Drude
oscillator. The Lorentz oscillators are centered at E, which corresponds to the
resonance frequency, while S indicates the strength of the oscillators and I is the
damping factor for the Lorentz oscillators.

“P“The areal density of Hf atoms deposited per cycle (Hf atoms nm’ ) and the mass density

of HfN, films is computed by Rutherford backscattering measurements (RBS) reported
later in the main text of manuscript.
“The optimum condition refers to |V,;,s| value of 255V for Ar-H, plasma and 130V for H,
plasma process, where a minimum in electrical and optical resistivity is obtained for the
respective process (see manuscript).
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Table A6.1. SE fitting parameter values for one Drude and two Lorentz oscillators for &-HfN, film
grown using Ar-H, plasma at | Vj;,s| = 255V and H, plasma at | Vj;,s| = 130V.

Ar-H, H,
255 130
3.67 4.15
2.33 1.70
0.44 0.53
19.4 34.0
12 0.9
1.1 0.9
5.4 4.9
43 5.0
5.7 6.2

Langereis et al. and Knoops et al. described that insights into electronic
scattering can be gained by probing opto-electronic properties using SE [3, 4]. The
Drude parameterization of the imaginary part of the dielectric function &, was
used to deduce the optical resistivity (,,) of the HfN, films. An p,, of (2.4+0.2)-10"
Qcm was obtained for the HfN, film grown at |V,;s| = 255V using Ar-H, plasma.
Similarly, an p,, of (9.0£0.2)-10" Qcm was deduced for the HfN, film grown at
| Vpies| = 130V using H, plasma as previously reported [2]. In addition, the
interaction distance (d;,) of the incident light with the HfN, films was calculated

using the electron effective mass of 0.88 in HfN [5], the Fermi velocity (ve =

h(37r2N)1/3/

m*) and a photon energy of 0.75 eV in the same manner as

described by Knoops et al [4]. An d;,; of 4.6 nm and 3.2 nm were deduced for HfN,
films grown at the optimum conditions of Ar-H, plasma and H, plasma,
respectively. In-view of the small interaction distance as compared to the lateral
grain size of ~25 nm of the HfN, films of relevant thickness (as elucidated by

157



microstructural characterization in Figure 6.3), the optical resistivity delivers
information only on the in-grain electronic scattering at extremely small distances.
Therefore, the difference between electrical and optical resistivity can be used to
evaluate the uniformity of in-grain crystalline quality and the extent of electronic
scattering.

D. Chemical composition analysis using X-ray photoelectron

spectroscopy
(@) 02s Hf(IV)  Hf(lI) (b) 02s Hf(IV)  HE(Il)
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Figure A6.3. Deconvoluted Hf 4f XPS spectra for HfNx films prepared at (a) | Vpigs| = OV and (b) | Viigs|
= 255V with Hf(lIl) and Hf(IV) oxidation states (c) O 1s XPS spectra as a function of | V,;| depicting a
decrease in Hf-O peak intensity with an increase in | V,,s| (d) C 1s XPS spectra as a function of | Vjg|
showing an increase in Hf-C peak intensity with an increase in | Vys;] .
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Table A6.2. Corresponding peak assignment, binding energies and full width half maximum for the
Hf, N, O and C spectral lines used to deconvolute the peaks as measured by XPS.

HF 4f,, HF(IV) 16.0 16 (6, 7]

HF 4f,, HE(I11) 14.9 16 8]
N 1s HF(IN 397.5 15 9]
N 1s HF(IV)N 396.5 16 [10]
01s HfO, 530.8 1.9 [11]
Cls HfC, 282 12 [12]
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E. Material properties of HfN, films as a function of | V,;ss| for Ar-H, plasma and H, plasma processes

Table A6.3. The properties of the HfN, films prepared using Ar-H, plasma compared with previously reported H, plasma at various values of | V,;;|, as
determined by four-point probe (FPP), spectroscopic ellipsometry (SE), X-ray photoelectron spectroscopy (XPS), Rutherford backscattering (RBS) and
elastic recoil detection (ERD). The electrical resistivity was obtained by a combination of FPP and SE whereas the optical resistivity, GPC and thickness were
determined using SE. XPS was used to obtain the Hf(lI) oxidation state fraction whereas the chemical composition and the GPC in terms of the number of
deposited Hf (in terms of atoms nm™ cycle'l) were determined via RBS. The H content was measured using ERD. The mass density was calculated by
dividing the total areal atomic density (obtained via RBS and ERD) with the film thickness. The errors for electrical resistivities and optical resistivities are
less than 3% and 2% of their absolute values, respectively. The errors for the GPC, the Hf(lll) fraction and the mass densities are mentioned in the first line
unless otherwise mentioned.

Ar'Hz
2.010™ 52107  0.37+0.04 37 0.70+0.02 1.30+0.04 0.86+0.09 <2.0 19.9+0.9 10.4+0.3 4.7+0.3
ov
Ar-H,
4.1-10* 2.4-10" 0.35 35 0.86 1.3240.06 0.84+0.08 8.4+0.4 <2.0 10.0 11.8+0.6
255V
Ar'Hz
6.510" 3.510" 0.40 40 0.78 1.30+0.06 0.68+0.08 14.6+0.6 <2.0 8.4 15.0+0.7
367V
H, 9.010™ 5.9.10° 0.35 71 0.65 0.82+0.04 0.86+0.05 <2.0 20.1+0.7  8.2+0.2 7.0£0.3
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ov
H, 3 -4
3.3-10 9.0-10 0.50 81 0.82 1.53+0.06 1.00+£0.07 11.0+1.2 <2.0 8.6 12.6+0.6
130V
H, 2 3
1.0-10 1.7-10 0.60 83 0.73 1.76+0.06 0.98+0.06 10.3+1.1 <2.0 8.0 18.5+0.9
187V
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F. Crystallinity analysis using X-ray diffraction

W, |V,_=130v,t=80nm
"— Ar+H , |V, [=255V, t = 35 nm

bias
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Intensity (a.u.)
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25 30 35 40 45 50 55 60 65
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Figure A6.4. X-ray diffractograms (XRD) for ~35 nm thick film prepared at |V,,s| = 255V using Ar-H,
plasma and ~80 nm thick film prepared at | V5| = 130V using H, plasma.

162



G. HfN, film microstructural analysis using HAADF-STEM and XRD

TR

Figure A6.5. Low magnification cross-sectional high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of a ~35 nm thick HfN, film grown at | V};,s| = 255V using
Ar-H, plasma, displaying V-shaped voids near the onset of HfN, film growth along the entire TEM
sample. The higher magnification images acquired at the positions indicated in the overview image
display the voids in more detail. The TEM sample is thinner at the left than at the right, allowing for
a clearer view on the shape of the voids in the upper-left image.
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Chapter 7

Conclusions and Outlook

Conductive transition metal nitride (TMN) films are essential in the
nanoelectronic industry, and their use span over various applications. For
example, they have played a pivotal role in the manufacturing line of the state-of-
the-art MOSFET devices. They are employed as gate metals in the FEOL and as
diffusion barriers in the BEOL fabrication steps. Advanced FET devices and novel
device architectures necessitate highly conformal and uniform growth of low-
resistivity TMN films (p < 4-10* Q-cm) on 3D nanostructures with a high aspect
ratio of more than 5:1. These challenges motivate the synthesis of TMN films by
the atomic layer deposition (ALD) technique. The latter enables the growth of
ultra-thin films with precise control over uniformity, thickness and step coverage
on high surface area substrates.

The synthesis of low-resistivity TMN films (p < 4-10* Q-cm) requires the
presence of a high +3 oxidation state fraction (> 0.8) of the metal atoms in the
grown films, together with high film crystallinity and low nanoporosity. The
growth of low-resistivity TMN films by ALD is confronted with various challenges.
These include 1) an efficient reduction of the metal atoms present in a higher
oxidation state in the metal precursor in order to yield a high fraction of +3
oxidation state in the grown films by selecting an appropriate reducing co-
reactant and 2) achieving high crystallinity and dense microstructure at typically
low ALD growth temperatures of T < 500.

This dissertation uses plasma-assisted ALD of conductive HfN, as a case study
to address the aforementioned challenges. Specifically, the effects of various
process and plasma parameters, such as gas composition, ion energy and ion
mass, on the chemical and microstructural properties of HfN, films are
investigated. Furthermore, a correlation between the chemical and
microstructural properties of HfN, films with its electrical properties is
established. In addition, fundamental understanding is developed, by employing
both experimental as well as theoretical methods, on the surface reactions that
enable the growth of low-resistivity HfN, films when the HfN, surface is exposed
to energetic ions. The key results obtained in this thesis may be applicable to a
wide range of ALD processes and also promote the growth of other TMN films
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with low-resistivity. The following general conclusions can be drawn from this
dissertation:

> Chapter 2 reviews the literature works on the reduction of different transition
metal atoms by various reducing co-reactants. In particular, it has been
observed that the reduction of some metal atoms from a higher oxidation
state, for eg. Ti(IV) or Nb(V), to +3 oxidation state in the deposited films is
enabled even by the adoption of NH; gas as the co-reactant, leading to the
conductive phases of the respective TMN films. In contrast, the reducing
potential of NH; gas is insufficient to enable the reduction of Ta(V), Zr(IV) and
Hf(IV) oxidation states to +3 oxidation state and insulating phases of TMN
films are obtained. Co-reactants with a higher reducing potential, such as that
of a H, plasma, are required to enable the synthesis of the conductive phases
of TMN films. In this regard, Chapter 3 investigates the adoption of plasma (N,
plasma vs. H, plasma) as co-reactant in combination with the Hf precursor
CpHf(NMe,);. As anticipated, the use of N, plasma was found to be
insufficient to reduce Hf(IV) oxidation state and therefore insulating Hf;N,
phase was obtained. In contrast, highly reducing H, plasma enabled the
reduction of Hf(IV) to Hf(Ill) and thus allowed the synthesis of conductive HfN,
phase. These results demonstrate that the selection of an appropriate
reducing co-reactant is essential and depends on the reduction potential of
metal atoms in the precursor. The obtained results are consistent with the
findings of Langereis et al. for the growth of conductive TaN, films and Vos et
al. for the growth of metallic Co films by employing H, plasma, instead of N,-
containing plasma [1, 2]. Therefore, it is concluded that the obtained results
can also be extended to other technologically relevant metal and metal nitride
films prepared by ALD, where the reduction of metal atom is essential.

» Even though H, plasma can lead to the synthesis of conductive HfN, phase, a
high film resistivity of 0.9 Qcm and a low Hf(lll) fraction of 0.65 was obtained.
A high concentration of oxygen (~20 at.%) in the form of Hf-O bonds was
found to be present in the films, which increased the oxidation state of Hf to
+4. This resulted in a low Hf(lll) oxidation state fraction and high film
resistivity. It is concluded that the oxygen incorporation in the films occurs
during the film growth itself suggesting that Hf(lll) oxidation state is highly
reactive towards H,0/0, (present as residual gases in reactor background). In
contrast, the oxygen incorporation was found to be minimal in the Hf;N, films
grown using N, plasma, signifying that the presence of Hf(IV) makes the
surface unreactive towards H,0/0, residual gases and thus averts the oxygen
incorporation. Figure 7.1 provides an overview of the key results in terms of
the fraction of Hf(lll) oxidation state, oxygen content, film crystallinity and
surface morphology as a function of the plasma gas composition (N, plasma
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vs. H, plasma). From the obtained results, it is concluded that oxygen
incorporation has profound adverse effects on the film conductivity. In
particular, the oxygen incorporation in the films occurs when the reactivity of
the growth surface (for e.g., presence of Hf(Ill) or Ti(lll) on the surface) is high
towards H,0/0,. In such a case, significant oxygen incorporation can take
place even at a very low vacuum base pressure of 10° Torr. Furthermore, the
oxygen incorporation is expected to be even more pronounced for longer ALD
cycle times and/or for ALD processes with low growth per cycle (GPC).
Therefore, it is essential to identify the source of oxygen incorporation in the
prepared films in order to device novel approaches to avert it and produce
high quality metal and metal nitride films that can be employed in respective
applications.

One of the important plasma parameter that can be tuned during the film
growth in plasma-assisted ALD is the energy of impinging ions, enabled by the
application of external rf substrate biasing technique, as addressed in Chapter
4. An increase in the substrate potential (i.e. ion energy) resulted in
guantitative suppression of oxygen in the film. This significantly increased the
Hf(Ill) oxidation state fraction in the films from 0.65 to 0.82, accompanied by a
decrease in film resistivity by two orders of magnitude down to 3.3-10° Qcm.
Chapter 6 investigates Ar-H, plasma as co-reactant, instead of H, plasma. The
application of Ar-H, plasma in combination of rf substrate biasing led to
another order of decrease in the film resistivity down to 4.1-10* Qcm. This
value of film resistivity is comparable to the highly crystalline and pure HfN,
films grown by physical vapour deposition (PVD) technique. lon flux energy
distribution functions (IFEDFs) and literature studies reveal that the ion
energy and ion mass in the case of Ar-H, plasma are significantly higher than
in H, plasma. Furthermore, the HfN, films exhibit a high Hf(lIl) fraction of 0.86,
similar to the H, plasma process. In contrast, microstructural analysis reveals
that the film undergoes a major improvement. Specifically, the in-grain nano-
porosity is significantly suppressed. The latter effect is attributed to an
efficient transfer of energy and momentum to the HfN, film surface in the
presence of ions with a higher energy and larger mass. The impinging ions
with a higher momentum may facilitate near-surface diffusion of atoms and
therefore may lead to may lead to annihilation of defects and reduction in
nano-porosity in the HfN, films. Figure 7.2 presents an overview of the impact
of co-reactant plasma gas and substrate potential (i.e. energetic ions) on the
chemical, microstructural and electrical properties of HfN, films. The obtained
results signify how energy and mass of impinging ions can impact both the
chemical and microstructural properties of grown films. These material
properties have direct influence on the electronic properties of the grown
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HfN, films and, in general, other TMN films. The insights obtained and the key
concepts established in these chapters can enable further improvements in
the material properties of also other related technologically-relevant metal
nitride and metallic films and enable their efficient use in various applications.
For instance, Faraz et al. and Grady et al. have respectively reported a similar
decrease in the oxygen content and the resistivity of TiN, and MoC, films
upon the application of external rf substrate biasing [3, 4].
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Figure 7.1. An overview of the key HfN, film properties achieved by using either N, plasma or H,
plasma as the co-reactant. (a and b) Hf 4f XPS spectra depicting a higher Hf(lll) oxidation state
fraction for the H, plasma than for N, plasma; (c and d) O 1s XPS spectra showing a higher
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concentration of Hf-O bonds for the H, plasma; (e and f) grazing incidence XRD patterns illustrating
the synthesis of conductive 6-HfN phase with H, plasma and (g and h) 500x500 nm AFM surface
scans showing a higher surface roughness for the HfN, films grown using H, plasma, the signature of
the growth of crystalline films.
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Figure 7.2. An overview of the effects on the key HfN, film properties when an external rf substrate
bias is applied during the H, and Ar-H, plasma half cycle. (a and b) Electrical resistivity values of the
prepared HfN, films as a function of the substrate potential (| V,i.s|) for both H, plasma and Ar-H,
plasma; (c, d and e) Hf 4f XPS spectra depicting an increase in Hf(Ill) oxidation state fraction upon
application of an external rf substrate bias; (f, g and h) O 1s XPS spectra showing a gradual decrease
in concentration of Hf-O bonds due to the external rf substrate bias ; (i, j and k) high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) images for HfN, films depicting
a suppression of nano-porosity by employing Ar-H, plasma, instead of H, plasma, as the co-reactant.
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Chapter 5 employs first principles density functional theory calculations (DFT)
to unravel the underlying surface chemistry that takes place during the
impingement of energetic ions. In other words, it is possible to explain the
major modification in the chemical composition that the film undergoes
during impingement of energetic ions by studying the reactions taking place
on the surface of growing HfN, film. The DFT calculations suggested that the
chemisorption of H,0 (residual gas present in the reactor background) on a
pristine HfN surface is highly favoured and leads to the formation of surface
Hf-OH bonds. This results in the partial oxidation of Hf(lll) to Hf(I)®".
Furthermore, the bombardment of energetic cations (H*, H," and Hs") triggers
the dissociation of surface Hf-OH bonds and leads to H,O formation and
desorption. Subsequently, the H- radicals present in the H, plasma are
hypothesized to reduce the Hf(IV) to Hf(lll). These results have led to a better
insight into the relation between the oxygen incorporation and reactivity of
the growth surface and can also be extended to other ALD processes. Such
analyses will be useful in devising new approaches for preventing oxygen
incorporation with the aid of energetic ions. This can serve as a platform for
synthesizing highly pure and functional films with desired material properties,
which can be efficiently used in various nanoscale applications.

Based on the insights and results obtained in this work, some

recommendations are made for future research:

>

In this work, external rf substrate biasing has been employed in the co-
reactant plasma step in a so-called AB type ALD process. However, the
application of substrate biasing could be very well extended to a multi-step
plasma ALD processes, where substrate biasing could be implemented as the
C step in a ABC type ALD process. This could be of particular interest for
discerning between the chemical effects and physical effects of energetic ions
in the case where the B step uses reactive plasma (for e.g., H,) and the C step
consists of plasma of an inert gas (for e.g., Ar), thus imparting another degree
of control over the material properties of the grown films. In addition, the
external rf substrate bias may be applied for the entire duration of the plasma
half cycle in a AB type ALD process or a small part of it. This is the so-called
‘duty cycle’ of substrate bias application. In this setup, the duration of bias
application and the sequence of bias application (i.e., first part, intermediate
part or last part of the plasma half cycle) can be varied. Such variations could
induce differences in material properties as a function of substrate biasing.
Relevantly, Faraz et al. reported on different trends of various material
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properties, such as refractive index, density and stress, for TiO, films as a
function of the bias duty cycle [3].

With respect to the substrate biasing, it would be interesting to explore the
effect of voltage bias waveforms with a higher frequency, as compared to
13.56 MHz that has been employed in this work, on the TMN film properties
prepared by plasma-assisted ALD [5]. The latter would enable a decrease in
the peak-to-peak width of IFEDF (AE,,) and a narrower distribution of ion
energies can be obtained. In addition to higher frequency operation, pulse-
shaped biasing may also allow to generate IFEDF with a narrower distribution
[6]. In principle, a narrower distribution of ion energies could enable an
accurate measurement of ion energy and thus allow a higher degree of
control on the material properties of films prepared by plasma-assisted ALD.

As highlighted in Chapter 6, the microstructural properties of the HfN, films
can be improved by employing ions with higher energy and larger mass. This
effect, in principle, can be further enhanced by the use of heavier inert gases,
such as Krypton or Xenon instead of Argon, in combination with H, gas as the
feed gas for the co-reactant plasma step. The ions with larger mass may more
effectively transfer their momentum to the surface of the growing film and
thus may lead to further decrease in the film nano-porosity and therefore the
film resistivity.

As highlighted in this dissertation, the growth of TMN films with low-impurity
is very challenging. The latter is primarily due to the susceptibility of TMN
films towards oxidation from residual gases. In addition to the oxygen, carbon
impurities are also usually present in the TMN films due to the incomplete
abstraction of ligands by a non-oxygen containing plasma (H, and/or N,
plasma). lon bombardment that leads to an efficient removal of O from the
TMN films may also lead to the enhanced cracking of ligands (attached to the
metal atom adsorbed on the surface) during the plasma exposure, which may
subsequently get redeposited on the surface of the growing film. One method
to circumvent this issue could be the use of ‘softer’ techniques such as the
application of vacuum ultraviolet (VUV) photons or H- radicals to first liberate
the ligands, followed by the exposure of energetic ions in order to obtain films
with the desired properties in a 3-step ABC type ALD process.

The conductivity of the TMN films is known to improve with an increase in
deposition temperature due to enhanced film crystallinity. Usually, the choice
of deposition temperature in ALD is dictated by the decomposition
temperature of the metal-organic precursor. As discussed in Chapter 3, the
use of precursors with cyclopentadienyl, benzene or similar ligands may help
to increase the decomposition temperature of the precursor. The latter would
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allow an increase in the ALD temperature and further improvement in film
conductivity.

Since the key to obtain conductive TMN films is to achieve +3 oxidation state
of metal atoms in the deposited films, it would be extremely useful to
synthesize ALD precursors with metal atoms already present in +3 oxidation
state. The latter may greatly diminish the efforts devoted towards reducing
the metal atoms and would promote for deposition of low-resistivity TMN
films even with thermal ALD processes (for e.g., employing NH3). This would
be particularly interesting, in the view of applications in the nanoelectronics,
as the conformality of thermal ALD grown films is expected to be high also on
the sidewalls of 3D trench structures.

Since HfN, forms a seemingly perfect interface with the high-k HfO,, the
former can serve as gate metal in advanced MOSFET devices. The results
presented in this dissertation demonstrate that the energetic ions can
significantly improve the material properties of HfN, films. As the impinging
ions are incident normally on the surface of growing film due to the presence
of plasma sheath, one of the major challenges for plasma-assisted ALD is the
growth of high-quality and low-resistivity HfN, films also on the sidewalls of
high-aspect ratio 3D nanostructures. Chapter 4 briefly addresses this issue
and also provides a plausible solution, i.e., an increase in the operating
pressure of plasma may allow ions to also reach the sidewalls of the 3D
trenches. However, an increase in plasma pressure will surely impact the
energy and flux of impinging ions and hence the film properties. In-view of the
implementation of low-resistivity HfN, films, and in general, other related
nitrides in 3D MOSFET technology, future research could focus on collecting
more experimental results on the conformality and film properties of the
grown TMN films. Furthermore, the evaluation of angular distribution and
energy of impinging ions by employing advanced retarding field energy
analyser (RFEA) setups can prove to be very useful.

Low resistivity TMN films are highly reflective in the IR region (1 eV < hv < 2.5
eV) and are potential candidates for the back contact of thin-film copper-
indium-gallium-selenium (CIGS) solar cells, thus enabling an increase in the
optical absorption of low energy photons. In particular, thick and opaque HfN,
films grown by PVD exhibit a reflectivity of c.a. 85% in the IR region. In
addition, chemical inertness and thermal stability towards the harsh growth
conditions of the CIGS layer makes the TMN films lucrative candidate as the
back contacts, in comparison to Ag or Au films. Initial experiments (data is not
reported in this thesis) show a consistent increase in the EQE, especially in the
low energy photon regime, and a correlated enhancement in the short circuit
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current (J,) with a decrease in the CIGS absorber thickness down to 250 nm
by using HfN, as back electrode, instead of conventional Mo. Furthermore, as
elucidated in this work, the growth of low resistivity HfN,, and in general TMN
films, by ALD can be particularly interesting for the deposition of highly
reflective films on textured substrates. The use of textured substrates may
allow for an even higher enhancement in the optical absorption of low energy

photons.
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Thesis appendix

A. Comparison of thermal and plasma-assisted ALD

As highlighted in chapter 1, a typical atomic layer deposition (ALD) process
comprises of a metal (-organic or -halide) precursor dose followed by a co-
reactant (gas vapours or plasma) exposure. These two half-cycles are separated by
purge steps that enable complete removal of unreacted reactants and/or reaction
by-products from the reactor and ensures non-CVD-like layer-by-layer growth.
Figure TA.1 shows one complete ALD cycle for both the thermal and plasma-
assisted ALD routes. A thermal ALD process typically employs NH; or N,H, gases as
reducing co-reactants for the growth of TMN films [1-8]. On the other hand,
typical plasmas used for the growth of TMN films are those generated in H,, N, or
NH; gases or their combinations [1, 9-22]. Due to the greater reducing potential of
plasma species as compared to gaseous molecules, the fraction of M(lll) oxidation
state in the prepared films is expected to be higher in the case of plasma-assisted
ALD.
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Figure TA.1l. Schematic representation of thermal and plasma-assisted ALD. The surface of the
growing film is either exposed to gaseous molecules or to species generated in a plasma during the
co-reactant half cycle. The latter is expected to yield higher fraction of M(lll) oxidation state in the
grown films.
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B. General plasma aspects

It is relevant here to describe a few important aspects of plasma that are
relevant for this dissertation. A plasma is a collection of electrons, charged ions
and neutral atomic or molecular gas-phase species. A plasma is quasi-neutral on a
macroscopic scale, that is, the electron density (n.) is equal to the ion density (n;).
Plasmas are created by accelerating and heating of the electrons in the presence
of electric fields, that leads to ionization of gas-phase species through electron
impact collisions. As a result of electron impact collisions, gas-phase species can
also undergo dissociation and/or excitation which leads to the formation of
radicals and/or photons via de-excitation. The kinetic energy of electrons (also
referred to as electron temperature, T,) in a plasma has a Maxwellian distribution
and only the electrons in high energy tail are able initiate to the above mentioned
processes. In an inductively coupled plasma (ICP), the T, is typically 3-5 eV (or
~4-10* K). Typically, the processing plasmas belong to the ‘cold’ plasma category,
where the gas temperature (7,) of 300-500K is much lower than T..

The density of ions (n,) in an ICP plasma (also referred to as plasma density) is
approximately 10'°-10" m™. The degree of ionization (X;) in a typical ICP plasma is
very low (~10°-10), implying that the surface of growing film or reactor walls
receive much higher flux of reactive radicals as compared to the ions. Therefore, it
is thought that the surface chemistry during the film growth is mainly driven by
the interactions of plasma radicals with the moieties on the film surface.
However, as described in chapter 2, the flux and energy of impinging ions has
significant implications on the material properties of the prepared films. Due to
the much higher thermal velocity of electrons as compared to the ions, the
electrons are immediately lost to the walls and/or surfaces interacting with the
plasma. In order to compensate for the loss of plasma electrons, a space charge
region (also referred to plasma sheath) is setup between the plasma and the
surfaces as schematically depicted in Figure TA.2. As a result of the formation of
plasma sheath, the positive ions are accelerated towards the surfaces such that
the flux of impinging ions on the surface balances the flux of incident electrons.
Within the sheath region, both n; and n, decrease with different rates such that n;
is always larger than n.. In fact, n; already exceed n, at the sheath edge and the
ions enter the sheath region with a minimum velocity, known as the Bohm
velocity (ug 2 (kTe/M)*?). This means that a pre-sheath region develops between
quasi-neutral plasma and the sheath, where the ions are accelerated to a velocity
of at least uj.

In a collisionless plasma sheath, the ions are incident normally on the surface.
The potential drop across the plasma sheath can be used to determine the mean
energy of impinging ions (E;,,)
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Eion:e'Vs:e'(%_Vsub) (1)

where e is the elementary charge, V, is the plasma potential and V, is the
substrate potential (0 V for the grounded electrode and V for floating electrode).
The <E,,> is approximately ~20-30 eV for a grounded substrate electrode. At
higher operating pressures, the ions may undergo collisions with the background
gas, each collision defined by a collision cross-section (o). In case of ion-neutral
collisions in the plasma sheath, the ion mean free path (A; = 1/n,-0) [23] gets
reduced and may become comparable or smaller than the sheath thickness (/;). As
a consequence, the <E;,,> is reduced and depends on the /; [24, 25]. Furthermore,
the ion flux () to the surfaces may also be affected.
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Figure TA.2. A schematic representation of the presence of plasma sheath near a surface in an H,
plasma discharge. The potential drop across the sheath enables the bombardment of energetic
positive ions. In a collision less plasma sheath, ions are anisotropic with normal incidence. In a
collisional plasma sheath, ion may lose their energy and directionality.
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C. ALD reactor
1. Precursor dose and plasma exposure

The plasma-assisted ALD of HfN, thin films was conducted in Oxford
Instruments FlexAL reactor and is schematically illustrated in Figure TA.3. The
reactor can accommodate 200 mm wafers and has a load-lock for loading and
unloading samples. The wafers are transported into the main chamber for the
growth of thin films by a loading arm. Both the loadlock and main chamber are
pumped by turbo-molecular pumps to a base pressure of 10° Torr.

The CpHf(NMe,); precursor (Air Liquide, >99.99% purity) is contained in a
stainless steel bubbler at 60°C and is transported to the main chamber by Argon
using stainless steel delivery lines. The dosage is controlled by pneumatic ALD
valves (Swagelok). The FlexAL reactor is equipped with an inductively coupled
plasma (ICP) source with an inductive coil wrapped around an Al,0; dielectric
tube. The plasma source is spatially separated from the substrate such that the
substrate is not involved in the plasma generation and therefore it is a ‘remote’
plasma ALD reactor. Various inlet gases (i.e. Ar, O,, N,, H,, NH;, SFs of combination
thereof) can be used for generation of plasma.
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Figure TA.3. Schematic illustration of the Oxford Instruments FlexAL ALD reactor.
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The temperature of precursor delivery lines is 20-30°C higher than the
bubbler in order to prevent any condensation of precursor in the lines. The stage
temperature can be increased to 600°C, however CVD-type HfN, growth was
observed at a stage temperature of 550°C and above. The wall temperature was
maintained at 145°C. The reactor is equipped with few optical ports which can
used for in-situ characterization of the ALD process. For instance, an optical port is
located above the ICP tube in order to monitor the de-excitation spectrum of
plasma radicals via optical emission spectroscopy (OES). Furthermore, quadruple
mass spectrometry (QMS) and spectroscopic ellipsometry (SE) measurements can
be performed. The in-situ measurements allow for better understanding of the
ALD processes and associated chemistry and growth mechanisms.

2. External rf substrate biasing

In a remote plasma ALD reactor, which has been used for performing the
experiments in this dissertation, the plasma source and the substrate stage are
spatially separated such that the substrate is not involved in the generation of the
plasma species. Therefore, the plasma parameters (ion flux, radical density) can
be varied fairly independently from the substrate conditions (ion energy). Profijt
et al. showed that, for an O, plasma, the ion flux can be increased by increasing
the power of the radio-frequency inductively coupled plasma source [26]. On the
other hand, an increase in the operating pressure of the O, plasma led to a
gradual decrease in both the flux and energy of impinging ions. When considering
the energetic ions, Profijt et al. introduced the aspect of external rf substrate bias
application during the plasma half cycle [27]. A remote plasma reactor, therefore,
may allow for enhancing the ion energies quite independently from the ion flux by
externally biasing the substrate with an additional rf power source. As a result of
rf substrate biasing, time-varying sinusoidal voltage with respect to ground (V;us)
develops at the substrate with a frequency of 13.56 MHz. While the light electrons
can respond to the rapidly varying voltages, the ions can only respond to the time-
averaged substrate potential. This gradually results in the development of a time-
invariant negative potential (-V,;s) with respect to the ground at the substrate
(Figure TA.4), thereby balancing the fluxes of ions and electrons reaching the
substrate. In one complete rf cycle, the electrons gets collected at the substrate in
the positive part of the cycle whereas ions are collected in the negative part.
Furthermore, the magnitude of V,;,s can be regulated by the applied rf power to
the substrate. The voltage waveform in Figure TA.4a are measured using an
oscilloscope connected to the substrate table via a high voltage probe.
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For rf substrate bias application, <Ej,,> is given by <E;,,> = e(V, — V) for a
collisionless plasma sheath. Furthermore, the shape of ion flux energy distribution
functions (IFEDF) is determined by the Tj,/T,s, Where T, is the time an ion takes to
traverse the plasma sheath and 1y is the rf period. When t,,,/Ts >> 1, the ions
cannot respond to the high frequency of instantaneous sheath voltage and
essentially a mono-modal IFEDF is obtained [28]. On the other hand, when 1,/ 75
<< 1, ions can respond to the instantaneous sheath voltage and cross the sheath
in a small fraction of the rf cycle. This leads to a broad and bimodal IFEDF [28],
where the peak separation (AE) is a function of peak-to-peak sheath voltage (V,,)
and the ratio of t,/Tj,, as elucidated in Eqn. 3. Chapter 2 describes the implication
of <E,,,> on the material properties of films prepared by various vapour-based
deposition techniques.
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Figure TA.4. (a) Substrate potential waveforms as a function of time for H, plasma operated at 30
mTorr measured using an oscilloscope. The development of time-averaged substrate potential
| Viias| With respect to ground can be observed. (b) lon flux-energy distribution functions (IFEDFs) for
ions in a H, plasma operated at 30 mTorr for various values of | V| .

Figure TA.4b shows the IFEDFs for the ions in a H, plasma operated at 30
mTorr. A mono-modal IFEDF is obtained with a grounded electrode (| Vyi.s| = 0V),
whereas rf substrate biasing results in a bi-modal IFEDF which is centred at the
mean ion energy of <E,,> and has a peak-to-peak width of AE,,. As can be
observed, both the <E;,,> and AE,,, increase upon increasing the | V|, thereby
exploring the ion energy parameter space of Figure 2.6. It should be noted here
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that rf substrate biasing is one of the many ways to increase the energy of
impinging ions and <E;,,>, ion flux and ion mass are the essential parameters that
effects the material properties, as will be shown later.

D. Material characterization

The material properties of the HfN, films prepared by plasma-assisted ALD has
been extensively investigated using various methods.

1. Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) was used to determine the optical dispersion
of the HfN, films and the thickness. A linearly polarized light is incident on to the
sample at an angle 6 with respect to the sample surface normal as shown in
Figure TA.5. The light-matter interaction alters the polarization of light, which is
measured by the detector in terms of the ellipsometric angles  and A. Y and A
represent the amplitude ratio and the phase difference of the p-polarized and s-
polarized light upon reflection. These two quantities were measured in a photon
energy range of 0.75 eV to 5 eV. For the data analysis, a model was set up for HfN,
films on SiO, (450 nm)/c-Si substrates. Key material parameters such as optical
resistivity, screened plasma frequency and carrier mobility could be extracted by
parametrizing the complex dielectric function e=g;+ie,. The dielectric functions
can be modelled using one Drude and two Lorentz oscillators:

Drude Lorentz
SiEE;
£E=£E+i£E=£oo— Z J_0) (4)
(B) = &1(E) + ieo(E) erE E} — EF +iEl;

where, &4, represents transitions at higher energy which are not accounted in
Lorentz oscillators, E, is plasma energy and I is the damping factor for Drude
oscillator. The Lorentz oscillators are centered at E, which corresponds to the
resonance frequency, while S indicates the strength of the oscillators and I is the
damping factor for the Lorentz oscillators. The optical resistivity (p,,) was deduced
from the free-carrier Drude parameterization, given by p,, = Ip/e, - a)g, where
I, is the damping factor for the Drude oscillator, &, is the permittivity of free
space, and w, is the screened plasma frequency.
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sample

Figure TA.5. Schematic illustration of the working principle of spectroscopic ellipsometry. Polarized
light is incident onto the sample at an angle 8 with respect to the surface normal. Changes in light
polarization are measured upon reflection on the sample as the ellipsometric angles { and A.

2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to determine the chemical
composition of the prepared films and the environment of chemical bonding. The
sample is irradiated with X-ray photons that leads to the emission of core
electrons from the sample. Since the mean free path of the emitted electrons is
limited due to scattering events, the information on chemical composition can be
derived only from the region <10 nm below the surface. The emitted electrons
travel through energy analyser with a certain pass energy and their kinetic energy
(Ex) is recorded by the detector. The E; depends on the binding energy (E,) of the
electrons in one of the core levels and the energy of incident photons (hv).

Ey=hv—E,—¢ (5)

where ¢ is the work function of the material. The chemical environment and the
oxidation states of the atoms in the sample can therefore be extracted from the
measured E,. Furthermore, the relative quantitative estimation of the different
elements in the films can be performed by determining the area under the peak
and dividing it by the sensitivity factor (SF) corresponding to the different
elements. It should be noted that the calibration of the SF should be performed
before the quantitative estimation of elements. In this work, the fraction of Hf(lll)
oxidation state, i.e. Hf(lll)/Hf(II1)+Hf(IV), in the HfN, films has been determined by
using 4f orbital spectra of Hf atoms. In addition to extracting the chemical
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environment of Hf, the chemical bonding of O and C impurity atoms was also
probed.
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Figure TA.6. A schematic illustration of the emission of a core electron by incidence of high energy X-
ray photons. The kinetic energy of emitted electron is used to determine the binding energy of the
core electron.

The XPS measurements were carried out by first sputtering the HfN, for 500s
by Ar’ ions with low energy of 200 eV. This was done in order to eliminate the
chemical contribution of impurities from the first few layers of HfN, films and to
ensure the measurement of relevant quantities of the HfN, bulk film precisely.

3. Rutherford backscattering

The absolute chemical composition in terms of areal density of atoms and the
mass density of the HfN, films was evaluated by Rutherford backscattering
spectrometry (RBS) and elastic recoil detection (ERD) measurements. An RBS
instrument generally includes an alpha particles (*He" ions) source, a linear
particle accelerator capable of accelerating incident ions up to 1900 keV and a
detector capable of measuring the energies of backscattered ions over some
range of angles.

The “He" source is connected to an acceleration tube with a high positive
potential applied to the ion source, and the ground at the end of the acceleration
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tube. The detectors that are used to measure backscattered energy usually
consist of a ~100 nm thick p-type Si layer on an n-type Si substrate, thus forming a
p-n junction. The “He" ions lose some of their energy due to inelastic scattering
from the electrons, and some of these electrons gain enough energy to overcome
the band gap of Si. This means that each ion incident on the detector produces
some electron-hole pairs and it’'s number is dependent on the energy of the ion.
These pairs can be detected by applying a voltage across the detector and
measuring the current, providing an effective measurement of the ion energy.
Furthermore, angular dependence of detection can be achieved by using a
movable detector, covering some range of angles around direct (180 degrees)
back-scattering. Angular dependence of the incident beam is controlled by using a
tilting sample stage.

The energy loss of a backscattered ion is dependent on two processes 1) the
energy lost in the scattering events with sample nuclei and 2) the energy lost to
small-angle scattering from the sample electrons. The first process is dependent
on the scattering cross-section of the nucleus and thus on its mass and atomic
number. For a given measurement angle, nuclei of two different elements will
therefore scatter incident ions to different degrees and with different energies,
producing separate peaks on a measurement counts as a function of energy.
These peaks are characteristic of the elements contained in the material,
providing a means of analysing the composition of a sample by matching
scattered energies to known scattering cross-sections. The second energy loss
process, the stopping power of the sample electrons, does not result in large
discrete losses such as those produced by nuclear collisions. Instead it creates a
gradual energy loss dependent on the electron density and the distance traversed
in the sample. This energy loss will lower the measured energy of ions which
backscatter from nuclei inside the sample in a continuous manner dependent on
the depth of the nuclei. The result is that instead of the sharp backscattered
peaks, a gradual trail off in the peaks is observed towards lower energy as the ions
pass through the depth occupied by that element.

ERD is very similar to RBS, but instead of detecting the projectile at the back
angle, the recoils are detected in the forward direction by maintaining an angle of
incidence with the sample surface at 15°. ERD was originally developed for
detection of light elements (H, He, Li, C, O, Mg, K), thereby overcoming some of
the limitations of RBS.
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Figure TA.7. A schematic for ERD (top) and RBS (bottom) measurements. The ERD measurements are
carried out using He* beam with the detector at a recoil angle of 30°. RBS was performed with the
detectors at scattering angles of 140° and 170°. The angles may vary depending on the
measurement.

4. X-ray diffraction

X-ray diffraction (XRD) is used to determine the crystalline structure of the
prepared films by detecting the constructive interference patterns of the X-rays
that are elastically scattered from the crystal lattice. Figure TA.8 schematically
shows an illustration of the Bragg reflection condition that has to be met in order
to achieve the constructive interference from a set of lattice planes. The induced
path difference amounts to 2dsinB, where 8 is the incidence angle of the X-ray
beam and d is the spacing between the two lattice planes. The condition for the
Bragg reflection is 2dsinf = nA, where A is the wavelength of the X-ray photons
emitted from Cu Ka source.
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Figure TA.8. Representative illustration of a set of lattice planes hit by X-rays. The difference in
distance covered by the two X-rays reflected by the top and bottom lattice planes is indicated in red.

is the angle of incidence of the X-ray radiation and d the spacing between the lattice planes.

In a ©/20 scan, both the incident X-ray beam and the detector make an angle
0 with respect to the sample surface. In this measurement configuration, only the
coherent lattice planes oriented parallel to the sample surface of a polycrystalline
films contribute to the diffraction spectra and therefore this configuration enables
the detection of texture, if any, in the prepared films. Furthermore, such a
measurement also allows for determining the vertical crystallite size, that
coherently contributes to the diffraction, as shown in Figure TA.9.
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Figure TA.4. A schematic illustration of the growth of polycrystalline thin film with
developing grains with film thickness. The determination of grain sizes and crystallite sizes by

different crystallographic techniques is also shown.

laterally
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1. Transmission electron microscopy and selected area electron diffraction

In a transmission electron microscopy (TEM) experiment, highly energetic
electrons (up to 300 keV) are transmitted through an ultra-thin sample (<100-200
nm) in order to obtain high-resolution images of the crystalline microstructure of
the sample. In either the bright-field (BF)-TEM or dark-field (DF)-TEM imaging, the
electron beam is collimated by a set of condenser lenses. After the transmission
through the sample, both the un-scattered primary and the diffracted electron
beams are then condensed by the objective lens. In the back focal plane, the
primary and diffracted beams are spatially separated, forming the electron
diffraction pattern. An objective aperture can be inserted in the back focal plane
in order to choose between the beams that will form the image. Projector lenses
are then used to highly magnify the image which is then projected on a
fluorescent screen and recorded by a CCD camera.

In BF-TEM, the direct primary beam is selected for the image formation. The
regions with a higher average atomic number result in a darker contrast.
Furthermore, the contrast also depends on the crystalline structure of the sample.
A crystal lattice that is oriented in a strongly diffracting orientation will result in a
darker contrast. On the other hand, DF-TEM employs one or more diffracted
beams in the back focal plane to form the image. Therefore, the regions of the
sample which contribute to that specific diffracted beam will contribute to the
brightness in the image. This technique can be employed to resolve single-
crystalline grains or to identify grains with the same crystallographic orientation.

High-Angle Annular Dark Field Scanning TEM (HAADF-STEM) is a technique
that is used to provide images with a contrast that is also set by the atomic
number. In contrast to the BF-TEM and DF-TEM where the images are produced
by the projection of the sample, STEM forms images by scanning the sample by a
focused electron beam. For HAADF imaging an annular DF detector is placed at a
high angle with respect to the direct beam in order to collect electrons scattered
by the sample. The atomic number contrast generally dominates HAADF images
since the angular distribution of the scattered electrons strongly depends on the
atomic number of the atom from which they are incoherently scattered.
Moreover, the amount of scattered electrons also depends on the local atomic
density (e.g. film thickness, grain boundaries and nano-porosity).
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Figure TA.5. Schematic illustration of the positions of the objective aperture used to select the direct
beam (a) or a diffracted beam (b) in order to obtain BF-TEM or DFTEM images, respectively.

Selected area electron diffraction (SAED) makes use of the collimated electron
beam in order to form a diffraction pattern in the back focal plane. SAED is used
to determine the crystal structure and possible texture of the sample. In case the
selected area aperture is much larger than the dimensions of the crystallites, the
diffraction pattern constitutes of continuous diffraction rings whereas SAED of a
single crystal will result in a single crystalline diffraction pattern, the pattern
depending on the crystallographic axis used for imaging. The distance of the
diffraction ring (or spot) to the centre of the reciprocal space corresponds to the
inter-planar distance. Furthermore, information on the texture of thin films can be
gained that corresponds to the intensity of the rings or discrete spots.

For the analysis of HfN, thin films by HAADF-STEM and SAED, ~10-15 nm thick
films were deposited on SisN; TEM membranes. On the other hand, the cross-
sectional TEM analysis on ~70-80 nm thick samples was performed on a thin (50-
100 nm) lamella taken from a Pt/HfN,/SiO, film stack prepared by Focused lon
Beam preparation.
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Summary

Conductive transition metal nitride (TMN) films are of fundamental importance to
the semiconductor industry as they play a pivotal role in the fabrication of
advanced nano-electronic devices. They are used as gate metals in the state-of-
the-art metal-oxide-semiconductor field-effect transistors (MOSFETs) because of
their low electrical resistivity. They are also employed as diffusion barriers in the
interconnect technology. At the same time, the decrease of dimensions in
emerging device technologies and the use of high-aspect ratio 3D architectures
demands that the growth of TMN films occurs with precise thickness control and
excellent step coverage. These requirements have made atomic layer deposition
(ALD) the preferred deposition technique for the growth of ultra-thin films.
However, the growth of conductive TMN films by vapour-based deposition
methods, such as ALD, faces several challenges. One of them is to synthesize TMN
films with a high fraction of the metal present in oxidation state Ill (0.8 < M(lll) <
1.0). Specifically, the metal precursors adopted in ALD contain metal atoms in
oxidation state either IV or V, which has to be effectively reduced to oxidation
state lll in order to deposit conductive TMN films. In this respect, the choice of the
reducing co-reactant is vital.

This dissertation addresses the synthesis of conductive hafnium nitride (6-HfN) by
plasma-assisted ALD. Low-resistivity 6-HfN is a material of interest due to its
superior stability when used in combination with high-k HfO,. When adopting
thermal ALD, the use of NH; gas as reducing co-reactant leads to the growth of
insulating Hf;N, films, suggesting that the reduction potential of NH; gas is
insufficient to achieve a high fraction of Hf(lll) in the deposited film. At the same
time, the adoption of plasma in combination with ALD opens up opportunities, as
it offers the high chemical and physical reactivity in the form of radicals and
energetic ions. The first part of this dissertation, therefore, focuses on the
importance of selecting the plasma feed gas (H, plasma versus N, plasma), in
combination with the Hf precursor (CpHf(NMe,)s), for enabling the growth of
conductive HfN, films. Whereas the use of N, plasma leads to insulating Hf;N,
films, the resistivity decreases down to 0.9 Qcm when employing H, plasma. This
resistivity value is accompanied by the presence of 20 at.% of oxygen and a Hf(lll)
fraction of 0.65 in the film.

One of the important parameters that can be manipulated during the plasma
exposure step is the energy of ions impinging on the surface of the growing film.
Therefore, the effect of an external rf substrate bias applied during the H, plasma
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exposure on the material properties of HfN, films is investigated. An increase in
the substrate potential from OV to |130| V leads to two order of magnitude
decrease in electrical resistivity of the HfN, films, down to 3.3-10° Qcm. The latter
results from a major decrease in the O content down to <2 at.% and increase in
Hf(Il) fraction up to 0.82. In parallel, the crystalline quality of XRD coherent
domains for 6-HfN(200) improves. These results demonstrate that energetic ions
play a major role in affecting the chemical composition and microstructure of HfN,
films.

The above-reported experimental observations motivate the application of
density functional theory (DFT) calculations in order to unravel the underlying
surface chemistry for O incorporation in HfN, films and the role of energetic ions
in decreasing film resistivity. DFT calculations show that the dissociative binding of
H,O (present in the reactor background) on a HfN surface is highly favoured,
resulting in the formation of Hf-OH groups and concomitant oxidation of Hf(lll) to
Hf(IV). On the other hand, highly energetic cations (H*, H," and H;") trigger the
dissociation of surface Hf-OH bonds, leading to H,0 formation and subsequent
desorption. Following the desorption of H,0, we hypothesize that plasma H
radicals reduce Hf(IV) to Hf(lll).

Finally, this dissertation investigates the HfN, film properties when an Ar-H,
plasma is adopted, again in combination with an external rf substrate bias. lon
flux energy distribution functions (IFEDFs) measured by a retarding field energy
analyser (RFEA) reveal that the ion energy and mass in the case of Ar-H, plasma
are significantly higher than in H, plasma. As a result, an electrical resistivity as
low as 4.1:10” Qcm is achieved for HfN, films as thin as 35 nm. This resistivity
value is the lowest reported for the HfN, films grown by either ALD or CVD, and is
comparable to the case of PVD grown films. Next to a high Hf(Ill) fraction of 0.86,
the film undergoes a major improvement in terms of microstructural properties,
specifically in-grain nano-porosity is suppressed. The latter effect is attributed to
an efficient transfer of energy and momentum to the HfN, film surface in the
presence of ions with a higher energy and larger mass.

The results achieved in this dissertation contribute to the fundamental
understanding of the underlying mechanisms in the ALD synthesis of highly
conductive HfN, and, in general, transition metal nitrides.
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