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Foreword

”... If I have seen further than others, it is by standing upon the shoulders of
giants.” Sir Isaac Newton, English physicist and mathematician, 1676

As a student partakes in academic and scientific studies, he learns the fundaments of several
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than his or her skills and competences may reach.

Research in physics or neighboring domains is not only a personal enrichment. When high
standards for quality, accurateness and self-criticism are shared, it can contribute to some extent
to the society of tomorrow. Future generations will undeniably encounter demographical, ecolog-
ical and economic challenges. I sincerely believe science -and the investment in future scientists-
will be an indispensable actuator to the 21st century’s prosperity.

Therefore my sincerest gratitude goes to all fellow students, supervisors and imec co-workers
whom have contributed largely to this work, and improved the quality of the end result; (in alpha-
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Lianggong Weng.

The results shown in this work will be published later this year. Currently a manuscript is
being written.

Benjamin Groven August 31, 2014
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Summary

Future metallization applications will require highly conformal deposition techniques, which ex-
hibit an uniform deposition profile together with a high degree of growth control. Currently,
both MIM capacitors and interconnects emerge as the bottleneck for future scaling, neutralizing
the advancements in transistor density. Atomic layer deposition (ALD) is the only technique
capable of metal coating the high aspect-ratio trenches set for future sub-20 nm MIM capacitors.
They stretch the characteristics of the metal ALD process to the fullest, demanding a negligible
degree of growth inhibition during the first ALD cycles, together with a smooth morphology and
high step coverage in order to conformally fill the deep trenches. ALD also becomes a promising
novice for alternative metal local interconnects.

Both applications require an assessment of the fundamental characteristics of an ALD process,
from nucleation until steady-state growth. A novel group of zero-valence Ruthenium precursors
for ALD claim to fulfill these stringent requirements partially [1]-[4]. Here Ru thin films are
grown from the zerovalent EBECHRu precursor, ethylbenzene-ethyl-1,4-cyclohexadiene Ruthe-
nium [5] employing an O2 reactant. Ruthenium will be deposited on both a metallic and dielec-
tric substrate, respectively TiN and SiO2. In-situ QMS studies and the highly surface sensitive
ToF-SIMS [6] show rather intriguing properties in terms of degree of incubation, the involved
growth mechanism, and texture formation. Besides the fundamental description, the potential
of EBECHRu ALD as alternative metal for local interconnects is discussed and compared to the
conventional interconnect metal Cu.

From in-situ QMS, removal of residual precursor ligands partakes primarily through combus-
tion in both pulses. Although towards the end of the metal precursor pulse when the majority
of the chemisorbed O is consumed, a secondary and kinetically slower mechanism involving the
complete removal of the ethyl-benzene ligand steps in. The other ethyl-cyclohexadiene ligand
assumes to be residing at the surface up until the consequent oxygen pulse, where the surface is
readily oxidized and residual ligands removed through combustion.

Generally in ALD is believed the steady growth rate is independent of the initial sub-
strate, where the only fingerprint from the substrate is retrieved under the period of incubation.
Nonetheless, a strong interaction between the TiN substrate and the growing Ru metal can be
forced throughout the full steady-state growth phase, referred to as a strong metal-support in-
teraction (SMSI) [7]. A reduced titanium suboxide segregates through the growing Ru instantly
and fast, and resides on top of the Ru acting as surfactants. These Ti-rich surfactants mediate
the growth of Ru throughout the full growth process, clearly enhancing the growth rate per cycle
(0.06 nm/cycle) to more than double compared to surfactant-free depositions on SiO2 (0.025
nm/cycle). In entirety, the growth mechanism will be envisaged together with a comprehensive
model for the surfactant mediated growth in ALD. Both extensive physical and electrical film
characteristics are shown focusing on both substrates at the standard deposition temperature
325◦C.
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Overall surfactants targeted a vast number of physical and electrical film characteristics:

� the growth rate per cycle became clearly enhanced since residing surfactants mediate the
conversion of incoming metal precursor at the surface, although the detailed surface chem-
istry is not known

� the growth mechanism exhibited a negligible period of incubation arguing for an instant
and fast exchange mechanism between the arriving Ru atoms

� surfactants lower the surface free energy, making film texture along the lowest surface free
energy crystalline plane less favored

� surfactants in combination with good adhesion of the Ru film invoked a small and discrete
grain size distribution (∼10nm) as opposed to considerably larger grains on SiO2 (∼30 nm)

� primarily small grain size led to a higher resulting film resistivity, a last indirect effect of
surfactant mediated growth

For the aforementioned reasons, Ru on TiN proves to be promising for MIM capacitors as
the degree of incubation is negligible. The growth of Ru on dielectric oxide (e.g. STO) could
add further challenges as smooth Ru films are required and thus the incubation period has to be
eliminated.

On the other hand, Ru films grown on SiO2 display resistivity values close tho those of Cu
for film thicknesses below 10 nm, owing primarily to their large grain size (up to 30 nm). Here, a
comparison will be given with Cu filled lines as projected through ITRS [8] for the future nodes,
together with a Ru thickness serie to argue for the potential of Ru as alternative metal in local
interconnects.
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Chapter 1

Introduction

Today’s knowledge is the technology of tomorrow; in an ever demanding and rapidly evolving
society the semiconductor industry cannot lag behind. The swift pace towards continuous scaling
and improvements is characterized symbolically by Moore’s law [9]. It indicates the surface area a
single transistor occupies on a wafer, halves approximately every two years. Transistor scaling has
a thorough and beneficial impact on different levels, ranging from the integration perspective (i.e.
reduced footprint) to improved speed and power distribution, all the way down to cost reduction
of chip components and devices. Over the past decades, ponderous circuit boards evolved to
stacks of multiple metallic layers, introducing low-K dielectrics and diffusion barriers amongst
others in a modern microelectronic chip (Fig. 1.1a). Each on-chip element brings forth a series
of challenges in order to bear the requirements set by Moore’s law.

(a) (b)

Figure 1.1: (a) Cross-section SEM imaging of an 8th generation microprocessor (MPU) from AMD [22] for 130
nm technology node (2003). The MPU consists of eight levels of Cu interconnects, ranging from local (bottom)

to the global (top) wiring; and (b) corresponding MPU metal wiring half pitch targets for current (N10) and
future nodes [9],[10].

The semiconductor industry reminds itself to these targets by introducing nodes (Fig. 1.1b).
It reflects approximately the average half-pitch or periodicity between two identical components
(e.g. interconnects). Currently, the sub-20 nm node is being challenged. But the scientific society
looks ahead to benefit from the current knowledge and evolve towards a proof of principle for
future nodes, immediately referring to the opening line of the introduction. However, these ad-
vancements can be interpreted as short-term solutions. The current CMOS based technology will
have to be re-assessed [9] evolving from charge-based devices and components towards alternative
state variables (e.g. spin [11]) and different types of storing and transporting information.

However, the advancements in transistor scaling risk getting neutralized by select on-chip
components. For example, interconnects need to scale simultaneously. But a reduction in an
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2 1.1. Atomic layer deposition: Principles and applications

interconnect’s line width does not improve its performance. Moreover the line resistivity increases
with decreasing line width, enlarging the power dissipation and introducing additional concerns
and challenges. The surface to volume ratio of the trenches enlarges, being even more susceptible
to electromigration. Also a void developed along a line will have a more pronounced effect on
the future nodes and is directly hazardous for the electrical performance and reliability of the
interconnect. The void is introduced by a pinch-off effect at the top of the trench when employing
a deposition technique that follows the contours of the surface (i.e. conformality). If the top side
walls are narrower than the bottom side, the neck of the trench is quenched cutting off incoming
precursors towards the bottom of the trench.

In addition, the scientific society will be confronted with the physical limitations of the
materials at hand. It is hard to foresee what will become limiting parameters, since the involved
physics is not fully understood. All aforementioned aspects make interconnect scaling challenging
yet indispensable.

Where atomic layer deposition (ALD) was initially considered inadequate for integration
applications due to its low through-put, it emerged as a viable candidate for state-of-the-art
deposition purposes during the recent nodes. It’s high step-coverage and degree of conformality
has made ALD indispensable for metal coverage of high aspect-ratio trenches in e.g. metal-
insulator-metal (MIM) capacitors [12]. Here, also the potential of ALD for interconnects is
discussed.

1.1 Atomic layer deposition: Principles and applications

When a vapor of gaseous precursor molecules is drawn to a heated reactor chamber either simul-
taneously with or without an additional reactant, the precursor molecules start to decompose
at the deposition substrate. The desired film is deposited through a vapor of reaction prod-
ucts, denoted as chemical vapor deposition (CVD). A dominant parameter in the decomposition
rate is the deposition temperature. Typically, high temperatures are required for optimal CVD
films. Upon thermal decomposition of the precursor molecule, the desired components bond to
the underlying substrate. Residual precursor ligands will be removed simultaneously through
the addition of a reactant. However, during CVD gas-phase reactions are still possible but not
favored.

By separating precursor and reactant exposure from the chemical vapor into two discrete
reactions (Fig. 1.2), process controllability is considerably enhanced. Both precursor and reac-
tant are applied in a half-reaction, each making up one half of the indispensable redox chemistry
at the growing surface. In between each pulse, residual precursor or reactant molecules and
reaction-byproducts are removed. This replenishment or purge of the chamber ensures a strict
sequential application of both half-reactions limiting the development of a CVD component. A
sequence of pulse and purge steps is denoted as one cycle. The incoming precursor molecules
now need to be activated in absence of a reactant pulsed simultaneously in the chamber com-
pared to CVD. Therefore, particular reactive nucleation sites at the substrate surface aid in
the chemisorption or chemical bonding of the incoming precursor. The precursor decomposes
at the surface, whereas in CVD the precursor decomposes in the vapor above or close to the
surface either with or without the aid of additional gaseous reactants. In what follows below,
the principles and applications will be unveiled in terms of metal ALD using an O2 reactant.

Typically for ALD, the coverage achieved by chemisorption of incoming precursor and reactant
is finite and limited by a minority group, i.e. the active surface sites. The chemisorption occurs
by conversion or (partial) ligand removal of the incoming metal precursor at a surface site (Fig.
1.2a). The residual ligands attached to the bonded metallic center, shield or block surface sites
rendering them inactive towards chemisorbing incident precursor allowing only one monolayer
to adsorb (Fig. 1.2b). This self-limiting behavior argues for ALD’s growth precision up to a
monolayer. After a purge, the reactant (e.g. O2) is carried into the chamber to remove the
remaining ligands from the surface (Fig. 1.2c). Besides its cleaning duty, it has to reduce the
metallic center -part of the redox chemistry- and prepare the substrate surface for the consequent
metal precursor pulse (Fig. 1.2d). In case of O2 reactant, the substrate surface is oxidized which
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(a) (b)

(c) (d)

Figure 1.2: (a-b) Precursor half-reaction, incoming precursor chemisorbs at locally active surface sites. The
surface sites during precursor pulsing are consumed upon precursor conversion.; and (c-d) reactant half-reaction,

exposure of reactant removes remaining ligands attached to the chemisorbed metallic center.

might sound counterintuitive but allows chemisorption of atomic oxygen which plays a pivotal
role in consequent metal precursor conversion.

The typical textbook example to unveil the principles of ALD, originates from the deposi-
tion of a two element based material, where each desired element is deposited during one half
of the pulse sequence. For example, ALD of metal oxide alternates between pulses of metal
precursor and reactant (e.g. H2O) to incorporate both metal and O atoms obeying the redox
chemistry. However, for metal film deposition the latter is unwanted. The reactant exposure
is solely restricted to the re-activation of the surface without being incorporated meanwhile. A
fundamental description of the pivotal role of the O2 reactant and the synergy between the pair
of metal precursor and reactant is often lacking in the majority of the studied ALD processes.

This simplistic sketch of the surface chemistry at atomic level emphasizes the role of a minority
group of active surfaces sites. Typically, these minority groups divide the deposition phase into a
nucleation and steady-state growth phase. The two-fold character is set by the starting substrate
for metal deposition. The nucleation phase is highly susceptible of this starting surface, and often
leaves a fingerprint behind on the film characteristics. The latter is usually influenced by the
nucleation difficulties and denoted as the period of incubation. That is the time frame during
which initial growth is inhibited, either by deposition temperature or limited degree of activation
by the substrate (surface group termination). The nucleation phase is often referred to as hetero-
deposition since the metal is grown on a different substrate. On the other hand, when the metal
has nucleated and formed islands, a steady-state growth mode develops where now the active
surface sites are set by the interplay between precursor and reactant. The metal is deposited on
the growing metal surface and therefore described as the homo-deposition phase (Fig. 1.2).

ALD hardly exhibits any major drawbacks. The low growth rate is often referred as its
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Figure 1.3: High aspect-ratio trench (3D) structure of a metal-insulator-metal capacitor. A high-K dielectric
STO is sandwiched in between a Ru electrode.

Achilles’ heel. For the current and future decade however, when the thin film features are push-
ing towards the ultrathin regime (node N7-N5), ALD has great potential. The low throughput
becomes subordinate. The limitations of ALD lie hidden in the nature of the process chemistry,
and in the development of ALD precursors. The precursor needs to be volatile and reach the
substrate surface fully intact, but exhibit increased reactivity once adsorbed to remove residual
ligands. On the other hand, the underlying reaction chemistry is complex, and often not ex-
plored. The majority of the ALD reaction mechanism studies focus on analysis of the desorbed
reaction products through quadrupole mass spectrometry (QMS) and evolution in mass of the
deposit during precursor exposure through quartz crystal microbalance (QCM), albeit a range
of ex-situ surface sensitive characterization techniques are available, such as X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES) and time-of-flight secondary ion spec-
trometry (ToF-SIMS). Furthermore, the layer closure through ALD is delayed compared to other
deposition techniques (e.g. PVD) related to the ALD specific nature of the nucleation process.

For additional information regarding thermal ALD and its rich surface chemistry, the reader is
referred to excellent review papers discussing the matter at hand more thoroughly [13],[14],[15],[16].

Applications

Atomic layer deposition has the potential to fulfill the requirements set by the industry. Besides
gate dielectrics (e.g. HfO2 [17]), ALD is also favored to coat high aspect-ratio trenches with
either dielectric or metal in metal-insulator-metal (MIM) capacitors, or with both barrier and
seed layer for interconnects. Here, the focus lies on metal ALD. In particular of Ruthenium, which
is favored as electrode in MIM capacitors (Fig. 1.3) for next generation dynamic random access
memories (DRAM). In sub-20nm MIM capacitors, a Ru electrode encompasses an insulating
layer strontium titanate (STO) with high dielectric constant K [12]. The dielectric is chosen as
such minimize the leakage current whereas Ru is compatible with the dielectric at the interface.
Ru has a stable and conductive metal oxide, preventing the formation of an insulating interface
layer.

DRAM is a typical example of the continuous device scaling approaching the 20 nm technology
node, and hereby straining the DRAM cell capacitance. High aspect-ratio trenches in combina-
tion with a high-K dielectric became indispensable to compensate for the loss in capacitance with
downscaling the DRAM structure. The feasibility of electrode metals in MIM capacitors depends
primarily on their ability to minimize the leakage current [16], and on the compatibility with the
dielectric in terms of their conduction band off-set. Doing so, the metal needs to be deposited
conform the underlying substrate, with a low period of incubation minimizing the roughness.

Another emerging field for ALD can be retrieved at the interconnect level. Interconnects
conduct signals between chip components and ensures their electrical connections. They are
continuously challenged to propagate maximum amount of data per unit time for minimal power
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dissipation. This is denoted by the RC delay [18]. Minimizing an interconnects RC delay,
increases the integrated circuitry (IC) speed (1.1). Whereas transistor on/off switching frequency
used to limit IC speed, the signal delay in interconnects sets the circuit speed for current and
future nodes. The RC delay depends on the metal wire resistance (R) and the capacitance (C)
of the surrounding and insulating dielectric layers,

RC = 2ρKε0L
2(

1

T 2
+

1

P 2
) (1.1)

assuming the thickness of the dielectric equals the spacing between adjacent wires, with T, L,
P the interconnect thickness, length and pitch respectively and K the dielectric constant, ε0 the
permittivity of free space and ρ the line resistivity [18]. It should be clear now why Copper (Cu)
is chosen as conventional interconnect metal. In combination with the minimization of the metal
resistivity, a low-K material is preferred. For the current sub-20 nm node, the aspect ratio is set
at 1.9 [19] which is a trade-off since deep trenches do increase line thickness T but enlarge the
capacitance C on the other hand. Global interconnects crossing entire circuits, stretch the RC
delay and therefore Cu can hardly be circumvented as material of choice. ALD of alternative
metals becomes promising at the local interconnect level [20]. These local interconnects will
rapidly evolve towards 1D conduction systems, highly susceptible to line edge roughness set by the
increased surface to volume ratio of the interconnect. Contributions from electron scattering at
the surface and grain boundaries start to dominate, increasing the resistivity of the interconnect.
Thus as the line width decreases, the performance of an interconnect starts to degrade. In the
next decade, Cu will still dominate at the interconnect level [19]. Nevertheless alternatives have
to be explored in the near-future. One possibility involves alternative materials to replace Cu.

Out of the candidates, various noble metals show to be promising. An ideal interconnect
metal should have a high melting point, and low interdiffusion rate. The melting point is a
simple measure for expected electromigration in the metal [21], where the momentum transfer
between conduction electrons and the interconnect lattice induces a net interconnect atom flux,
progressively threatening interconnect reliability. Cu only obeys the first condition (1358K [22]),
being highly susceptible towards diffusing in the underlying dielectric. But still it became the
conventional practice mainly due to its low resistivity (1.71 µΩcm [22]). Here, a potential can-
didate, Ruthenium, could fit the equation thanks to its high melting point (2607K [23]), and
interdiffusion rate rendering a diffusion barrier unnecessary. Although the bulk resistivity (7.1
µΩcm [1]) is considerably larger compared to Cu, the absence of a diffusion barrier together with
the finite volume of a trench ever decreasing in line width, could render Ru competitive with Cu.
Where a trench can be filled completely with Ru, the trench volume is reduced by a diffusion
barrier (typically 2-3 nm wide) for Cu lowering the effective metal thickness and thus increas-
ing the effective resistivity for Cu compared to barrier-free Ru. And even though oxygen-based
environments in metallization applications are not favored but often necessary, Ru has a stable
and conductive metal oxide.

In this work, a thin film deposition technique with a high degree of conformality is used to fill
trenches in SiO2 with Ru. The potential of Ru as local interconnect candidate will be assessed
through blanket film testing of the resistivity and combined with the crystalline orientation and
structure of the deposited films to assess the role of the deposition technique and the chosen
metal. Owing to its low throughput and monolayer-step growth, ALD could favor a discrete
grain size distribution profile leaning towards large grain sizes compared to when conventional
physical vapor deposition techniques are used.



6 1.2. Objectives and set-up thesis

1.2 Objectives and set-up thesis

Thus overall in the micro-electronic industry, development of ALD Ru primarily concentrates on
DRAM and interconnects (LOGIC). Ru has been used as a liner for interconnects, although now
more advanced schemes try to evaluate Ru as alternative to Cu. All pose critical constraints on
the scaling law (Fig. 1.1b), and become -if not already became- major obstacles for the current
decade. Henceforth is at the peak of its interest and relevance. Here, a metal ALD mechanism
will be studied on two standard substrate surfaces, TiN and SiO2. The former is a conventional
electrode material for MIM capacitors, but is also proven to ensure profound adhesion of the
growing Ru layer and is therefore often employed as adhesion layer in e.g. SiO2 trenches [1,2,3].
On the other hand, SiO2 is an electrically insulator or typical dielectric that can be found e.g.
as insulating layer between conducting films or as gate oxide [17],[27]. From the aforementioned
arguments, both substrates are widely applicable. Therefore exploring and understanding the
ALD behavior could prove beneficial for the eventual applications as discussed previously.

Over the past decades, a vast number of ALD process with unique metal-organic precursors
were developed to address the need for conformal and atomically controllable processes. Amongst
the variety, metal(oxide) ALD in particular gained a lot of interest [15],[28]. Here, a Ruthe-
nium ALD process will be portrayed, using a zero-valence ethylbenzene ethyl-1,4-cyclohexadiene
Ruthenium precursor EBECHRu, C16H22Ru, and O2 reactant (Fig. 1.4). It is reported in liter-
ature to exhibit a negligible degree of incubation (∼3 cycles [1]) on SiO2, compared to tens or
hundreds of cycles when cyclopentadienyl (Cp) based precursor are addressed [29]-[32].

The primary objectives are driven from both fundamental and technological perspective, and
are enlisted below. The ALD process has to be described and understood to portray the role of
metal precursor and O2 reactant. The latter can contribute to efforts by the scientific society to
envisage the ALD surface chemistry although the majority of the ALD systems are still lacking
fundamental description. For experimental reasons, only the steady-state growth of Ru on the
growing Ru surface is studied.

The objectives focus on

� fundamental description and understanding of the EBECHRu and O2 based ALD process:
pivotal role of metal precursor and O2 reactant

� technologic assessment of Ru thin films from EBECHRu ALD on prototype substrates:
nucleation and growth behavior and their influence on the physical and electrical film
characteristics for future sub-20 nm DRAM and LOGIC applications

Thorough analysis involving the surface activity at different deposition temperatures during
deposition or ex-situ is often lacking in the vast number of studies reported in literature [1]-
[4],[13]. Here various surface-sensitive techniques such as Rutherford backscattering spectroscopy
(RBS) and ToF-SIMS will be employed to gain solid understanding of the deposition at hand.
The results shown in this work try to pursue the integration of the EBECHRu ALD process
in DRAM and LOGIC applications. Down to 15 nm line width trenches in SiO2 will be filled
conformally with Ru from EBECHRu ALD.

Development of a self-limiting ALD process with monolayer controllability requires optimiza-
tion of precursor and reactant pulse lengths and purges, together with the deposition temperature
and reactor pressure. The behavior of the film thickness at variable precursor and reactant pulse
lengths to identify the saturated dosing is the starting point for each ALD process, and will be
shown in Chapter 3. Additionally, the underlying reaction mechanism at the growing Ru surface
is monitored through QMS for a wide range of both precursor and reactant pulse lengths at
distinct deposition temperatures.

After these fundamental prerequisites are discussed, the growth behavior is examined in
Chapter 4. This thin film growth study combines elemental understanding from the reaction
mechanism with experimental observations at distinct deposition temperatures to envisage the
growth mechanism on different substrates. Even though steady-state ALD growth is assumed
to be substrate independent, here will be argued the homo-deposition phase is still susceptible
to interaction with the underlying substrate. A strong interaction between the growing metal
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Figure 1.4: EBECHRu precursor [5]. The metallic center has a zero-valence and therefore sacrifices solely all
its valence electrons to bond with the neighboring C atom from each ethyl-benzene and ethyl-1,4-cyclohexadiene

ligand respectively.

and the substrate causes segregation from the substrate towards the growing surface during the
initial nucleation cycles. These residing species or surfactants mediate the further growth of Ru.
The observations are shown to be reproducible and highly depending on reactor and process
parameters, and not to the least on the underlying substrate. Surface sensitive techniques show
the surface activity at critical stages during film growth.

A third section is included in Chapter 5 highlighting the potential of zero-valence metalorganic
precursors to lower the period of incubation considerably. Throughout the thesis, hypotheses
and arguments try to assess the influence of a zero-valence metallic center on the period of
incubation. The current process will be compared to other non-zero metal organic precursors in
terms of incubation and the corresponding reaction mechanism. Towards the end of chapter 5
the thin Ru film physical and electric characterization at the preferred deposition temperature
(allowing optimal uniformity in thickness) is shown.

In the final Chapter 6, the potential of ALD Ru as alternative metal at the local interconnect
level is assessed. A serie of thin films annealed at the maximum thermal budget for back-end-of-
line (BEOL) applications exhibit besides a strong preferred crystalline orientation, a competitive
film resistivity compared to equivalent and effective Cu thicknesses. The reader should be aware
that in a Cu filled trench, the insulating dielectric is separated from Cu by a diffusion barrier.
The effective thickness of Cu is therefore limited by the barrier thickness, and smaller compared
to Ru lacking a barrier.



Chapter 2

Experimental set-up

2.1 Thin film deposition tool for thermal ALD

What makes an ALD reactor different from CVD? The former is a pulsed deposition technique.
Each step either precursor or reactant exposure has to be optimized to achieve self-limiting and
conformal growth behavior. In doing so, often short pulse lengths are necessary demanding
that valve switching occurs efficiently and rapidly. For example, pulses of several hundreds of
milliseconds are no exception, and require a dedicated valve system. On the other hand, an ALD
reactor is less dependent on the gas flow uniformity compared to CVD due to the self-limiting
nature of ALD. This could allow a simpler reactor design.

Here a single wafer cross flow based reactor is used (ASM PULSAR), attached to a ASM
Polygon 8300 platform providing automatic wafer handling and software control [33]. The plat-
form ensures read-out of the pressure, temperature and flow rates and provides full control over
the handling of the deposition process together with a detailed logging of tool activity. An inert
N2 gas carries the evaporated EBECHRu precursor and O2 gas through heated tubes towards the
reactor chamber. The tubing system is heated to prevent condensation of the precursor molecules
during pulsing. The carrier gas flows continuously throughout the entire reactor system even
when no deposition is performed to ensure the transporting lines are purged at all instances. Ru
is deposited for a wide temperature range [225◦C, 325◦C] on 300 mm Si (100) wafers in imec’s
300 mm cleanroom.

ALD is highly susceptible of experimental parameters, and therefore the critical conditions
are enlisted below (Table 2.1). Generally, the heating stage with substrate holder has to ensure
a temperature off-set between top and bottom heater. Besides the substrate surface and the
heater stage, also the walls of the reaction chamber will be heated to provide an isothermal
environment. This ensures an uniform distribution of the heat and consequently of Ru reactivity
at the growing surface, but also consumes precursor on the other hand at the heated reactor
walls.

Table 2.1: Summary of the experimental set-point conditions of the EBECHRu ALD process.

Pressure reactor chamber 2 Torr
Evaporation temperature EBECHRu 114◦C
Substrate top heater 225◦C, 235◦C, 285◦C
Substrate bottom heater 225◦C, 275◦C, 325◦C

Additionally -at some point in time- a quadrupole mass spectrometer was coupled at the
exhaust of the reactor chamber to monitor and resolve the reaction chemistry in time during
deposition. In-situ mass spectrometry clarifies which dominant reaction products are formed
during precursor conversion at the growing substrate. Since the reactor walls are heated, the
actual growing surface more than doubles compared to a 300 mm wafer. The contribution from
the pump line is not known. Therefore, only the homo-deposition can be clearly monitored over
time taken into account the contribution from both substrate and wall already covered with Ru.

8
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To further inform the reader regarding the deposition procedure, the deposited wafers were
always characterized ex situ. Before and after deposition of Ru, the wafers were scanned for
particle contamination, measured for mass against a reference wafer and for sheet resistance.
After Ru was grown, samples were cleaved for thickness measurements through X-ray reflectom-
etry (XRR). Full wafer level thickness measurements were only possible through spectroscopic
ellipsometry (SE). For XRR, strict contamination regulations did not allow Ru to be measured
as a full wafer.

2.2 Physical characterization

Thin film materials can be characterized by a variety of (non-)destructive techniques. From
the numerous interactions between the different types of electromagnetic radiation and the solid
crystalline material, information regarding its chemical state and crystalline structure is retrieved.
First, X-rays are heavily employed in thin film characterization; either for studying the materials
crystalline structure [34], or for material surface and depth profiling regarding film purity of the
deposition process [35]. X-rays benefit from their low wavelength of the order 0.1 nm compared
to visible light (400-750nm) [36]. Their wavelength closely corresponds to the distance between
neighboring atoms in a crystal, and since they diffract on a family of surface planes their outgoing
angles are accurately detectable.

Besides electromagnetic radiation, another group of diagnostic particles (ions, neutrals) and
electrons delivers an abundance of sample information. The returning idea in thin film charac-
terization is the rich physics behind the range of interactions occurring at the atomic level upon
ion or electron impact. A variety of spectroscopic techniques employ highly accelerated ions to
probe either the materials surface or the entire material stack depending on the configuration
(e.g. ToF-SIMS, AES, angle-resolved XPS). However, when these heavy ions make impact upon
the material surface, they inevitably introduce defects.

Well-known microscopy techniques, e.g. scanning and transmission electron microscopy (SEM
and TEM respectively) employ electrons to image the substrate surface either through scattering
or transmission. On the other hand, atomic force microscopy (AFM) deviates from other mi-
croscopy tools in the absence of a diagnostic particle or photon that interacts with the substrate
surface. For AFM, a sharply pointed cantilever explores the substrate surface and oscillates
according to the surface roughness set by the mutual interacting forces.

However as device scaling continuous, the required thin film thicknesses will strongly decrease.
Characterization of these (ultra-)thin films will become challenging. Also the type of thin film
material can pose some restrictions during characterization [37].

2.2.1 X-ray scattering

The interaction of X-rays with the surface delivers a rich source of information regarding either
the chemical and elemental structure of the sample, towards lattice and surface plane information.
The latter depends strongly on the angle incidence. By varying the angle of incidence specific
information regarding the thin film can be extracted (e.g. thickness, texture). The distribution
of atoms experiences the electromagnetic field of the incoming beam of X-rays. The rays scatter
elastically at the electrons and nuclei of the respective atoms, whom in turn start to oscillate at
the frequency of the incoming electromagnetic field. Hence the electrons emit X-rays in a random
distribution, leading to an interference pattern. The majority is out-of-phase and quench each
other. The interference maxima directly depend on the angle of incidence θ and the electron
density ρ(~r), unique for each atomic arrangement. For an ideal single crystal, the interference
amplitude at the crystal surface reflects the suggested relation [36],

Aint(~q) =

∫
V

ρ(~r)e−i~q·~rdV where ~q = ~kf − ~ki (2.1)

with ~q the diffraction vector determined by the incoming and outgoing wave vectors ~ki and ~kf
of the electromagnetic waves respectively. And according to the de Laue condition [38] after



10 2.2. Physical characterization

Figure 2.1: (a) XRD configuration with symmetric beam condition. The incoming and outgoing angles are
equal, leaving the direction of the diffraction vector invariant. The magnitude on the other hand, depends
directly on the angle of incidence. The diffracted X-rays are monitored for a select range of detector angles

resulting in a spectrum containing discrete peaks which obey Bragg’s law; and (b) GIXRD configuration. The
X-rays imping under a fixed shallow angle, set by both θ and the inclination angle ψ. Consequently, both

ingoing and outgoing angles differ, and the diffraction vector orientation is variable. The Bragg condition is
satisfied by those surface planes making an angle ψ with the surface. Figure courtesy of [22].

integrating (2.1) over the entire volume of a single crystal unit cell, the intensity of the diffracted
X-ray beam is negligible unless the diffraction vector equals

~q = ~kf − ~ki = ~G where |~G| = 2π
m

d
(2.2)

with ~G the reciprocal lattice vector perpendicular to the lattice planes separated by an interdis-
tance d, and m a non-zero integer. Henceforth from (2.2) and assuming ~q = 2~ki sin(θ), diffraction
only occurs for discrete values of θ abiding the Bragg criterion

2dsin(θ) = mλ (2.3)

Incident X-rays with wavelength λ diffract at a family of lattice planes introducing phase dif-
ferences between the diffracted rays set by the difference in path length 2dsin(θ). Constructive
interference between the diffracted rays will only occur when the difference in path length obeys
(2.3).

The configuration of the X-ray source and detector is set by the critical angle αC [22],[34].
Above αC , the X-ray penetration depth increases (Fig. 2.1a). Here, a symmetrical beam condi-
tion is preferred: the diffraction vector remains parallel to the normal ~n on the surface implying
the incident and outgoing diffraction angle are symmetric. Consequently, lattice planes parallel
to the sample surface are emphasized. Below αC , all incoming X-rays are reflected at the surface
enhancing the surface sensitivity and emphasizing the thin film rather than the substrate up
to 5 nm (penetration depth) [22]. The X-rays now impinge at a fixed shallow incidence angle
αi, referred as grazing incidence XRD. Simultaneously, the sample is rotated out of the scat-
tering plane, set by the sample inclination angle ψ. The scattering plane is constructed out of
the incident and diffracted beam. The angle of incidence αi is kept constant by interchanging
both θ and ψ (Fig. 2.1b). Hence the direction of the diffraction vector is variable and strongly
depends on 2θ. In GI-XRD, only diffracted X-rays at lattice planes making an angle ψ with
the surface plane obey (2.3), and can therefore be detected. This is often the reason that for
strongly textured films (i.e. with a dominant crystalline orientation), the GI-XRD spectrum
does not yield a textured profile. The dominant family of lattice planes can only be detected
through (wide-angle) XRD in a symmetric beam condition (ψ = 0) or at a fixed, non-zero ψ if
their lattice planes are rotated over exactly ψ with respect to the lattice plane parallel to surface
(ψ = 0).

A final degree of freedom, rotates the sample in plane affecting the relative orientation between
~q and ~n. Overall, X-ray diffraction is a harmony of several degrees of freedom in order to acquire
the desired information. In this work, the configuration is limited to both (wide-angle) XRD and
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Figure 2.2: (a) XRR configuration enabling a shallow incident angle under the symmetric beam condition.
The scanned range 2θ is narrow. The intensity of the scattered X-rays is set by the electron distribution unique
to each material; and (b) typical XRR spectrum with Kiessig fringes resulting from the interference effects at
mutual interfaces. From the interference maxima positions, besides thickness also surface roughness and film

density can be obtained. Figures courtesy of [22].

GI-XRD. For textured films, only XRD spectra are shown as discussed before where diffraction
intensity is plotted against the detector angle 2θ, typically in the domain [20◦, 80◦].

When information regarding the thin film thickness, its surface roughness and the density
is desired, the instrument configuration has to be adapted accordingly. The direction of the
diffraction vector is fixed under the symmetric beam condition similar to (wide-angle) XRD (Fig.
2.2a). But now the scanning range of detector angles 2θ is narrowed considerably to around the
critical angle, and lies in between 0◦ and 10◦ [39]. The X-ray reflectometry (XRR) spectrum is
clearly distinguishable from XRD (Fig. 2.2b). For 2θ below the critical angle, total reflection
occurs at the surface and the detected intensity is maximal. The majority of the detection range
lies above the critical angle, enlarging the penetration depth. For a stack of several unique
layers, so-called Kiessig fringes [34] are induced at the interfaces between two different layers
(Fig. 2.2b). These oscillations in intensity result from the transition in electron density at the
interface, uniquely related to each material and determined by the destructive and constructive
interference respectively between the reflected X-rays. Each interference maximum provides
elementary information regarding the involved stack of the individual material thicknesses.

To attain any physical parameters (e.g. thickness) the measured curves are overlain with
model-based curves. The obtained parameters strictly depend on the used model, but can gen-
erally be assessed by the goodness of fit. However for ultrathin films with low density, for
multi-layered stacks of material or for rough films accurate fitting becomes challenging. Both
XRD and XRR employed Cu Kα radiation, and all spectra were measured on a Jordan Valley
Semiconductor instrument.

2.2.2 Incident ion and electron techniques

Besides photons, a variety of charged particle and electron impact techniques have been developed
over the past decades. Depending amongst others on the extend of the acceleration of the
incident particles or electrons, a different aspect in physics is addressed and employed to their
benefit. The bunch of techniques can roughly be categorized depending on their incoming kinetic
energy as high- energy and low-energy impact technique. The impact methods used here will be
summarized chronologically from high to low incoming projectile energy.

A. Rutherford backscattering spectroscopy and elastic recoil detection

Both characterization techniques are discussed together, since the analysis instrument can be
configured as such to either monitor the back-scattered ions after medium ion energy impact
(RBS) or the elastically recoiled ions during heavy ion bombarding (ERD). The tool set-up for
both techniques is to a large extent similar.

For the RBS configuration, incoming He+ ions impinge on the sample surface with typical
energies in the MeV range (e.g. 1.5 MeV). They penetrate deeply into the sample up to several
tens of micrometers [40] and undergo a cascade of elastic and inelastic scattering events at each
monolayer of the sample lattice. Each collision either involves elastic scattering at a nucleus
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(a) (b)

Figure 2.3: (a) RBS spectrum measured along a random direction of a 12 nm Ru film on a 10 nm TiN/1.3nm
SiO2/Si substrate. The detector is tilted over 11◦ with respect to the sample, and an incoming 1.5 MeV He+

primary beam was used for analysis [41]; and (b) ERD spectrum of a 40 nm Ru film on a 10 nm TiN/1.3nm
SiO2/Si substrate. A TOF detector was used together with an incoming 8 MeV Cl4+ beam to increase the

sensitivity towards the lighter elements (low Z).

or inelastic scattering with the surrounding electron distribution where the latter is denoted
as the material’s stopping power. According to the elastic nature of the nuclear collision, the
incident ion is backscattered from the nucleus set by the Coulomb repulsion, and often denoted
as Rutherford backscattering. The fraction of energy lost by the incoming projectile ζL depends
on the ration of the projectile and target mass, MI and MT respectively

ζL =
4 MI

MT

(1 + MI

MT
)2

where E = (1− ζL)E0 (2.4)

with E0 the energy of the incoming ions, and E the resulting energy of the ion after impact. And
when assuming MT �MI , the fraction of energy lost by the incoming particle ζL upon impact
with the target atom approaches 0. In other words, the energy E retained by the backscatter
projectile after impact with a heavy target atom is maximal (2.4).

Furthermore, the scattering probability depends to large extend on the scattering cross-section
σ for a given solid angle Ω, which in turn is set by the atomic number ZT of the target atom
and the incoming ion ZI respectively

dσ

dΩ
=

(
ZIZT e

2

2E0sin2(θ)

)2

(2.5)

The backscattering cross-section in turn relates to the amplitude of the backscattered projectile
intensity strongly depending on Z2

T . Both (2.4) and (2.5) suggest heavier atoms provide larger
signals, and be resolved easier by the detector (Fig. 2.3b). Low Z target atoms are difficult to
resolve (e.g. C, O, and even Si) and fall in the high and broad background slope (Fig. 2.3a).
RBS provides the highest accuracy for high-Z thin film atoms on lower Z substrates. Below, the
RBS spectrum for a thin Ru film on a TiN substrate is given. The sharp Ru peak at the end
is easily resolved together with the smaller peak in between originating from the Ti in the TiN
substrate. Generally, low-Z atom resolution suffers from heavy atoms in either the substrate or
the thin film on top. But also resolving heavy atoms with neighboring atomic numbers becomes
challenging, as the difference in energy of the backscattered He+ ions is small and converges
towards the incident ion energy.

The resolution for the lower Z atoms can be considerably enhanced by switching towards a
heavier projectile ion. According to (2.4), the roles are interchanged. Where a heavier target
atom with a light projectile used to return good resolution, now the projectile is made heavier
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and enhances the resolution for low Z target atoms (in the limit MI � MT ). Typical thin film
impurities (e.g. H, C, O) can be resolved through elastic recoil detection (ERD) (Fig. 2.3b).
However, for heavier atoms with atomic numbers in each other’s proximity, the mass resolution
lowers quickly. If for example, a Ru film is grown on STO substrate, both heavy thin film atoms
and substrate atoms -i.e. Ru and Sr with neighboring atomic numbers- cannot be resolved.

Now, instead of using the detector in backscattering mode, a forward scattering geometry is
necessary. Since MI � MT , the incoming projectile is not scattered in backwards directions.
Upon impact, they elastically recoil or push target atoms out of the sample. They can be mass
resolved employing a time-of-flight detector (Fig. 2.3b) similar to ToF-SIMS. ERD generally suf-
fers from a stringent depth resolution, therefore the studied film material thickness has a minimal
threshold [41]. Overall, ERD provides a quantification of the depth distribution of the thin film
elements, especially for the lighter elements (e.g. H, C, O). Both RBS and ERD measurements
were performed at imec by Johan Meersschaut and colleagues, employing a RBS400 instrument
(home-build).

B. Time-of-flight secondary ion mass spectrometry

ToF-SIMS is a versatile profiling, imaging and surface sensing technique. It can be configured
to be highly sensitive to the outermost layers of the surface, up to 1 nm [6]. The technique is
capable of profiling a stack of different materials, but also to describe the evolution at the surface
of a growing film. Here, the latter will be often employed to understand the surface activity at
different stages during Ru growth, ranging from nucleation to steady-state growth. Through
the use of a ToF-detector, all chemical elements can be monitored with monolayer precision.
The use of a ToF-detector is crucial. Other spectrometer set-ups, e.g. a quadrupole analyzer
or magnetic sector field are not favored since the incoming masses are scanned sequentially [6]
whereas ToF-SIMS gives a mass spectrum.

Although ToF-SIMS only probe up to 1 nm of the substrate surface, the primary incoming
ions penetrated far deeper, up to 15 nm depending on the composition of the sample material
and the nature of the primary ion [6]. The incoming ions undergo a cascade of collisions with the
substrate lattice (Fig. 2.4a). Hereby kinetic energy is transferred up to the outermost monolay-
ers at the surface, where ions can escape. ToF-SIMS can be configured for several modes, from
surface imaging and spectroscopy to depth profiling. Here, ToF-SIMS have solely been addressed
to envisage the surface activity at different crucial stages of the deposition process. From the
monitored mass spectra, the intensity of the various secondary ions emitted simultaneously from
the outermost monolayers of the thin film can be retrieved. Here surface spectra with the sec-
ondary ion intensity as a function of the Ru areal density from RBS provides precise information
regarding the evolution at the growing surface during the nucleation stage and beyond.

To ensure upper monolayer precision, each impact event has to be isolated and independent
from the other denoted as the static condition [6]. Therefore the primary ion dose should be
below several 1011 ions/cm2 [6],[41] to ensure the transmitted energy to the surface is sufficiently
low to desorb intact molecules. In dynamic mode, the ion beam intensity is considerable increased
to remove sufficient monolayers. As more beam damage is introduced, only elemental analysis is
advised.

The time interval between emission of secondary ions and their arrival at the extraction
electrode should be essentially minimal in order to neglect each secondary ion’s initial energy.
It is therefore crucial that the incident ions are pulsed typically below 1 ns, and all ions leave
the electrode near to simultaneously. The emitted ions are extracted above the surface and
accelerated by the electrode towards the detector (Fig. 2.4b). The time of flight T over length
S to reach the detector depends on the square root of each ion mass to charge ratio,

T

S
=

√
m

2Uz
(2.6)

with U the accelerating voltage at the extraction electrode, and crudely assuming the energy
at which the ions leave the surface is negligible. And from measuring the time of flight, the
corresponding ion masses are determined. It should be clear that primarily the time resolution
of the detector and the length of the pulse, affect the mass resolution [37].
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(a)

(b)

Figure 2.4: Simplistic schematic of ToF-SIMS principle. A pulsed incoming primary ion beam makes impact
with a Ru surface, and the primary ions undergo a cascade of collisions with the substrate lattice, exchanging

energy towards the lattice. Neutral, radical and charged lattice particles, photons, secondary electrons and
impurities at the outermost monolayer(s) of the surface are omitted. Neutral and charged particles (positive and
negative ions) are mass filtered and analyzed based on their time-of-flight; (b) The emitted ions are accelerated
towards the detector, and depending on their (m/z) ratio reach the detector after a time-of-flight T. The image

in (b) by courtesy of [41].

ToF-SIMS surface spectra shown in this work, have been measured at imec [41] by the team
of Alexis Franquet and Thierry Conard. A ToF-SIMS IV instrument from ION-TOF GmbH
has been used for analysis of the first monolayers of the sample surface. Therefore, a short and
intense (15keV) Ga+ ion pulse was used for analysis.

C. Quadrupole mass spectrometry (QMS)

It might seem to be a bit oddly placed chronologically but in essence a mass spectrometer is
an electron incident analysis technique suitable to monitor gas phase reaction products during
deposition. Arriving molecules (e.g. reaction products, precursor, reactant) become ionized
upon electron beam impact [42], and result in ions with an unpaired electron or radical cation.
Depending on the ions acquired energy, it can be dissipated through vibrational and electronic
excitations either with or without breaking a bond. The former results in fragmentation of the
original molecule whereas the latter remains a molecular ion. Ionization is critical to resolve the
abundance of incoming molecules in time. The risk of fragmentation is an immediate drawback
from electron ionization, as it makes the interpretation of the mass spectra more complex.

As opposed to the time-of-flight detector used for mass resolution in ToF-SIMS, here a
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quadrupole alternating electric field resolves the different projectiles in time. Two opposite
rods have the same potential ±(U + V cos (ωt)), where neighboring rods oscillate in sign. Each
incident ion oscillates with a specific amplitude in the electric fields of the rods, where the am-
plitude and trajectory is set by the ion’s mass to charge ratio m/z [43]. The set-up allows for
each combination of (U, V, ω) a single stable trajectory for one corresponding m/z ratio to reach
the detector, whereas the others are lost by collision with the rods. The mass resolution depends
on the triplet (U, V, ω), that is by adjusting either the DC voltage U or RF (radio-frequent)
voltage V. Thus QMS is a scanning instrument where each m/z ratio spectrum can be obtained
by varying the electric field.As opposed to the ToF-detector, now only a single ion (with a specific
m/z ratio) reaches the detector for a given (U, V, ω) configuration. By varying (U, V, ω), the
incoming bunch of ions is scanned sequentially.

Figure 2.5: Configuration of a quadrupole mass spectrometer. Incident projectiles become ionized by an
electron beam (created from heated filaments) and pass through a quadrupole mass filter. Projectile filtering is

based on the applied voltage along the trajectory.

Resolving the different projectiles based on their time-of-flight requires short and intense
pulses and a long time-of-flight path (>1m, [43] ), and is therefore not favored as in-situ technique.
The conventional magnetic sector based mass spectrometer, utilizing the cyclotron effect [44]
for different m/z ratios under a uniform magnetic field, would require high ion velocities and
substantial magnets. On the other hand, quadrupole mass spectrometry is preferred as in-
situ characterization technique for its ease of use, and small dimensions [42]. They have unit
mass resolution, i.e. can distinguish between neighboring m/z ratios (e.g. 15 and 16). As a
consequence, ions with different empirical or structural formulae but similar mass, cannot be
resolved. As opposed to ToF analyzers, here the quadrupole analyzer can scan for a single mass
unit (i.e. single m/z ratio) referred to as selected ion monitoring (SIM). For the EBECHRu ALD
study, first the broad range of m/z ratios will be scanned to detect dissociated ligands or other
reaction products, and afterwards SIM will be performed for each discrete and detected mass
units.

The actual quadrupole analyzer including ion source, mass filter (i.e. parallel rods) and the
detector operates in the vacuum at the system’s working pressure typically below 10−6 mbar [40].
The vacuum system is regulated by a turbopump which pumps down the system to the actual
working pressure. After ionization and separation of the incoming (neutral) reaction products,
the impinging ions have to be detected therefore either using a Faraday (cup) detector or a sec-
ondary electron multiplier (SEM) [42]. From the amount of ions hitting the detector, a resulting
current can be measured which is a parameter of the partial pressure for each unique incident
constituent originating from the reaction chemistry in the reactor chamber. A summation over
the partial pressures of all constituents gives the total operating pressure of the QMS vacuum
system. However, a Faraday cup is less sensitive and does not amplify the resulting current as
opposed to secondary electron multipliers [40],[42], which as the name suggests multiply the net
current of the impinging ions. They will be used for low signal mass units, e.g. for precursor
ligands. Typically, H2O and CO2 are ample available in the reactor chamber, and are commonly
detected through the Faraday cup since amplification of the resulting current is unnecessary.

The in-situ EBECHRu QMS study was performed at a working pressure below 10−6 mbar.
The vacuum system’s working pressure is pumped down by the turbopump to lower the back-
ground signal from both the reactor chamber and the heated filament, and to ensure the ions
move without loss of momentum through collisions [42]. During the initial filament heating pe-
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riod, adsorbents (mainly H2O) come off (i.e. filament degassing). The pressure in the reactor
chamber during deposition is 2 Torr.

D. Scanning and transmission electron microscopy

A beam of energetic electrons (100eV-30keV) is focused onto a sample inside a high vacuum cham-
ber. Upon electron impact, an abundance of scattering events occur giving cause to backscattered
electrons, Auger electrons and photons (e.g. X-rays). The sample imaging and characterization
greatly benefits from the rich physics at hand: secondary electron detection reveals information
about the surface topography [37]. From the backscattered electrons, the interfaces between
elemental film layers in the stack with different electron densities can be envisaged [37]. When
SEM imaging is addressed to study for example the initial nucleation of a metal on insulating
substrates, charge accumulates around the exposed area troubling the imaging.

The resolution is set by the beam spot size and depends on the wavelength of the impinging
electrons. In turn, the wavelength is related to the electron acceleration energy. It is consider-
ably lower compared to the wavelength of light in conventional optical microscopes, hence the
difference in resolution. Here, SEM images on select thin Ru films were taken at imec by Rudy
Caluwaerts.

Alternatively, the electrons transmitted through the sample can be collected, referred to as
a transmission electron microscope (TEM). The transmitted signal will only be measurable if
the sample is thin enough and therefore requires a dedicated sample preparation. Through an
objective lens, the transmitted electrons can be focused and magnified [46]. TEM is a versatile
imaging technique with a variety of configurations and their corresponding terminology. However,
here only cross-section TEM images will be shown and the discussion is limited to this extend.
TEM imaging is based on various contrast mechanisms set by differences in electron scattering at
each target nuclei of the respective multi-layer stack, and the crystal structure and orientation.

To image the morphology and structure of a thin film, a sample preparation procedure is in-
dispensable. For TEM, typical sample thickness (including the substrate) cannot exceed 300-400
nm [41]. The specimen thinning partakes through focused ion beam (FIB) lift-out. Afterwards,
the top layer has to be capped with a CVD SiO2 since the top layer of the specimen (i.e. Ru) is
of interest. Here, TEM imaging is performed at imec by Hugo Bender and colleagues employing
a Tecnai F30 ST instrument with electron acceleration energy of 300 keV.

2.2.3 Atomic force microscopy

The sample surface can also be probed mechanically in absence of impinging or tunneling elec-
trons. Through AFM, both conductive and insulating surfaces can be envisaged up to atomic
precision [45]. Here, a force sensing cantilever with sharp tip and spring constant k is scanned
over the surface. Various attractive and repulsive forces act on the cantilever tip, e.g. Van der
Waals and electrostatic forces. Typically they have a long decay length, lowering the sensitivity
[37]. As a reaction on the exerted forces, the cantilever starts to deflect according to Hooke’s law

F = kx (2.7)

Generally optical techniques are employed to monitor the tips deflection x. Light impinging
on top of the deflected cantilever, is reflected towards a multi-segment photodiode (Fig. 2.6a).
The incident light is converted into a current in each segment of the diode independently. The
relative photocurrent produced in both parts of the diode is used to measure the deflection of
the reflected beam. Hence, a voltage proportional to the deflection signal can be calculated and
related to a value in nanometer. Overall, the resolution of the microscope is set by the type of
contact between the probe and the sample’s surface (i.e. the operation mode) and ultimately by
the shape of the probe (Fig. 2.6b).

The configuration of AFM is again versatile, ranging from contact to a non-contact mode and
an intermittent or tapping mode in between [47]. In contact mode, the force between the probe
tip and the samples surface is held constant upon contact with the surface. During scanning
and depending on surface contours, the height of the probe is adapted accordingly to keep the
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Figure 2.6: (a) AFM set-up with force sensing cantilever in proximity of the sample surface. Light impinging
on the deflecting cantilever, allows to monitor the topography of the desired samples surface. Figure courtesy of

[47]; and (b) sharp probe or tip of the force sensing cantilever.

contact force constant. Alternatively, the cantilever can be set to vibrate close to its resonance
frequency through a piezoelectric actuator. The cantilever starts to tap the surface. Hereby the
oscillation amplitude is altered depending on the contours of the surface. Through a feedback
loop, the piezoelectric actuator tries to keep the amplitude constant by adapting the distance
between tip and surface.

Here AFM is employed to study the evolution of the RMS surface roughness of thin Ru
films with Ru areal density (from RBS). Besides roughness, AFM contributes to understanding
the growth mode of Ru on each substrate. Through 3D imaging, the formation of island or
island clusters can be observed and related to a specific growth behavior according to literature
[48],[49],[50]. All AFM measurements were performed at imec by Alain Moussa and colleagues
involving a Nanoscope V instrument in tapping mode for a 2µm by 2µm scanning range [41].

2.2.4 Concluding remarks

Another standard analysis technique employing the benefits from X-rays, i.e. X-ray photoelectron
spectroscopy, is not shown here. Although the virtues of XPS have been consulted throughout
the course of the EBECHRu ALD thin film study, the interpretation was often troubled by the
peak overlap in binding energy of Ru and Ti (i.e. Ru3p3 and Ti2p) when analyzing Ru/TiN
samples. Where it is common practice to analyze the peaks with highest intensity, the peak
overlap of Ru with Ti (and also with C), argued for the use of lower intensity Ru peaks. Similar
to ToF-SIMS, also XPS can be configured to study the surface (up to 3nm) of the film, or for
depth profiling. But for the aforementioned reason, XPS results will not be shown here.

2.3 Sheet resistance

Sheet resistance can be measured in a two point probe configuration. Each probe has a its own
internal resistance and combined with the contact resistance leads to an overestimation of the
sheet resistance [51]. To reduce these external contributions, two additional probing positions
were added in a 4-point probe configuration (Fig. 2.7). Here, a current flows through the
outer probes. By measuring the voltage drop across the inner terminals, the resistance can be
calculated. Henceforth the external resistances can be neglected since the volt-meter in between
the (1-2) terminals has a high impedance (i.e. reciprocal of resistance), drawing little current.

Sheet resistance Rsq is a characteristic parameter of the thin film and depends strongly on
the film thickness t (2.9). It can deliver information at crucial stages in the nucleation process
of thin films, especially when a rough morphology is to be expected with steep islands, resulting
in high sheet resistance compared to smoother morphologies. However for these thin ’films’, the
probes could penetrate the film all the way through to the underlying substrate affecting the
read-out. The sheet resistance has to be related to the corresponding film thickness to provide
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Figure 2.7: Four equally spaced probes contacting the thin film surface. The current flows through (A-D) and
induces a voltage drop across the (B-C) terminals. Figure courtesy of [51].

a valid comparison. This relation is given by the film resistivity ρ [52],

Rsq =
ρ

t
=
Rd

a
(2.8)

with a and d respectively the length and width of the thin film making up a square with each
of the sides equal to the length a (Fig. 2.7). In other words, the sheet resistance Rsq is the
resistance of one square of a film (with the length of the sides a) hence the typical unit ( Ω

sq ). All
sheet resistance measurements took place at 49-points across a 300 mm wafer using a KLATencor
instrument inside an imec clean room facility [41].



Chapter 3

Saturation and reaction
mechanism of EBECHRu and O2
based ALD

Ruthenium films are deposited on bare surface oxidized (1.3 nm SiO2)/Si substrates and a 10
nm conductive PVD TiN/Si substrate, unless reported otherwise. Generally, Ru growth is easily
inhibited for up to several hundreds of cycles on SiO2 [29]-[32] when cyclopentadienyl (Cp)
based Ru precursors and O2 are involved. Recently zero-valent metalorganic Ru precursors
with increased reactivity and volatility considerably lowered the initial incubation period [2]-
[4]. The EBECHRu ALD precursor used here, is reported to nucleate within the first cycles
on SiO2 substrates [1]. A low degree of incubation is one prerequisite for future MIM-capacitor
applications, employing Ru as top electrode, in dynamic random access memory (DRAM) devices
[9]. Fast nucleation limits the oxygen exposure of the starting substrate during the reactant half
reaction to an absolute minimum, preventing further surface oxidation. Moreover, it diminishes
further roughening of the substrate surface during the initial stages.

As reported earlier [53], longer oxygen exposures reduces the number of growth inhibition
cycles for Pt films (i.e. Pt is a Pt-group element together with Ru a.o.) but compromises later on
the physical and/or electrical properties of the grown films. For example, a PtO2 phase develops,
the film roughens or becomes less dense. In either case, the degree of incubation of the current Ru
ALD process and to a lesser extent the substrate selectivity can be set by tuning experimental
conditions (e.g. substrate temperature, reactant exposure per cycle). For all aforementioned
reasons, the nucleation and growth phase of the Ru ALD process is studied for select deposition
temperatures 225◦C, 275◦C and 325◦C by means of various spectroscopic techniques (e.g. RBS,
ToF-SIMS).

For now though, developing and understanding the metal EBECHRu ALD process is given
priority. The experimental window for ALD is set by the deposition temperature, reactor pres-
sure, and pulse and purge length conditions, and is process specific. Achieving ALD conditions
balances on a thin line; leaning towards a CVD phase at high deposition temperatures enabling
self-decomposition, or inhibiting growth at low temperatures. The characteristics of an ALD
film are highly susceptible of the former experimental parameters. Each ALD study therefore
conventionally starts with determining the saturated pulse length for each half-reaction. In what
follows, TiN acts as underlying substrate for the exploration of EBECHRu ALD at 325◦C. The
final saturated pulse lengths can be retained for different substrates since the duration of each
half-reaction is considered a homo-deposition property (i.e. steady-state growth Ru on Ru),
independent of the initial substrate.

19
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3.1 Saturation

The growth per ALD cycle saturates after 5s precursor pulse, that is the minimum precursor
pulse length for maximum growth per cycle (Fig. 3.1a). Further precursor chemisorption is
hindered either by the depletion of particular reactive surface groups, or due to the (molecular)
size of the adsorbed precursor molecule itself. The uptake of Ru does not increase further for
longer precursor pulses, suggesting the precursor does not self-decompose above the substrate
and hence averting an additional CVD component [13]. On the other hand, during under-dosing
pulses of 1s, a steep thickness gradient develops over time along the inlet-outlet axis in the
flow-type ALD reactor chamber used here as confirmed by individual XRR measurements. The
chemisorption of the zero-valent Ru precursor is therefore an efficient process with an instant
adsorption of precursor at the inlet, rapidly decaying towards the outlet.

(a) (b)

Figure 3.1: ALD precursor saturation curves from Ru areal density determined by RBS for (a) variable
EBECHRu at constant 0.4s O2 pulse; (b) variable O2 at constant 5s EBECHRu pulse. The chosen saturated

pulse lengths are shown in red. (inset) For long O2 pulses towards 1s, the films blister indicating poor adhesion.
The Ru areal density is measured at the center wafer position whereas the total number of deposition cycles is

fixed at 200 cycles.

The molecular oxygen based half-reaction already saturates after 0.4s, as confirmed by XRR
and RBS measurements (Fig. 3.1b). Although ideally the film resistivity of the deposited
Ru film for 0.6s O2 pulse per cycle is slightly lower (for similar film thickness), the minimum
exposure of 0.4s O2 per cycle is preferred (Fig. 3.2a). Repeated and long O2 exposures during
the growth phase clearly enhance the interface stress to become compressive. The induced
stresses inevitably degrade the adhesion of Ru. Even already for 1s, the Ru starts to delaminate
(Fig. 3.1b inset). However for the chosen ALD settings, Ru shows good adhesion on TiN
as opposed to SiO2. Ti is often incorporated in adhesion layers at the nucleation interface
[24],[25],[26], since metals generally adhere better to metal-rich interfaces. Ru poorly adheres
on SiO2 independent of the length of the O2 pulse, the film thickness or substrate thickness as
seen from the respective adhesion energies as determined through a 4-point bending technique.
The adhesion energies are listed in Appendix A. Besides confirming the poor adhesion on SiO2,
4-point bending measurements showed the adhesion energy of Ru on 0.3 nm ALD TiN already
increases with a factor 4. When grown on 1 nm TiN, Ru adhesion is similar to ’near-bulk’
(∼10 nm) PVD TiN. These ultrathin adhesion layers clearly improve adhesion, and need to be
deposited on bare SiO2 substrates when employed for alternative metallization applications (e.g.
Ru trench fill on SiO2), as will be discussed in chapter 4.

Furthermore, the O2 exposure affects the film resistivity. For the 4s O2 pulse length, the
film resistivity increases to (287 ± 2) · 10−1µΩcm compared to (224 ± 2) · 10−1µΩcm for a Ru
film deposited under the 0.3s O2 pulse setting (Fig. 3.2a). For both O2 pulse lengths, the
film thicknesses are similar. And since RBS indicates the Ru coverage per nm2 is significantly
lower for 4s as compared to 0.3s O2, the film becomes less dense. The calculated film densities
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from RBS and XRR clearly indicate this loss in density to ∼85% of the Ru bulk density (12.45
g/cm3 [31]) after 4s O2 pulsing (Fig. 3.2b). In metallic environments, oxidizing reactants are
not favored but often necessary for their high reactivity towards removing residual ligands at
the substrate surface [15]. Reducing agents on the other hand, as H2 for instance, are preferred
but often questionable in terms of actively cleaning and reducing the surface for the next metal
precursor pulse [54].

When taken a detailed glance at the O2 saturation curve, the growth per cycle steadily decays
for long and repeated O2 pulses. Two plausible arguments arise to clarify the observed change
in growth per cycle at elongated O2 pulses, where the second reasoning will be diverted towards
a later chapter. First, the Ru(0001) surface exhibits a rather intriguing behavior for various
oxygen exposure regimes, as summarized in [55]. In literature, the oxygen exposure (in Torr·s)
is expressed in terms of the O2 pulse length and the O2 (partial) pressure (in Torr) [56]. Below
10−1 Torr·s, O is chemisorbed. For longer O2 exposures the oxygen coverage during the reactant
half-reaction exceeds one monolayer.

(a) (b)

(c) (d)

Figure 3.2: (a) Ru thin film thickness and resistivity for different O2 pulse lengths; (b) Ru thin film density
compared to bulk under variable O2 pulses. The film thickness is fitted through XRR, whereas the Ru film

density is calculated from RBS and XRR; (c)Depth profile 40 nm Ru on TiN deposited at 325◦C from ERD for
saturated 0.4s O2 and 5s EBECHRu. The Ru film is capped in-situ with Al2O3 to prevent surface

contamination of the Ru surface; and; (d) Ru areal density determined by RBS for long O2 pulses up to 4s. The
chosen saturated pulse lengths are shown in red. (inset) Atomic concentrations of Ru and C, H, O impurities for
Ru films deposited under 0.4s (red) and 4s (blue) pulse length sequences. All EBECHRu pulse lengths are kept
constant at 5s whereas the total number of deposition cycles is fixed at 200 cycles (except for the ERD spectrum

after 725 cycles).
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Here the oxygen exposure is larger than 1 Torr·s, indicating the deposited Ru has the ability
to adsorb oxygen beyond one monolayer, and in the most extreme case even O penetration [57].
ERD confirms the increase of the atomic O concentration for the 4s O2 based ALD compared
to the conventional 0.4s O2 pulse setting (Fig. 3.2d inset). Although no clear RuO2 phase
could be detected by XRD, the deposited Ru can still adsorb several monolayers of O under the
current experimental conditions. This subsurface O layer can participate in the surface chemistry
helping in the removal of remaining ligands during the following EBECHRu pulse. Moreover,
this sequential application of both pulses could result in a higher degree of reaction products
and argue for an increase in the growth per cycle compared to short O2 pulses. However, this
behavior was not observed here since the growth rate steadily decreases with O2 pulse. The
subsurface oxygen does not partake fully in the surface chemistry. The interpretation is far more
complicated and requires deeper understanding from upcoming chapters. In what follows, a
qualitative description of the EBECHRu reaction mechanism is given which can be employed to
clarify the role of the buried oxygen layers amongst others. Moreover, since the buried O layers
are hindered from participation in the surface chemistry, they do not influence the growth rate.
The effect of prolonged O2 pulses on the growth rate relies on gathered knowledge from the thin
film growth study, and will be diverted to the next chapter.

3.2 Reaction mechanism (QMS)

3.2.1 Introduction and elemental considerations

Firstly, have a detailed look at the ALD precursors. Both organic ligands of the EBECHRu
precursor bond to the metallic Ru center without sharing electrons (Fig. 1.4). The necessary
electron pairs are contributed solely by the four valence electrons of the Ru center instead. When
both electrons come from the same Ru atom, Ru is said to form a coordinate chemical bond with
both organic ligands. This coordinate bonding is also referred to as a dative covalent bond [58].
However, in terms of the bonding energy -that is, the minimum required energy to break up a
chemical bond [58]- a dative covalent bonding between metal and ligand does not differ from the
conventional covalent bond, where the metal has a non-zero valence.

On the other hand, a zero valence does affect the nearest neighboring bonding partners. Each
ligand has the maximum hydrogen occupancy at all local carbon bonding sites along the aromatic
ring and their branches (Fig. 1.4), since no carbon atom shares an electron for the metallic center
to be bonded. Therefore, no proton will necessarily have to be supplied to dissociate full ligands,
making these hydrogenation reactions steps redundant. Additionally the dissociation energy
of respectively the ethylbenzene ligand is lower compared to the ethyl-cyclohexadiene ligand,
arguing the benzene ligand should come off earlier (Table 3.1). The dissociation energies are
cited from [59], [60] where they have been calculated from a coupled cluster methodology allowing
single, double and triple excitations (CCSD(T)-F12 method in computational chemistry).

When compared to the dissociation energies of other cyclopentadienyl (Cp) based Ru pre-
cursors exhibiting high degree of incubation [60], the dissociation energies of both EBECHRu
ligands are considerably lower (Table 3.1). This could explain the large incubation periods seen
with Cp-based precursors at similar 300◦C-325◦C process temperatures on SiO2 substrates, and
the negligible period of growth inhibition with zero-valence precursors [1]-[4]. Off course besides
the precursor chemistry, various other factors influence the initial nucleation period: process con-
ditions ranging from reactant pressure and pulse length (denoted as reactant exposure) towards
deposition temperature and reactor pressure, and wafer preparation conditions.

The reaction mechanisms of various platinum group metal ALD processes (e.g. Pt, Ru) have
been studied in situ by different research groups worldwide, e.g. T. Aaltonen et Al. [61],[62],[63]
and W. M. M. Kessels et Al. [64],[65],[66]. In the majority of the studied mechanisms involving
an O2 reactant, primarily typical combustion and (de-)hydrogenation reaction products have
been detected. These reaction steps are driven by the catalytic properties of the grown metal
thin film surface [68].

Here, the two major ligands ethylbenzene and ethyl-cyclohexadiene are monitored over time
in terms of their respective most likely cracking or ionization products: a benzene and cyclohexa-



Chapter 3. Saturation and reaction mechanism of EBECHRu and O2 based ALD 23

Table 3.1: Correlation between incubation period and dissociation enthalpy for different Ru precursors on
SiO2 substrates at either 300◦C or 325◦C deposition temperature. The process details and results are taken

from Ru ALD literature. The dissociation enthalpies are taken from [60], [67] with permission. The calculations
were done with a CCSD(T)-F12 method [59] with all available corrections (relativistic, zero point energy

correction, etc.). The accuracy of the theoretical model is excepted to be less than 2 kcal/mol. The respective
abbreviations of each ligand, (Cp) cyclopentadienyl; (Py) pyrolyl; (Ph) benzene; (CHDN) cyclohexadiene.

ALD process Deposition Incubation Metalorganic Dissociation
temperature (◦C) (cycles) precursor enthalpy

(kcal/mol)

RuCp2 300 75-200 [69] RuCp2 → RuCp+ + Cp− 232.5
RuCp+ → Ru2+ + Cp− 488.4

Ru(EtCp)2 300 >200 [70] Analogous to RuCp2

RuCpPy → RuCp+ + Py− 215

RuCpPy 300 ∼100 [71] RuCpPy → RuPy+ + Cp− 241.6
RuPy+ → Ru2+ + Py− 461.9

EBECHRu → RuPh + CHDN 73.2
RuPh → Ru + Ph

EBECHRu 325 ∼5 EBECHRu → RuCHDN + Ph 67.2
RuCHDN → Ru + CHDN

EBECHRu → Ru + CHDN + Ph 121.7

diene (radical) cation respectively (Fig. 3.3). Since all incoming (reaction-)products will have to
be ionized upon detection by the mass spectrometer, the ethylbenzene and ethyl-cyclohexadiene
ligands will become ionized and decompose or crack into their most probable ionization products.
These most likely products are the compounds with highest relative intensity from the respective
mass spectra [68] of the original ligands (Fig. 3.3). The mass to charge ratio m/z for the benzene
ion is 91 as opposed to 79 for the cyclohexadiene cation.

However, since these cracking products are employed for full ligand retrieval, only a qualitative
description of the involved mechanisms can be obtained. For instance, the m/z ratio 79 also
appears in the mass spectrum for the ethylbenzene ligand, although with a considerably lower
relative intensity. And vice versa for the most likely m/z ratio 91 of ethylbenzene appearing in the
mass spectrum of ethyl-cyclohexadiene. Even though the mass spectrum of the full precursor
(m/z ratio 315) is not known, it could even well contain both m/z = 79 and 91 peaks. All
these contributions of the respective precursor ligands need to be taken into account for the
total detected signals. Nonetheless it is fair to probe both ligands by their respective and most
probable, dominant cracking products. For all aforementioned reasons, it will be difficult to
extract ratios for the respective reaction product conversions during EBECHRu and O2 pulses.

Besides the retrieval of the ligands, also combustion products are expected to be formed for
the O2 based process, and therefore the m/z ratio 44 related to CO2 will be resolved in time.
Other plausible reaction products, for example CO and H2O, will not be shown here. For CO
the m/z ratio 28 overlaps with N2 used continuously as inert gas flow throughout deposition. On
the other hand, the monitoring of H2O (m/z ratio 18) is inconclusive since large and periodic
pressure variations manifest related to the valve operations of the source feeding lines to the
reactor chamber. Unfortunately, no efforts were undertaken to systematically retrieve H2 and
CH4 reaction products.

3.2.2 Reference signals and background analysis

For a thorough quantitative analysis of the reaction chemistry during a full ALD cycle, the
time-resolved spectra need to be set against their according reference signals. These reference
signals monitored first during repeated single EBECHRu pulsing, appear as cracking products of
the precursor arriving at the mass spectrometer (Fig. 3.4a). Since the EBECHRu half-reaction
is self-terminating, continuous pulsing does not lead to further precursor chemisorption at the
surface and these reference signals serve as background for residual precursor arriving at the
mass spectrometer. In a similar way, for the O2 only pulse sequences, the background CO2 in
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(a) (b)

(c) (d)

Figure 3.3: Mass spectrum of (a) ethylbenzene and (b) ethyl-1,4-cyclohexadiene ligands taken from [28].
Chemical structure of the most-likely ionization product of both ligands upon electron bombardment in the
mass spectrometer, (c) ethylbenzene cation and (d) cyclohexadiene cation. They serve as traces for the full

ligand detection.

the reactor chamber can be monitored over time and indicates a gas-phase CO2 reaction product
in the chamber is formed rather than combustion at the surface (Fig. 3.4b). By monitoring these
reference signals, one can elude the background influence of the chamber.

However, it is rather complex to take these reference signals into account. As discussed earlier,
the focus of the QMS study is not to quantify the reaction product formation for each surface
reaction during both precursor pulses. Thus, the time-resolved spectra during full ALD cycles
will be shown here as measured, and have only been given a linear background subtraction
to take into account a systematic drift in partial pressure with time. It is fair to elude the
background signals from the equation. The spectra monitored during full ALD cycles exhibit
a periodicity and shape completely different from the background signals, arguing the detected
reaction products are involved in reactions at the surface. The contribution from surface reaction
products is significantly larger than the intrinsic background set by the reaction chamber. For
the qualitative approach absolute values are dispensable.

Here, the EBECHRu and O2 ALD reaction mechanism will be studied at both 225◦C and
325◦C, and solely restricted to Ru grown on a bare Ru substrate, referred to as homo-deposition
[73]. The hetero-deposition phase -i.e. the initial nucleation of Ru on e.g. SiO2- will not be
discussed here, mainly because it poses a lot of challenges in interpreting the results later on.
The walls of the reactor chamber are covered with Ru, which significantly contributes to the
time-resolved signal of the QMS detected masses. It will be difficult to distinguish between the
initial nucleation on the bare substrate and the homo-deposition on the reactor walls.

3.2.3 Reaction mechanism study of the homo-deposition phase at 325◦C

At elevated, standard deposition temperature of 325◦C, three elemental traces will be resolved in
time to understand the underlying mechanism. Firstly, the time-resolved spectra for the primary
combustion product, CO2 (m/z = 44), and both traces m/z = 79 and 91 for respectively ethyl-
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(a)

(b)

Figure 3.4: Time-resolved spectra of elementary traces during (a) EBECHRu pulsing only; and (b) O2 pulses
only, serve as reference signal for a full ALD spectrum.

cyclohexadiene and ethylbenzene are monitored for constant 3s EBECHRu pulses and variable
O2 pulsing (3.5a). In total five individual cycles [EBECHRu/N2/O2/N2] are shown, where for
clarification the first cycle is indicated within the arrow bars. The O2 pulses evolve during each
cycle along 0.1s, 0.2s, 0.5s, 1s, and 3s respectively, representing both extreme cases of under-
and overdosing conditions of O2. However, it is crucial to relate each cycle to the precedent O2

pulse since O2 is the variable parameter in the spectrum and influences the next and constant
EBECHRu pulse. Therefore, the serie of five cycles [0.1s→3s O2] starts first with an additional
3s O2 pulse. In what follows, the effect of under- and overdosing O2 settings on the surface
chemistry is portrayed.

In the time-resolved spectrum, the fluctuations in partial pressure of each constituent in the
total system (being the reactor chamber) during both pulse and purge are monitored (Fig. 3.5).
As mentioned earlier, for convenience the time-lapse spectrum starts with a 3s O2 pulse (cf.
red labeling in Fig. 3.5a). The abundance of reaction products arriving at the detector can
be scanned sequentially, where the focus lies on three elemental traces (m/z = 44, 79, and 91)
resolved in time. Primarily CO2 (m/z = 44) is detected throughout the O2 pulse. Towards the
end of the O2 pulse, the majority of the residual ligands at the surface are already combusted,
and the conversion into CO2 has reached its maximum throughput confirming the self-limiting
behavior of the reactant pulse. When the majority of the residual ligands gets combusted,
atomic O simultaneously bonds or chemisorbes at the surface. The surface becomes oxidized
for the next metal precursor pulse. These local chemisorbed O surface sites will start to play a
pivotal role in the consequent metal precursor pulse. Afterwards, the reactor chamber is purged
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(cf. grey labeling in 3.5a). During consequent metal precursor pulsing (cf. blue labeling in 3.5a),
besides m/z = 44 also a significant contribution from m/z = 91 can be observed. There is a
strong correlation between both reaction products. At the beginning of the EBECHRu pulse,
mainly the combustion product CO2 is detected. Combustion spans more than the full pulse
length indicating incoming precursor ligands are burned off at local chemisorbed O surface sites.
Simultaneously, the metallic center chemisorbes at the surface.

Furthermore, the interpretation of the graph is complicated by a kinetically slower secondary
mechanism (m/z = 91) that appears immediately after all EBECHRu is pulsed and the chamber
is purged. At the end of the EBECHRu pulse, the precursor decomposition through combustion
(m/z = 44) at local chemisorbed O sites starts to reach its maximum throughput. Simultaneously,
an additional full ethylbenzene ligand (m/z = 91) removal steps in. This secondary mechanism
is strongly delayed and stretches over the full purge length. Nonetheless, the EBECHRu pulse
is still self-limiting since a similar removal of the other ethyl-cyclohexadiene ligand (trace m/z
= 79) has not been observed. These ligands are therefore assumed to be residing at the surface
conform with the higher dissociation energy compared to ethylbenzene (Table 3.1).

The next O2 pulse immediately represent the opposite extreme case where now the reactant is
underdosed up to only 0.1s O2 pulse. Incident O2 reactants combust yet again the residual ligands
attached to the chemisorbed metallic center at the surface. Together with the combustion, also O
chemisorbes at the surface. But since the O2 pulse length is considerably shorter with respect to
the first and overdosed 3s O2 pulse, one could argue the amount of chemisorbed O atoms is fairly
limited by the extend of the O2 pulse length. The pulse length is too short to both combust an
equal amount of ligand or ligand moieties at surface and ensure a similar coverage of chemisorbed
O compared to longer and overdosed O2 pulses (e.g. 3s). The effect of the limited coverage of
chemisorbed O at the end of the O2 pulse length, can be seen during the consequent EBECHRu
pulse in the next cycle. The amount of combustion of incoming precursor ligands involving a
chemisorbed O site has severly declined compared to the precedent cycle. Since the EBECHRu
pulse is kept constant, the combustion of incoming precursor ligands directly increases with the
coverage of chemisorbed O.

For the next and upcoming cycles for standard O2 setting of 0.5s and beyond, this trend can
be clearly observed; longer O2 pulses yield higher chemisorbed O coverage increasing the amount
of ligand combustion during the consequent metal precursor pulse. In turn, the delay in the
supplementary ligand removal step is even further enlarged. As indicated earlier, neither ligands
removal necessarily involves a protonation step. Together with the favorable dissociation energy,
the ethyl benzene ligand is expected to come off first. The full ethylbenzene ligand detachment is
the supplementary step in the two-fold reaction mechanism during metal precursor pulsing. And
when a considerable portion of the ligand removal partakes through the latter reaction step, the
amount of residual ligands to have to be combusted during the next O2 pulse decreases. Therefore
this two-fold mechanism during the EBECHRu half-reaction allows shorter self-terminating O2

half-reactions.
Up to now, the ethyl-cyclohexadiene ligand (linked to the m/z = 79 trace) has not been clearly

mentioned, since at the end of the EBECHRu pulse the ligand is assumed to remain attached to
the metallic center upon chemisorption. Doing so, it hinders further EBECHRu chemisorption
confirming the self-terminating behavior of the EBECHRu pulse (Fig. 3.1a). This assumption is
based on the small fluctuations in partial pressure (with high noise) for m/z = 79 throughout the
full spectrum (Fig. 3.5). However, from the elementary considerations at the beginning of the
chapter, m/z = 79 occurs in the mass spectra of both ligands. From the respective ethylbenzene
cracking pattern (Fig 3.3a), the ratio of relative intensities of the 79 and 91 peaks approximately
matches the respective ratio from both traces in the time-resolved spectrum (Fig. 3.5a). This
could argue the time-resolved spectrum for m/z = 79 rather traces back to the ethylbenzene
instead of the ethyl-cyclohexadiene ligand.
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(a)

(b)

Figure 3.5: Time-resolved spectra of elementary traces m/z = 44 (CO2), 91 (C7H7
+), 79 (C6H7

+) at 325◦C
during (a) variable O2 sequencing for [3s,0.1s,0.2s,0.5s,1s,3s] and constant 3s EBECHRu pulse with 8s purge.

After each O2 pulse, a constant 6s purge is applied except after 3s O2 which is extended to 12s; and (b) variable
EBECHRu pulsing for [1s,2s,3s,5s,7s] and constant 0.5s O2 length. All purge steps after EBECHRu exposure

count for 8s. After O2 pulsing, a 6s purge terminates each cycle except after the fifth and last O2 pulse which is
followed by an 8s pulse. Each sequence always starts with the variable precursor pulse to visualize the effect on

the consequent and constant pulse.
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It is a crude assumption that a full ethyl-cyclohexadiene ligand is still residing on the surface
at the end of the saturated EBECHRu pulse. It could be that a partial combustion partakes
between the ethyl-cyclohexadiene ligand and the chemisorbed O during EBECHRu pulsing.
However, the ethylbenzene ligand is favored due to its lower dissociation energy [67] (Table
3.1). The validation of the assumption is not trivial and maybe too complicated to deduce from
this study. The argumentation is based on the difference in dissociation energy. But, since this
difference is rather small, an alternative route involves the dehydrogenation of the hexadiene
ring in the ethyl-cyclohexadiene ligand. By losing two hydrogen atoms, a benzene ring is formed
instead, contributing towards the secondary ethylbenzene ligand removal step during EBECHRu
pulsing. Hence there is no way to distinguish between the initial ligands anymore, and it could
appear from the spectrum the ethyl-cyclohexadiene is still residing at the surface. The latter is
more likely to occur since the difference in dissociation energy is small. However the QMS study
does not exclude either one.

Additionally, dehydrogenation of the ethyl-cyclohexadiene ligand could also result in other
ligand moieties (e.g. CH4, C2H6) either staying at or leaving from the surface. However, this
would have required information regarding the time-lapse of H2 during deposition. As reported
earlier for platinum-group metals (e.g. Pt, Ru, Ir), dehydrogenation reactions have been observed
during metal precursor pulsing of Cp-based Ru precursor ALD reactions [55],[66],[72],[63]. Other
research only shows a dominant combustion pathway [61], indicating the surface chemistry at
hand is directly precursor dependent.

In any case independent from the residing ligands at the surface, combustion reactions dom-
inate the entire surface chemistry scene throughout deposition. However, typical thermal ALD
temperatures are too low to facilitate dominant combustion based reaction schemes, unless the
metallic surface acts as a catalyst. Various late transition metal surfaces (Ru [63],[61] and Pt
[64],[62]) conduct catalytically activated combustion reactions. For long O2 pulses towards 3s,
not only remaining ligands are combusted, but O could chemisorb at the Ru surface even be-
yond one monolayer [55],[57] and still partake in the surface chemistry. During the consequent
metal precursor exposure, the total amount of incoming precursor ligands that are combusted
lies significantly higher compared to short precedent O2 pulses (e.g. 0.4s). This confirms that the
chemisorbed O coverage during the long O2 pulsing considerably increased, and even takes part
in combusting the incoming ligands during the consequent metal precursor pulse. Off course,
the extent of the chemisorbed O coverage beyond one monolayer cannot be concluded based on
these observations.

Besides variable O2 pulses, also under- and oversaturated doses of metal precursor contribute
to the understanding or confirmation of the pivotal role of the O2 reactant. Now again five indi-
vidual cycles are shown where the O2 pulse is kept constant at 0.5s and variable EBECHRu pulse
lengths (1s,2s,3s,5s and 7s) are carried into the chamber (Fig. 3.5b). Since now the EBECHRu
pulse is variable, its influence on the consequent O2 pulse is of interest. Therefore, the spec-
trum now starts with the metal precursor half-reaction. During the first under-dosed (1s) metal
precursor exposure, all incoming precursor ligands become mainly combusted at chemisorbed O
sites. The full ethylbenzene ligand (m/z = 91 trace) removal does not appear arguing that both
precursor ligands are equally combusted. Independent of the half-reaction, the combustion reac-
tion pathway for precursor decomposition after Ru chemisorption dominates. Towards saturated
and overdosed pulse lengths (e.g. 5s, 7s), the secondary and supplementary full ligand removal
mechanism steps in. It is intriguing to see the evolution in partial pressure for complete ligand
removal with metal precursor pulse length. A sharp sudden fluctuation (m/z = 91) initiates after
and beyond 3s EBECHRu pulses, i.e. the third cycle. It points out 0.5s O2 pulse is too short to
provide a dominant combustion pathway throughout the full cycle. The chemisorbed O cover-
age is too small to combust all incoming precursor ligands during saturated EBECHRu pulses.
Hence the ’unreacted’ ethylbenzene ligands can detach integrally upon EBECHRu chemisorp-
tion, whereas the other ethyl-cyclohexadiene ligand remains at the surface and starts to hinder
further precursor absorption.

To conclude the study at 325◦C, one can try to couple these novel insights in the EBECHRu
ALD mechanism to the actual transient growth per cycle. Since at the end of the metal precursor
pulse, it is most likely that a full ethyl-cyclohexadiene ligand resides at the surface and hinders
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further precursor chemisorption, this could have a clear effect on the growth rate. There will
be elaborated on the major implications of this surface chemistry mechanism on the transient
growth rate in chapter 4.

Furthermore, these new insights can also be related to the O2 saturation curve for long and
overdosed O2 pulses (Fig. 3.2d). The grown Ru could adsorb O beyond one monolayer as
discussed previously. From ERD, a considerably higher atomic concentration of buried O was
retrieved for long and repeated O2 pulses up to 4s (Fig. 3.2). Now, under the assumption a
full ligand resides at the surface during metal precursor pulsing, the participation of plausible
subsurface O layers in the precursor conversion at the surface is hampered. The ligand hinders
further precursor chemisorption, arguing that subsurface O is steadily incorporated into bulk
Ru, given cause to buried O2 monolayers. Unfortunately, a strong correlation of the surface
science study at 325◦C with the precursors saturation curves showed earlier is troubled since
the saturation was solely studied on TiN in presence of Ti surfactants whereas QMS studies the
homo-deposition phase in absence of surfactants. The concept of surfactants is not handled at
this point in time (chapter 4).

3.2.4 Reaction mechanism study of the homo-deposition phase at 225◦C

The framework of the QMS study at 225◦C is similar to the spectra shown earlier at 325◦C.
Yet again, the discussion initiates with variable O2 pulses for constant EBECHRu exposures
spread over five cycles. Towards the end of the section, the roles are interchanged. At lower
deposition temperature down to 225◦C, ligand removal through combustion (m/z = 44) during
Ru chemisorption becomes less dominant (Fig. 3.6a). The dependency on O2 pulse length is
clearly visible from the time-resolved spectrum (m/z = 44) at 225◦C. And since the combustion
pathway is less favored at lower deposition temperature, the competing ethylbenzene ligand (m/z
= 91) removal during the EBECHRu pulse is none to hardly delayed compared to 325◦C, arguing
for a strong competition between both mechanisms during metal precursor pulsing. For longer
O2 pulses at constant EBECHRu pulse lengths, the formation of CO2 during both precursor
pulse increases steadily.

Especially for short under-dosed O2 pulses, the supplementary mechanism becomes more
competitive. That is, the ethylbenzene ligand detachment is a compulsory step to remove ligands
upon precursor chemisorption. It is clear that at the end of the short O2 pulses, the chemisorbed
O coverage is far too scarce to combust sufficient ligands (m/z = 44) at the beginning of the
consequent metal precursor pulse compared to 325◦C. This suggests that the O coverage for
constant O2 pulse length increases with temperature. As the combustion pathway disappears in
the background, full ethylbenzene ligand detachment steps in immediately. Regarding the time-
resolved signal’s periodicity and shape, it is clear that the trace m/z = 79 primarily relates to the
cracking pattern of the ethylbenzene ligand as opposed to ethyl-cyclohexadiene similar to 325◦C.
As expected at lower deposition temperatures, the ethyl-cyclohexadiene ligand is less eager to
detach upon metal precursor chemisorption owing to its higher dissociation energy compared to
ethylbenzene.

No clear traces for CH3
+ (m/z = 15) have been detected rendering dehydrogenation reactions

unlikely, and arguing the ethyl-cyclohexadiene ligands reside at the surface and get combusted
during the consequent O2 pulse. Alternatively, m/z = 30 has been monitored to small extent
during metal precursor pulse and is related to C2H6 (most likely ethane), most likely coming from
unreacted precursor. Unfortunately, H2 has not been studied by QMS. As dominant reaction
product resulting from dehydrogenation reactions, H2 spectra could have given the decisive
answer regarding participation of dehydrogenation in surface conversion reactions during metal
precursor pulsing.

For variable EBECHRu pulse lengths at constant O2 pulses, the m/z = 44 trace fluctuates
periodically in time with an approximate invariant amplitude. This indicates the degree of
combustion during O2 exposure is independent of the precedent metal precursor length since only
a fixed amount of O2 is available. Generally, the O2 reactant becomes less reactive compared
to 325◦C. During the next EBECHRu pulse, also the amount of incoming precursor ligands
that are combusted through participation of the chemisorbed O surface sites is minimal if not
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dissappears into the background. This suggest either the coverage of chemisorbed O is fairly
limited, or the participation of these O surface sites in the combustion mechanism is minimal. It
becomes therefore questionable if the O2 pulse is fully saturated under the current experimental
conditions.

Simultaneously, the ethylbenzene ligand removal (m/z = 91) appears even for undersaturated
EBECHRu pulses (Fig. 3.6b) as opposed to 325◦C. The extend of the full ligand removal during
the consequent EBECHRu pulse, increases with the pulse length. It appears as dominant reaction
step throughout the full EBECHRu pulse. The latter confirms the length of the O2 pulse is too
short to ensure sufficient chemisorbed O coverage for combustion at the begining of the metal
precursor pulse. Since the degree of ligand combustion during the metal precursor pulse depends
on the chemisorbed O coverage which in turn is set by the precedent O2 pulse length, longer O2

exposures are required to increase the degree of combustion. At lower deposition temperature,
the saturated EBECHRu/O2 precursor dosing ratio could differ strongly from 325◦C.

To conclude, the periodicity and shape of the time-resolved signals confirm the complex nature
of the reaction chemistry. It is not understood why these peculiar peak shapes are detected over
time.
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(a)

(b)

Figure 3.6: Time-resolved spectra of elementary traces m/z = 44 (CO2), 91 (C7H7
+), 79 (C6H7

+) at 225C
during (a) variable O2 sequencing for [0.1s,0.2s,0.5s,1s,3s] O2 and constant 3s EBECHRu pulse with 8s purge.

After each O2 pulse, a constant 6s purge is applied except after 3s O2 which is extended to 12s; and (b) variable
EBECHRu pulsing for [1s,2s,3s,5s,7s] and constant 0.5s O2 length. All purge steps after EBECHRu exposure

count for 8s. After O2 pulsing, a 6s purge terminates the sequence except after the fifth and last O2 pulse which
is followed by an 8s pulse. Each sequence always starts with the variable precursor pulse to visualize the effect

on the consequent and constant pulse.
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3.2.5 Conclusion and remarks

During O2 pulsing, residual ligands or ligand moieties at the surface are primarily burned off
resulting in CO2 (Fig. 3.7a). The combustion reaction mechanism is complex in entirety, and
consists most likely of multiple and sequential reaction steps. From the current mass spectrom-
etry results, only the final combustion reaction product CO2 is detected. The involved reaction
steps to form CO2 during both pulses cannot be derived here. The chemisorbed O adatom on the
Ru surface at the end of the O2 pulse, acts as active adsorption site for the consequent incoming
EBECHRu precursor.

(a) (b)

Figure 3.7: Proposed reaction scheme for EBECHRu ALD with O2 under homo-deposition conditions. (a)
The function of the O2 reactant is two-fold. It provides a dominant combustion pathway to remove remaining
carbon-rich surface species, and oxidizes the surface afterwards to prepare for the next metal precursor pulse;

and (b) incoming metal precursor is combusted at the surface, consuming chemisorbed O from the precedent O2

pulse. As chemisorbed O is deficient, full ethylbenzene ligands detach leaving either full ethyl-cyclohexadiene
ligands or ligand moieties behind, hindering further precursor chemisorption.

On the other hand, the EBECHRu half-reaction is a two-fold mechanism composed out of a
combustion step and a kinetically slower second mechanism involving full ligand removal (Fig.
3.7b). Both reaction steps are competing, and depend on the precedent exposure of O2 and the
deposition temperature. In addition, the importance of a purge step should be stressed. The
secondary mechanism involving complete ligand removal initiates towards the end of the metal
precursor pulse. It slowly decays during the consequent purge. If the purge step would have
been minimized, a risk of developing a CVD component would increase.

To the best of our knowledge no reports have been made of full organic ligands coming off
during ALD deposition. This could mean either no research efforts were made to scan broad
mass ranges, or the metal precursor ligands involved protonation upon detachment, most likely
resulting in elementary constituents (e.g. CH3+). The latter depends on the zero-valence char-
acter of the precursor molecule and the stability of the dissociated ligand. Here, the ligand that
detaches integrally upon precursor chemisorption is constituted out of an aromatic benzene ring,
which exhibits a high degree of stability against further decomposition compared to pentadienyl
ligand-rich Ru precursors reported in earlier QMS studies [61],[66]. The former is less suggestible
for enforced decomposition upon detachment. The planar crystal structure of benzene consists
of delocalized molecular orbitals spread around the aromatic ring, heavily contributing to its
stability [58].



Chapter 4

Thin film growth study of ALD
Ru on TiN and SiO2

The EBECHRu ALD process exhibits rather intriguing properties in terms of degree of incu-
bation, the involved growth mechanism, and growth per cycle. Only the latter will be dis-
cussed in this section. Overall, the growth per cycle for the chosen ALD settings is indepen-
dent of the deposition temperature window [225◦C, 325◦C] on SiO2 substrate, settling down to
(248 ± 4) · 10−4nm/cycle approximately. Interestingly, at 325◦C the growth per cycle on TiN
more than doubles towards (51 ± 1) · 10−3 nm/cycle. Here will be argued the enhanced Ru
growth on TiN is mediated by segregated Ti-rich species from the substrate during deposition
at 325◦C, acting as surfactants. Both concepts are well described in catalysis literature and
studied in epitaxial growth mechanisms [74],[75]. Surfactants promote thin film wettability [76]
by lowering the surface free energy. Thus far, it has not been reported in ALD processes to the
best of our knowledge. Primarily ToF-SIMS and a dedicated experiment will be shown to argue
the hypothesis.

4.1 Exploration of the growth behavior of EBECHRu ALD

Ru has been repeatedly deposited on TiN and SiO2 substrates at 225◦C, 275C and 325◦C depo-
sition temperatures. The growth rate per cycle (GPC) of Ru as deposited on SiO2 does not vary
within the tested temperature window and stabilizes around (200 ± 5) · 10−3 atoms/nm2·cycle
or (248 ± 4) · 10−4 nm/cycle alternatively (Fig. 4.1a-b). This indicates no second thermally
activated mechanism steps in at elevated temperature to alter the deposition rate. Both are
measured and calculated respectively through RBS, similar growth rates were calculated from
XRR.

Also for Ru deposited on TiN at 225◦C the growth rate falls into the same ball park as
for SiO2 as expected for steady-state growth in an ALD process. The TiN substrate however
deviates from the rule at elevated temperature (Fig. 4.1c). A secondary mechanism must come
into play to argue for the enhanced growth observed at 325◦C, and a respective growth rate up
to (404 ± 10) · 10−2 atoms/nm2 cycle (or (51 ± 1) · 10−3 nm/cycle alternatively). Generally in
ALD, the steady-state growth is invariant from the starting substrate since Ru is deposited on
Ru. The concept of incubation is the only fingerprint that can be related to the initial substrate.
Hence, one would expect the growth rates on TiN and SiO2 to fall within a margin of error, as
confirmed at lower deposition temperature 225◦C. However at 325◦C, the influence of the TiN
substrate on the Ru growth rate is carried throughout the full steady-state growth phase.

Even more intriguing is the growth mechanism on TiN at 325◦C since the growth per cycle
varies from (60±1)·10−3 nm/cycle initially towards below (51±1)·10−3 nm/cycle with increasing
number of ALD cycles (Fig. 4.1d). A twofold mechanism sets in, dividing the growth behavior
of Ru on TiN in a thin and thick (’near-bulk’) film regime, each with a corresponding growth per
cycle, i.e. (60 ± 1) · 10−3 nm/cycle and (51 ± 1) · 10−3 nm/cycle respectively. To address these

33
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(a) (b)

(c) (d)

Figure 4.1: (a) Evolution Ru growth per cycle with deposition temperature determined by RBS; Ru areal
density from RBS as a function of number of ALD cycles for (b) SiO2, and (c) TiN at different deposition

temperatures; (d) Evolution of the growth per cycle with number of ALD cycles on SiO2 and TiN at 325◦C, as
determined through RBS. Growth of Ru on TiN at 325◦C is clearly enhanced, and doubled compared to SiO2.

risen questions, fundamental insight in the surface activity during deposition is required. The
TiN substrate must leave some traces behind on the growing Ru substrate altering the growth
properties. Therefore a surface sensitive technique ToF-SIMS is employed to study Ru growth
on TiN at 225◦C and 325◦C.

For completeness, the growth rates per cycle can also be expressed in terms of Ru monolay-
ers, assuming a single crystalline Ru (0001) structure (Table 4.1). Even though being a crude
assumption since the crystalline phase is polycrystalline as will be discussed later on, it consid-
erably simplifies the calculations. The corresponding mean film densities on both TiN and SiO2

at 325◦C are in good agreement with the bulk Ru density (12.45 g/cm3) [31].
Before elaborating on the enhanced growth on TiN at 325◦C, lets couple back to the QMS

surface chemistry study for a moment to interpret the steady-state growth per cycle (248±4)·10−4

nm/cycle on SiO2 (Fig. 3.5, 4.1b). The GPC is metal precursor dependent, and considerably
lower for EBECHRu compared to other cyclopentadienyl-based Ru precursors (Table 4.2) using
O2 as reactant on SiO2 substrates. And to be more specific, the GPC depends on the involved
underlying reaction mechanisms at the surface. Towards the end of the standard and saturated 5s
EBECHRu pulse, full ethyl-cyclohexadiene ligands are assumed to reside at the surface amongst
others, hindering further precursor chemisorption by blocking nucleation sites. Here a full, large
molecule (ethyl-cyclohexadiene ligand) at the surface is considered to shield nucleation sites from
further incoming metal precursor chemisorption to a higher efficacy compared to other reported
processes involving hydrocarbon moieties [61],[64] residing at the surface at the end of the metal
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Table 4.1: Growth rate of Ru in terms of monolayers (ML) per cycle and the corresponding mean mass density
of Ru thin films, all deposited at 325◦C and calculated from RBS and XRR. One monolayer of Ru assumes a

Ru(0001) crystal structure, with an empirical atomic radius 130 pm [58].

Substrate Growth rate Mean mass density Ru
(10−2 ML Ru/cycle) (10−1 g/cm3)

SiO2 10±1 128±4
TiN 23±1 123±1

precursor pulse. Since the ethyl-cyclohexadiene ligand remains at the surface, the total metal
precursor chemisorption per unit surface area and total metal precursor pulse length, depends
on the presence and availability of nucleation sites and directly on the molecular size of the
chemisorbed ligands (or ligand moieties) at the surface. In [61],[64],[66] only fragments of full
precursor ligands remain at the surface after combustion and hydrogenation/dehydrogenation
reactions, arguing that the total metal precursor chemisorption per unit surface area and total
metal precursor pulse length is larger compared to the current EBECHRu ALD process.

Off course, EBECHRu is a zerovalent, heteroleptic precursor (i.e. having different ligands)
implying a change in surface reaction chemistry. And when compared to an earlier growth study
of EBECHRu ALD using O2 reactants [1] on SiO2, not only is the growth rate considerably higher
towards 0.065 nm/cycle at 310◦C (Table 4.2) compared to 0.027 nm/cycle at 325◦C for the current
process, the growth per cycle strongly depends on the temperature window. Inarguably, the
experimental conditions are different ranging from reactor pressure to the degree of cleanliness of
the both the deposition and characterization process. Unfortunately, the experimental conditions
are not fully specified, and although the pulse duration lengths are almost similar to the chosen
saturating pulses here, the physical characteristics of the films as deposited are strongly divergent.

Table 4.2: Growth rate per cycle for different thermal Ru and O2 based ALD processes from literature
compared to the current EBECHRu ALD study (†) at selected deposition temperatures on SiO2 substrates,

except for (?) on TiN. The process details and results are taken from Ru ALD literature.

Metalorganic precursor Deposition temperature (◦C) Growth rate (nm/cycle)

RuCp2
[69] 310-350 0.049-0.1

CpRu(CO)2Et [31], (?) 325 0.1

Ru(EtCp)2
[77],[70] 300 0.049, 0.1

ECPR [71] 275 0.046

DER [78] 250 0.04

EBECHRu [1] 310 0.065
EBECHRu (†) 325 0.027

4.2 Surfactant mediated growth of Ru on TiN

ToF-SIMS surface spectra were initially consulted to determine the layer closure of Ru as de-
posited. This highly surface sensitive ex-situ technique [6] allows to study the surface activity
at different crucial stages of the deposition process. For an incoming 15 keV beam of Ga+ ions
[41], a spectrum of secondary ions omitted from the surface layer(s) can be detected and resolved
in time. The intensity of the positive Ru+, and Ti+ ions -coming from the TiN substrate- for
different Ru coverages, ranging from nucleation until steady-state growth, displays the course of
surface coverage over time (Fig. 4.2a).

As Ru starts to cover the bare substrate, the contribution of Ti+ from the substrate decays
nearly exponential [27]. And when a full closed layer of Ru finally forms on top of the substrate,
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(a) (b)

Figure 4.2: ToF-SIMS surface spectra of Ru film serie on TiN at 225◦C and 325◦C. Normalized secondary ion
intensity of Ru+ and Ti+ (from the substrate) as a function of Ru areal density (a), as determined by RBS. The
secondary horizontal axis only serves to make the reader comfortable with the Ru areal density translated to a

film thickness. The error bars are related to the Ru areal density, not to the calculated Ru film thicknesses; and
(b) as a function of number of ALD cycles. The contribution from the substrate disappears into the background
with increasing Ru coverage at 225◦C. The Ti+ signal at 325◦C on the other hand is a factor 40 larger after Ru

layer closure, and indicates Ti from the substrate resides at the growing Ru surface.

the secondary ion intensities of the underlying TiN substrate disappear in the background due
to the limited escape depth of the secondary ions, i.e. in the order of 0.3 nm [27]. After the
thin film closure, all secondary ion intensities reach their steady state-value, either towards the
background noise for the initial substrate, or the steady-state value set by the limited escape
depth of the secondary ion for the growing phase (i.e. Ru). Hence ToF-SIMS envisages the thin
film morphology throughout the full nucleation process.

At 225◦C, Ru nucleation is easily inhibited during the first tens of cycles (Fig. 4.2b). Closely
around 40 cycles, Ru nucleates on the TiN. The nucleation difficulties can be clearly retrieved
from the surface spectrum (Fig. 4.2b), and confirms its potential to study the thin film surface
morphology. Afterwards, Ru starts to grow at ∼0.025 nm/cy forming a fully closed film after
∼ 150 cycles. And as expected for ALD thin films, the intensity from the initial substrate decays
strongly towards the background for increasing Ru surface coverage during the nucleation phase
up until layer closure. However, at elevated deposition temperature 325◦C, even though the Ru
closes fast after 40-50 cycles with a negligible period of incubation, the contribution from the
initial TiN substrate surface resides by more than a factor ∼40 compared to equivalent Ru/TiN
compositions at 225◦C. Taken into account the limited escape depth of the secondary ions and
the typical background of the underlying substrate, Ti-rich surface species are clearly present
at the top surface sites. As ToF-SIMS is highly sensitive to the first monolayers at the surface
and the intensities are set by the escape depth of the secondary ions, Ru at 325◦C is covered
by monolayer(s) of segregated Ti-rich species, denoted as surfactants. Even for bulk films (up
to ∼40 nm) surfactants are clearly present (Fig. 4.2a), confirming the surfactants span the full
growth phase. In addition the relative intensity of Ru at 325◦C is considerably lower compared
to 225◦C (Fig. 4.2b) confirming Ti species reside on top of the surface at 325◦C.

Off course, one could reason that these Ti surfactants influence the steady-state growth per
cycle. During steady-state deposition, incoming EBECHRu and O2 precursors chemisorb on a
metallic Ru substrate independent of the initial substrate. This limits the effect of the initial
substrate to the incubation period. But, since the steady-state growth rate per cycle on TiN
at 325◦C is severely enhanced compared to SiO2, the incoming precursors do not solely interact
with a Ru covered substrate. Besides the plausible influence of these Ti surfactants on the Ru
growth rate, it could be argued the surface energy changes altering the growth mechanism and
the crystallinity of the Ru. Both growth rate and crystallinity of the Ru as deposited on TiN at
325◦C, will be discussed in terms of the Ti surfactants.
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To argue whether the Ti surfactants influence the growth rate, they are chemically etched off
(CF4 and CH2F2 based etch chemistry) a 5 nm Ru closed seed deposited on TiN, and followed
afterwards by a series of deposition steps for a total of 10 nm Ru in order to estimate the growth
rate in absence of Ti surfactants (Fig. 4.3). During the post-etch depositions, ex-situ mass
measurements were performed at intermediate steps 100 cycles - 100 cycles - 200 cycles for a
total 400 cycles (∼10 nm) deposition serie. Before and after each Ru deposition step, the wafer
mass has been measured against a reference wafer. This approach allowed to construct a growth
curve for Ru deposition on a 5 nm bare Ru substrate (Fig. 4.4a). Irrespective of the initial 5
nm Ru off-set, the growth per cycle during the second deposition reflects the growth of Ru on a
bare Ru substrate in absence of surfactants.

Thus in total 15 nm Ru has been deposited on TiN at 325◦C including the seed thickness
and the etch treatment. The film lacks Ti surfactants whom would have aid in further precursor
adsorption and conversion, increasing the total process efficiency. Through direct comparison
with 15 nm Ru on TiN (in absence of etch treatment, with surfactants) and on SiO2 at 325◦C
from ToF-SIMS, the intensity of Ti+ secondary ions drops into the background except for Ru
grown on TiN in absence of etch treatment (Fig. 4.4b). Furthermore, the Ru growth rate after
the etch treatment falls back on the same trend as observed on SiO2. Thus in absence of Ti
surfactants, Ru is grown at (264 ± 1) · 10−4 nm/cycle compared to (57 ± 3) · 10−3 nm/cycle on
TiN (with surfactants) at 325◦C. This implies the Ti surfactants are solely responsible for the
enhanced growth observed on TiN at 325◦C.

However if the initial Ru seed layer before the etch treatment is not closed, enhanced growth
can -to some extent- still be observed (Fig. 4.4a). And when such a 3 nm Ru non-closed seed is
etched, Ti-rich species will still segregate during consequent deposition steps towards the surface.
Furthermore, during the etch treatment close to <1 nm Ru is expected to be etched in addition.
Locally, an island-like morphology is to be expected allowing further segregation of Ti-rich species
at non-closed locations during the second deposition step. Therefore, the growth rate per cycle
on non-closed ultrathin 3 nm Ru seed layers is still enhanced to approximately (417± 2) · 10−4

nm/cycle, but to lesser extent compared to conventional Ru grown on TiN at 325◦C. Further
evidence in this regard has been given by ToF-SIMS (Fig. 4.4b), where clearly Ti surfactants
are still present on the non-closed 3nm starting substrate after secondary deposition as opposed
to a closed seed surface for 5 nm Ru films.

Now the effect of the Ti segregated species on the Ru growth per cycle has been shown, the
decay of the GPC with the number of ALD cycles can be correlated with the evolution in Ti
surface coverage during deposition. As the Ru films grow thicker, the amount of Ti-containing
surface species on top of the Ru surface also slowly decays (Fig. 4.5). And since these segregated
monolayers of Ti-rich species clearly enhanced the growth rate per cycle, it should be clear that
when the Ti surface coverage fades with increasing Ru film thickness, also the Ru growth per
cycle decreases. A strong correlation exists between the Ti surface coverage and the Ru growth

Figure 4.3: Set-up of the surfactant-etch experiment. A 5 nm Ru seed is etched chemically to remove residing
Ti surfactants on top of the Ru. Afterwards a second deposition serie for a total of 10 nm Ru is added on top of

a surfactant-free seed layer, all at 325◦C with TiN as underlying substrate.
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(a)

(b)

Figure 4.4: (a) Ru film thickness as a function of number of ALD cycles at 325◦C on TiN and SiO2, and
surfactant-free 3nm and 5 nm Ru seed on TiN. The seed thickness is excluded, and therefore the growth curves

only differ in offset. The 3nm and 5 nm Ru seed on TiN were etched before Ru deposition to remove
surfactants. Film thicknesses are calculated from RBS and mass measurements respectively; (b) Relative

intensity of Ti+ secondary ions from the substrate and Ru+ ions from 15 nm Ru films respectively compared to
a bare TiN substrate reference. Ru is deposited on respectively TiN, SiO2, and surfactant-free 3nm and 5 nm

Ru seed on TiN at 325◦C. The secondary ion intensities are detected through ToF-SIMS. The enhanced growth
per cycle is related to the presence of Ti surfactants.

per cycle, therefore caution is advised when estimating Ru film thicknesses. A thin film regime
exists where the growth per cycle exceeds 0.06 nm/cycle, as opposed to bulk films (>20 nm)
where the growth per cycle lends towards 0.05 nm/cycle.

4.3 Comprehensive model for segregation and growth me-
diation

The effect of Ti surfactants on the texture of the Ru film as deposited will be diverted to a later
chapter. For now, the attention will be directed towards the understanding of the segregation of
Ti-rich species during the Ru ALD on TiN substrates at 325◦C. Here, a comprehensive model
will be described based on catalysis literature regarding the growth of metal catalysts supported
on transition metal oxide surfaces (e.g. TiO2) [79]-[81]. This is often referred to as strong metal-
support interactions (SMSI), and was first observed by Tauster et al. [7]. The term ’strong
metal-support interaction’ reflects the encapsulation of noble metal catalyst nanoparticles (e.g.
Ru, Pt) grown on transition metal oxides by a thin segregated transition metal oxide layer
from the support, in a reducing atmosphere at temperatures above 200◦C [81]. This segregated
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Figure 4.5: Evolution of the normalized Ti+ ion intensity (black) and growth per cycle (blue) of Ru on TiN at
325◦C with the number of ALD cycles. The Ti surfactant coverage decays with the number of cycles, and hence

lowers the growth rate per cycle. The growth per cycle is calculated from XRR.

transition metal oxide layer gradually hinders further H chemisorption by the metal nanoparticles,
through blocking the active surface sites. There hydrogen chemisorption by metals is a measure
for the metal’s catalytic properties, the metal is said to experience a SMSI by losing (partially)
chemisorption properties. An abundance of experiments can be found in literature describing
the SMSI of supported metal nano-particle catalysts on TiO2 [82],[83]. Although, the direct
experimental value of the SMSI is limited to selectivity of the supported catalyst, it aroused a
lot of interest due to its inexplicable nature [84],[85],[86].

How does this translate to the EBECHRu ALD process? The current EBECHRu and O2

based ALD environment poses vastly different conditions for metal-support interactions. First
a strong reducing atmosphere is absent. And owing to the pulsed nature of ALD, the redox
chemistry is an important constraint to take into account. The latter suggests the experimental
conditions are critical to develop a strong interaction between the growing metal and the sub-
strate. The incoming metal precursor is believed to reduce the surface oxidized layer(s) of the
TiN substrate, which has been confirmed to be monolayer(s) of TiO2. A reduced titanium sub-
oxide segregates throughout the growing Ru surface and resides on top during further deposition,
clearly enhancing the growth rate. There is not one terminology that encloses the rich surface
chemistry at hand for EBECHRu ALD. Initially, during the nucleation phase, SMSI describes
the segregation of a reduced titanium suboxide residing on top of Ru particles. The instantly
segregated Ti-rich species -denoted a surfactants- enhance the growth rate throughout the full
steady-state growth phase, referred to as surfactant mediated growth. The aid of surfactants has
been observed in epitaxial [74],[75] and CVD mechanisms [87],[88], although to the best of our
knowledge no reports have been made for segregated surfactants from the underlying substrate
enhancing the GPC during ALD.

Here, the following points will be addressed to sketch a comprehensive model allowing segre-
gation of Ti-rich species from the substrate during ALD deposition

� How can the model of SMSI and more specific the segregation of Ti-rich species from the
oxidized substrate be understood during the first pulsed and sequential half-reactions of
ALD

� In which chemical state can the segregated Ti-rich species on top be retrieved

� What mechanism comes into play to justify the influence of Ti surfactants on the growth
per ALD cycle
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How can the model of SMSI and more specific the segregation of Ti-rich species from the
oxidized substrate be understood during the first pulsed and sequential half-reactions of ALD?

Inevitably, a (several) monolayer thick TiO2 covers the TiN substrate even before Ru deposition.
This self-formed surface oxidation layer plays a pivotal role in the further Ru growth mechanism.
The TiO2 monolayers do not attain bulk density obviously, and exhibit a higher degree of oxygen
vacancies compared to bulk TiO2 deposited through standard deposition techniques (e.g. physical
vapor deposition). A higher oxygen vacancy density could facilitate segregation of Ti-rich species
[89]. On TiO2, the creation of oxygen vacancies partakes easily owing to its low oxygen vacancy
formation energy of 1.9 eV [90]. An important prerequisite for strong metal-support interactions,
is the reduction of these TiO2 monolayers. And although there is no experimental based evidence
to endorse the mechanism for reduction of the surface oxidized TiN, in what follows will be argued
for plausible reduction mechanisms.

During the nucleation phase, the incoming EBECHRu precursor could reduce the TiO2 layer
by hydrogen spill-over [82]. The hydrogen atoms from the precursor’s ligands detach, and reduce
the underlying oxidized substrate surface. Upon the reduction of TiO2, a reduced titanium
suboxide can segregate towards the topside of the Ru surface. As the Ru thickens, and the
film starts to close, Ti-rich species are fully segregated and cover the Ru substrate as grown,
hereby lowering the surface energy influencing the growth rate per cycle and the texture of Ru
as deposited. Thus segregation is an instant and kinetically fast atomistic process. At the end
of the nucleation phase, the amount of segregated Ti-rich species is maximal.

Figure 4.6: Relative intensity of Ti+ secondary ions (red) from the substrate and Ru+ ions (black) from Ru
thin films on TiN deposited for different O2 pulses at 325◦C. On the right, secondary axis Ru areal density from

RBS as a function of O2 pulse (blue). For long and repeated O2 pulses, the Ti surfactant coverage decreases
(red), lowering the growth per cycle. Both lines serve as guides for the eye.

Off course, the discussion is not limited to the first metalorganic precursor pulses. The
exposure of O2 is critical for the degree or extend of Ti segregation, as repeated and elongated
O2 pulse lengths readily re-oxidize the locally reduced TiO2 during the previous EBECHRu
pulse, limiting the amount of Ti segregation as confirmed by ToF-SIMS (Fig. 4.6). One could
argue under standard saturation conditions 0.4s O2 pulse, the chemisorbed O coverage after
remaining ligand combustion is near to minimal. Henceforth, the oxidation of the surface is
limited, resulting in a high degree of reduced TiO2 and facilitating segregation. For long 4s O2

pulses, O can chemisorb beyond one monolayer as discussed in chapter 1 limiting the segregation
of Ti-rich species through readily re-oxidizing the TiO2. And since the Ti surfactants enhance
the growth rate, the growth per cycle decreases with longer O2 pulses up to 4s (Fig. 3.2, Fig.
4.6). This explains the drop in film thickness for long O2 pulses. It is not clear however why the
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Ti surfactant coverage after 0.1s O2 pulsing does not follow the trend (Fig. 4.6). Possibly, at
underdosing conditions an additional mechanism steps in.

Alternatively, one could argue that the required reduction of the TiO2 covered substrate, does
not partake through hydrogen spill-over. Instead, it could actively involve the O atoms of the
TiO2 monolayers in the combustion of incoming ligands during the first cycles. The TiO2 is then
reduced through combustion reactions. However, this reasoning fails to describe the decrease in
segregated Ti species with O2 pulse length.

In which chemical state can the segregated Ti on top be retrieved?

From the discussion above, it is not clear whether a reduced titanium oxide or a titanium cation
segregates through Ru during deposition. In SMSI, the former is observed upon reduction of
the transition metal oxide substrate. However, there is no direct evidence to support this claim
here. The best terminology at hand is to refer as Ti surfactants although this might indicate
the residing surfactants are in a pure metallic state, which is not the case. Most likely the
monolayer(s) of surfactants are a titanium suboxide, since the ALD environment is not strongly
reducing and molecular oxygen is sequentially pulsed during the growth process. Additionally,
if the surfactants were purely metallic they would not have lowered the surface free energy.

(a) (b)

Figure 4.7: Comprehensive model for surfactant mediated growth. (a) In absence of surfactants, arriving Ru
atoms migrate across the substrate surface until a defect site, step or nucleation site (island) is encountered.

This diffusion process is slow; and (b) for surfactant-rich surfaces, an instant and fast exchange between arriving
Ru atoms and Ti surfactants sets in. The incubation period is lowered, and the incorporation of arriving Ru

atoms facilitated through surfactants leading to enhanced growth.

What mechanism comes into play to justify the influence of Ti surfactants on the growth per
ALD cycle?

Generally, a substrate surface exhibits a higher degree of defects compared to the bulk substrate
[91]. In absence of surfactants, the deposited Ru diffuses (or migrates) on the surface until a defect
or vacancy is reached (Fig. 4.7a), since the sticking probability is higher at these active sites [92].
However, in presence of a thin layer of Ti surfactants, these defect sites become less favorable
since the deposited Ru atoms are immediately incorporated at a sub-surface site, that is under
the thin surfactant layer [92], [93]. The nucleation/growth mechanism is considerably shortened
by the immediate exchange between Ti surfactants and arriving Ru atoms (Fig. 4.7b). This
fast exchange mechanism is critical for surfactant mediated growth [94],[95],[96], and actually
short-cuts the diffusion of arriving Ru atoms on top of the surface which is rather slow. Now it
becomes clear why the period of incubation on TiN is negligible in presence of surfactants and
Ru nuclei are formed instantly; the sticking probability in presence of surfactants is maximal,
and the process of Ru diffusion in absence of surfactants is slow.



Intermezzo: Surface and interface free energy

The surface free energy of a solid crystal represents the work delivered to break up the solid along
a crystallographic surface plane [97]. Each family of surface planes has a surface free energy
(Table 4.3). Below, the surface free energies for the hexagonal closed-packed (hcp) Ruthenium
planes are cited from [98]. These values were calculated in [98] through a full-charge density
methodology (FCD) in density functional theory [99]. It is difficult to measure the surface free
energies of metal solids experimentally [100],[101]. On the other hand, the interface free energy
quantifies the work delivered to split the film and substrate along the interface plane [97].

Table 4.3: Hexagonal Ru surface planes with their respective (theoretical) surface free energies, calculated
from density functional theory. The listed values are cited from [98].

Family of Ru surface planes Surface free energy (J/m2)

(100) 4.236-4.856
(002) 3.928

To describe the thin film nucleation on a (bulk) substrate, Bauer introduced a thermodynamic
criterion (4.1) based on the definitions declared above [102]. It is composed out of three scalars;
the surface free energy of the substrate surface Es and the grown thin film surface Ef respectively,
and the substrate-film interface free energy Ei.

Es > Ei + Ef (4.1)

Under equilibrium conditions, the criterion describes the thin film wetting probability. Rather
continuous and 2D-like growth is maintained when the criterion is satisfied (Frank-Van der Merwe
growth mode [49]). Arriving metal atoms (i.e. adatoms), diffuse across the surface towards the
edges of solid islands. It forces the island to expand parallel to the substrate surface slowly
covering the entire surface since the atoms have more affinity towards the substrate than to
neighboring atoms. The solid metal wets the substrate surface. However, when the criterion is
not obeyed, a strong 3D growth is favored with a tendency towards discontinuous, island-like
growth (Volmer-Weber growth [50]). Now the adatoms bond stronger to each other than to the
underlying surface.
The criterion however does not take the film strain energy into account. The strain energy of the
film depends on the lattice mismatch at the interface during the nucleation phase and evolves
further during deposition introducing dislocations. This lattice mismatch is set by the difference
in equilibrium lattice constants at the interface. A second constraint is set by the equilibrium
condition of the thermodynamic criterion. Thin film growth is seldom an equilibrium process [97].
Kinetic processes like diffusion and island clustering prevail and are thermally driven [103],[104].
Upon arrival Ru adatoms start to diffuse, a process which is rather slow but completely random
(Brownian motion) for low adatom density and in absence of interactions. Adatoms can diffuse
towards defect sites, and nucleate locally which is considered as a dominant process on various
metal oxides substrates [99]. As the adatom density increases, adatoms can interact and form
clusters of islands, eventually leading to island coalescence.
From these perspectives, titanium suboxide surfactants residing on top of the growing Ru surface
during EBECHRu ALD lower the surface free energy of the growing Ru film, alter the kinetic,
atomistic processes (e.g. diffusion) enhancing thin film wettability (i.e. towards 2D). The tita-
nium suboxide surface free energy is not known but expected to be even lower than for TiO2

(0.39-0.61 J/m2 [105],[106]).
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Chapter 5

Ruthenium thin film nucleation
and characterization

The previous chapter was concluded with the role of surface free energy and surfactants in thin
film growth. Here the period of incubation and the nucleation/growth mode is assessed through
RBS and AFM measurements respectively, and will be related to the presence of surfactants.
Only physical and electrical characterization of thin Ru films deposited on TiN and SiO2 at 325◦C
will be discussed here for several reasons; besides their lower period of incubation, the deposited
films also showed improved uniformity and lower resistivity compared to 225◦C. Additionally,
the surfactant mediated growth of Ru on TiN at 325◦C introduces several (in)direct effects.
First, the initial growth is not inhibited. Since surfactants lower the surface free energy, the
development of a preferred crystallographic orientation (i.e. texture) is unnecessary. Surfactants
limit the lateral grain size. Indirectly, the surfactant mediated growth of Ru leads to an increase
in film resistivity compared to Ru grown on SiO2 where surfactants are absent. The discrepancy
in resistivity on TiN and SiO2, is primarily set by the limited lateral grain size. Resistivity is an
anisotropic (film) property; in [107] the resistivity perpendicular to the in-plane axis was found
to be lower compared to a randomly polycrystalline metal, and even compared to a textured
metal parallel to the in-plane axis. The Ru film resistivities will be portrayed in function of the
resistivity anisotropy as discussed in [107],[108], and the respective lateral grain sizes.

5.1 Nucleation behavior of EBECHRu ALD

The initial growth phase during an ALD process generally relies on a different surface chemistry
compared to steady-state growth, since during nucleation the initial substrate acts as an addi-
tional reactant. That is, particular reactive sites at the substrate surface are held responsible for
the initiation of metal precursor chemisorption. And when these ideal nucleation sites actively
partake in the nucleation process, growth inhibition is minimized. The period of incubation
is set by the abundance of active surface groups, which triggers the incoming metal precursor
towards the initial substrate. In addition the reactivity of the precursor towards these surface
sites imposes an additional constraint to induce instant growth.

Now, what can be understood under a reactive nucleation site? Particular terminating surface
groups, e.g. hydroxyl groups on oxide substrates, could engage in hydrogenation reactions with
incoming metal precursor. And hereby, they initiate the chemisorption of Ru locally. The
adsorbed Ru atoms will start to diffuse and either nucleate at a defect site, or attach to existing
nuclei to form islands and clusters of islands. However, the energy required for a Ru adatom
to bond to existing nuclei or islands approaches the binding energy. Since the aforementioned
atomistic process are all thermally active, the deposition temperature is a critical parameter for
growth inhibition.

In turn, the first ALD cycles immediately determine the further growth mode. It depends
on the reactivity of the incoming metal precursor towards the initial substrate, and the locally
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(a) (b)

Figure 5.1: Ru areal density as a function of the number of ALD cycles during the nucleation phase for both
SiO2 and TiN at (a) 225◦C; and (b) at 325◦C. The period of incubation is negligible for Ru on TiN at 325◦C.

formed nuclei on the other hand. If incoming metal precursor favors the initial substrate, a
continuous smooth growth pattern is to be expected. The morphology roughens and dominant
island-like growth develops when the chemisorption is facilitated at already existing islands or
nuclei.

On SiO2, the deposition temperature window had no thorough effect on the growth per
cycle. However at elevated temperatures towards 325◦C, the reactivity towards the substrate is
favored. The period of incubation has been estimated from RBS to strongly decay at elevated
temperatures from ∼30 cycles (after extrapolation) at 225◦C up to ∼5 cycles at 325◦C (Fig.
5.1).

Similar observations were made for Ru on TiN. Nucleation is significantly delayed up to ∼40
cycles at 225◦C. At higher deposition temperature 325◦C, the arriving metal atoms interact with
the substrate. Not only the chemisorption of metal precursor is facilitated, but Ru is immediately
incorporated at a subsurface site, and segregation of underlying and reduced titanium suboxide
species likely sets in. The initial nucleation is fast and instant, and thus not inhibited. After
only 5 cycles, already (15 ± 3) Ru atoms/nm2 cover TiN as opposed to a poorly detectable Ru
coverage on SiO2. The coverage on SiO2 after 5 cycle falls within the detection limit of RBS,
and therefore does not necessarily imply the growth is inhibited up to 5 cycles. To accurately
describe fluctuations in the surface coverage during the first cycles, Haze measurements would
have been advised. The ’haze’ of a given sample depends on the manner impinging light is
scattered at the scanned surface. Haze is particularly sensitive to surface roughness fluctuations,
and ideal to monitor growth inhibition during the first cycles. However, these measurements
were not performed here and the assessment of growth incubation is based on RBS.

It is clear that SMSI on TiN induces instant and fast nucleation. Through surfactant medi-
ation, also the growth mode is influenced (cf. intermezzo). In the presence of surfactants a 2D
topography is favored since the nucleation and island clustering is less dependent on the minority
reactive nucleation sites. From AFM, the growth mode at certain instances during deposition
can be reconstructed (Fig. 5.2). Both Ru as deposited on SiO2 and TiN show clear roughening
with film thickness. For TiN, the behavior is rather peculiar; the nucleation regime is charac-
terized by an instant formation of a multitude of islands set by the high growth rate and fast
nucleation. After 50 cycles, ToF-SIMS suggests Ru completely covers the underlying substrate
and argues the Ru islands are undergoing coalescence. After the islands have merged, the grain
morphology is altered drastically during a second transient regime characterized by steady-state
grain growth. On SiO2, the roughening is far more transient possibly related to the lower growth
rate and slower nucleation mechanism (Fig. 4.7, 5.2).

The initial roughening of Ru on TiN, is not due to recrystallization of the underlying TiN
substrate. First of all, the substrate has been given an anneal treatment at 600◦C before Ru
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deposition. The RMS roughness of the pre-annealed TiN substrate has been used as reference
for AFM. In addition, to exclude any roughening effects of the substrate, dedicated anneal treat-
ments were performed at elevated temperatures (400◦C and 600◦C) on bare TiN. No enhanced
roughening was observed. It can therefore be argued the evolution in roughness in both regimes
is solely related to the growing Ru.

Figure 5.2: RMS surface roughness of thin Ru films from AFM as a function of Ru areal density. Ru is
deposited on both SiO2 and TiN at 325◦C. The Ru areal density is determined by RBS. The film roughens

severely on TiN during the nucleation phase as islands are formed. Only after island coalescence, the increase in
roughness diminishes as grains start to grow in random directions.

To conclude, additional information about the thin film morphology can be extracted from
ToF-SIMS. They were already shown in the precedent chapter (Fig. 4.2) and allow to determine
the film layer closure. The Ru layer closure has been set on TiN to lie between 40-50 cycles.
Despite its lower growth rate, a film deposited on SiO2 closes approximately after an equal
amount of cycles. This could argue therefore, that a strong 3D growth towards a rough island
like morphology is absent, as confirmed through AFM. For TiN substrates, even though Ti
surfactants are residing at the surface, Ru thin films are rougher but again a clear 3D-like growth
behavior is lacking. From 3D AFM imaging of Ru on both substrates, a clear difference in growth
mode cannot be observed. At lower deposition temperature 225◦C, nucleation is delayed and it
is therefore evident that the layer closes slower in terms of number of ALD cycles.

5.2 Physical and electrical characterization of Ru thin films

For thin films, the concepts of surface free energy and interface energy start to prevail (cf.
intermezzo). The prominent hexagonal Ru families of surface planes (100), (002) and (101)
differ in surface free energy (Table 4.3). As Ru is deposited, the film will try to minimize the
total free energy, thus (re-)arranging the surface planes along with the family of surfaces (002)
with the lowest surface free energy. This surface free energy anisotropy -i.e. different surface free
energy per surface plane- is only one intrinsic degree of freedom. For thermal ALD processes,
the deposition temperature activates thermally driven and kinetic processes. Thus, the final
configuration of the thin film puts thermodynamic stability (minimization of total energy in
equilibrium) and kinetic favorability on the other hand into the balance. For example, the
dominant crystallographic orientation of Ru as deposited on SiO2 evolves towards the family of
surface planes (002) with lowest surface free energy for increasing deposition temperature (Fig.
5.3a).
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(a) (b)

(c) (d)

Figure 5.3: (a) XRD spectrum of Ru films on SiO2 deposited over the full temperature window [225◦C,
325◦C]; (b) XTEM of 9 nm Ru on SiO2 capped with CVD SiO2. Towards 325◦C, a strongly textured Ru film

develops. (c) GI-XRD spectrum of Ru films on TiN deposited at both 225◦C and 325◦C respectively; (d)
XTEM of 9 nm Ru on TiN capped with CVD SiO2. Texture is absent on TiN, and at 225◦C the contribution

from the underlying TiN substrate dominates the XRD spectrum.

Throughout the full temperature window [225◦C, 325◦C], polycrystalline Ru is deposited with
a closed packed hexagonal structure (hcp) on all substrates. At lower deposition temperature
225◦C, texture is absent arguing the final state is dominated by kinetic processes rather than
the thermodynamically most stable configuration. An elevated deposition temperature of 325◦C
is required for Ru(002) to step out as the strongly preferred crystal orientation. From TEM at
325◦C, Ru is fully textured on SiO2 (Fig. 5.3b). However, since Ru is polycrystalline, grains
have developed during deposition with a lateral grain size up to ∼30 nm. These grains span the
full film thickness and are strongly textured.

A similar reasoning however does not apply to Ru grown on TiN. First, the strong texture
is absent for the full temperature window. A tendency towards developing a (101) orientation
can be observed at high temperature 325◦C. However, the intensity of the discrete peak is
considerably lower compared to (002) textured Ru on SiO2 (Fig. 5.3c-d and 5.6b). On TiN, not
only the growth rate but also the development of texture is solely dominated by the segregated
surfactants. They instantly lower the growing thin film surface free energy, and offer a dominant
and favorable pathway towards minimization of the total free energy making texture formation
less favorable.

The specific polycrystalline structure of Ru on TiN is set by the nature of the growth process,
being epitaxial on TiN as opposed to SiO2. Thus, the preferred (101) phase is not directed by
the surface free energy but by the orientation of the dominant crystalline phase of the under-
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lying substrate. The underlying TiN is a cubic polycrystalline structure with dominant (100)
orientation as opposed to amorphous SiO2. Since a Ru crystalline film is grown on a crystalline
substrate, a local epitaxial layer could form at the interface steering the crystalline order of the
grown Ru towards a dominant phase.

Figure 5.4: XRD spectra of 15 nm Ru films as deposited at 325◦C and after forming gas anneal, on TiN
(bottom) and on a surfactant-free 5 nm Ru seed on TiN (top). In absence of surfactants, Ru favors to align

along (002) during deposition. After anneal treatment, the (002) phase is further enhanced compared to
surfactant-mediated grown films (bottom). The forming gas anneal treatment took place under a 10% H2/N2

atmosphere for 20 minutes at 420◦C.

In absence of these surfactants, Ru on TiN should texture in accordance with Ru on SiO2

irrespective of the epitaxial correlation. Through the surfactant-etch experiment from previous
chapter (Fig. 4.3), the effect of surfactants on the crystallization of Ru during deposition has
been understood. To recall, a surfactant-free Ru film was deposited on TiN through etching the
Ru surface after 5nm. After a chemical etch of residing surfactants, Ru was deposited during a
second step up to 10 nm for a total of 15 nm film thickness. When directly comparing 15 nm Ru
on TiN with surfactants to an equally thick surfactant-free Ru film, the lowest surface free energy
plane (002) is suppressed in presence of surfactants (Fig. 5.4). In absence of surfactants, the
(002) phase is enhanced. Off course, the strong (002) texture remains concealed due to the set-up
of the etch experiment. Already 5 nm Ru on TiN has been deposited before the surfactants were
etched, allowing the conventional (101) crystalline phase to develop already.

When the 15 nm surfactant-free Ru film is given a forming gas (10% H2/N2) anneal treatment
at 420◦C for 20 minutes, the grain orientation is strongly altered. Both (002) and (101) phases
occur equally, arguing (002) texture becomes favorable in absence of surfactants. As opposed to
surfactant-mediated Ru on TiN where an anneal treatment is inadequate to induce recrystalliza-
tion. During deposition the residing surfactants rendered the development of a strong texture
unfavorable. For a 15 nm surfactant-rich Ru film, the crystalline phase is readily established and
difficult to alter or recrystallize even at high anneal temperatures (e.g. 650◦C). This is in sharp
contrast to the recrystallization of Ru on TiN in absence of surfactants from the surfactant-etch
experiment (Fig. 5.4) at 420◦C already, and both in forming gas.

To conclude the physical characterization, in situ XRD monitors this evolution of the dom-
inant Ru crystalline phases with annealing temperature potentially leading to recrystallization
and causing a drop in film resistivity. The IS-XRD spectra at selected anneal temperatures are
shown for 20 nm Ru on TiN and SiO2 deposited at 325◦C. The textured Ru on SiO2 gets clearly
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(a) (b)

Figure 5.5: IS-XRD spectra of 20 nm Ru thin films at selected anneal temperatures 450◦C, 650◦C and 850◦C
and as deposited on both (a) SiO2; and (b) TiN. Ru (002) texture is further enhanced at elevated anneal

temperatures on SiO2. For Ru on TiN, a random polycrystalline phase remains the preferred arrangement even
at elevated temperatures. The IS-XRD spectra were measured in situ during anneal treatment of 20 nm Ru

films in He atmosphere at a temperature ramp rate of 0.2◦C/s.

enhanced at elevated annealing temperatures above 450◦C although a thorough grain recrystal-
lization does not occur (Fig. 5.5). For Ru grown on TiN at 325◦C, the corresponding XRD
spectrum at different anneal temperatures confirms strong texture along the lower surface en-
ergy planes (002) remains absent in presence of surfactants. Around 900◦C, the Ru/TiN sample
starts to breakdown developing a TiO2 phase. Despite strongly elevated anneal temperatures the
relative crystalline orientations of Ru (101) and (002) on TiN is not altered significantly. Most
likely the 20 nm Ru film behaves as bulk Ru disabling a recrystallization through annealing since
already a firm crystalline arrangement is present. Recrystallization is more likely to occur for
thinner films.

Besides directly influencing the growth per cycle and the formation of texture throughout the
deposition (Fig. 5.6b), surfactants also indirectly affect the resistivity of Ru on TiN at 325◦C
(Fig. 5.6a). Ru films grown on TiN are more resistive compared to SiO2. The discrepancy
is most pronounced for thin, fully closed and textured films, whereas ultrathin films (below
5nm) cross-over in resistivity. Also for bulk Ru (>30 nm) the off-set in resistivity between both
substrates decays again. The scaling of the resistivity with film thickness appears to be strongly
dependent on the substrate. On SiO2, the increase in resistivity with thickness remains shallow
up to ∼5nm, when it abruptly increases.

Where does this difference in resistivity between SiO2 and TiN originate from? Generally,
compared to Ru on SiO2, one could argue a strong texture is absent on TiN and therefore results
in a higher film resistivity (Fig. 5.6a). Unfortunately, the reasoning is a bit more complicated.
Several arguments need to be taken into account. First, similar to the surface free energy, also
resistivity is an anisotropic film property. The resistivity differs along each family of surface
planes. In literature, this discrepancy for Ru is conventionally described with respect to the out-
of-plane crystal axis. For single hexagonal crystals, four coordinate axis are used instead of the
usual three, denoted in the Miller-Bravais indices (a1,a2,a3,c) with c the hexagonal (out-of-plane)
axis (Fig. 5.6c). Temperature dependency studies of the resistivity parallel and perpendicular
to the hexagonal axis have shown lower resistivity parallel to the hexagonal axis [107],[108]. The
resistivity of a randomly polycrystalline metal is expected to fall in between. For the (002)
textured (but still polycrystalline) Ru on SiO2, denoted in Miller-Bravais indices as (0002),
the family of surface planes (0002) align perpendicular to the hexagonal axis implying higher
resistivity (Fig. 5.6). According to [107], instead an orientation parallel to the hexagonal axis
(101̄0) would have been preferred, corresponding to (100) Ru ensuring low resistivity and leaning
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(a) (b)

(c)

Figure 5.6: (a) Ru thin film resistivity as a function of film thickness, fitted by XRR; and (b) XRD spectra of
20 nm Ru films on SiO2 and TiN, all deposited at 325◦C. Strongly textured Ru has developed on SiO2. The
resistivity on SiO2 is lower compared to TiN; and (c) hexagonal crystal lattice of Ru for example, with (red)

hexagonal axis.

towards parallel alignment with respect to the hexagonal axis. When compared to Ru on TiN, it
should fall in between these extreme alignments since it is neither aligned along or perpendicular
to the hexagonal axis. Since Ru on TiN is randomly polycrystalline, a slightly lower resistivity
would have been expected compared to (002) textured Ru on SiO2. This is however not observed
here, arguing for example the average grain size plays a pivotal role.

Even though the anisotropy in resistivity does not minimize the electron mean free path along
(002) or perpendicular to the hexagonal axis (parallel to in-plane), the resistivity for textured
Ru on SiO2 is lower compared to TiN. Towards critical dimensions of 2D metals, the grain size
becomes increasingly important together with the film surface to volume ratio. For (ultrathin)
films below 20 nm, scattering of electrons at the grain interfaces or boundaries and at the film
surface become the major contributors to the film resistivity. From TEM, the average grain size
on TiN fluctuates around 10 nm compared to 25-30 nm on SiO2 (Fig. 5.3b,d). The average grain
size for Ru on SiO2 is considerably larger compared to TiN, arguing the difference in resistivity.

A thorough comparison of the film resistivities to other Ru ALD precursors is often complex.
To compare different processes accurately both deposition temperature and thickness should
coincide, and often the latter parameter is not fully specified in literature or difficult to extract.
Nonetheless, as deposited the Ru film resistivities closely coincide with reports made in literature
(Table 5.1).
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Table 5.1: Comparison of the Ru film resistivity on SiO2 substrates from the current EBECHRu ALD (†) to
other Ru ALD processes at similar deposition temperature and for a range of film thicknesses. The low Ru film

resistivities from EBECHRu ALD are comparable to literature. Only (?) are deposited on TiN.

Precursor Deposition Ru film thickness Ru film resistivity
temperature (◦C) (nm) (µΩcm)

ECPR [71] 275-350 12 21

EBECHRu [1] 350 15 14
EBECHRu (†) 325 13 14

CpRu(CO)2Et (?) [31] 325 25-30 16

Cyprus Ru(C9H13)2
[109] 270 25 20

EBECHRu (†) 325 21 15

Additional considerations are advised when comparing film resistivities between different
ALD processes. First, the determination of thickness is a crucial parameter in calculating the
film resistivities. Furthermore, the density of the grown films plays a pivotal role in obtaining
a low resistive film. From depth profiling (Fig. 3.2c-d), the bulk Ru exhibited an extremely
low concentration of impurities (>99% pure Ru), which are typically residues from the organic
precursor or incorporated O. These buried impurities also affect the film resistivity. Addition-
ally, differences in film roughness and average (in-plane) grain sizes enlarge the discrepancy in
resistivities between various studies. Around the 10 nm film thickness, direct comparison of the
resistivity is difficult since the reports in literature are rather limited.

In the next and last chapter, the potential of the EBECHRu ALD process in alternative
metallization applications for local interconnects will be discussed. Through a series of anneal
treatments at the maximum thermal budget for back-end-of-line process steps, Ru films will be
pursued as a plausible candidate for a conformal trench fill with line widths down to 15 nm.
Through direct assessment of the Ru resistivity after anneal, texture is fully strained. But more
importantly, the lateral grain size further increases and Ru could match the effective resistivity of
Cu filled trenches with line widths below 10 nm. The reader will be either reminded or introduced
into the challenges and alternatives for local Cu interconnects.



Chapter 6

EBECHRu ALD metallization of
SiO2 trenches for alternative
metal local interconnects

To conclude this generic study of a metal ALD process, it will be applied to conformally fill SiO2

trenches down to 15 nm widths. Up until now, research efforts have focused on enlarging the
understanding of the EBECHRu ALD reaction chemistry and growth mechanism on both TiN
and SiO2. For TiN substrates the growth, physical and electrical characteristics were greatly
influenced by the presence of Ti surfactants segregated during deposition from the underlying
substrate surface. Off course, a solid understanding of the ALD process at hand helps to approach
the challenges ahead in developing electrically yielding Ru lines down to 15 nm in width.

Figure 6.1: Cross-section imaging of 10 nm line width SiO2 trenches filled with (left) diffusion barrier and Cu;
and (right) ALD Ru. Notice the difference in effective metal line width between Cu and Ru as line width scales

down to 10 nm.

To recapitulate, Cu is the conventional low-resistive metal for interconnect systems thanks
to its low bulk resistivity of Cu (1.71 µΩcm [22]). Unfortunately, Cu is highly susceptible
to interdiffusion [110],[111]. To prevent Cu from diffusion into the surrounding and isolating
dielectrics, a functional barrier was added to the trench (Fig. 6.1). Even though low resistive
barriers are pursued, the total resistivity of the yielding interconnect inevitably increases and
becomes a major contributor under continuous line width downscaling. Also the deposition
of these ultrathin barrier films -demanding high conformality- is challenging, and electrically
yielding Cu lines down to 10 nm have not been manufactured up to the present day. Towards
10 nm lines, alternative metals with a low interdiffusion rate could match Cu. According to the
ITRS roadmap [9] the trench volume rapidly fills up with a 2-3 nm thick barrier layer covering
the trench walls, leaving a reduced footprint for Cu filling. When the trench is filled with an
alternative metal (e.g. Ruthenium) a diffusion barrier is lacking and the metal occupies the
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entire trench volume. The trench line width is the smallest and critical dimension in defining
the line resistivity. Compared to Cu, Ru thus covers the full trench width. Therefore around the
current 10 nm linewidth example (Fig. 6.1), a 10 nm thick Ru competes in resistivity with an
effective 6 nm wide Cu (excluding barrier) line.

(a) (b)

(c) (d)

Figure 6.2: (a) Ru thin film resistivity as a function of film thickness as deposited on SiO2 and TiN at 325◦C,
and after forming gas anneal (FGA) treatment. The film thickness is fitted through XRR. The resistivity of

annealed thin Ru films drops considerably even at low annealing temperatures. XRD spectra of a Ru thin film
thickness serie as deposited (c) on SiO2 at 325◦C, and after forming gas anneal treatment (b) on TiN; and (d)

SiO2. The forming gas anneal treatments (10% H2/N2) were performed for 20 minutes at 420◦C. Ru (002)
texture on SiO2 is strongly enhanced, clearly exhibiting fringes. They indicated the grains span the full film

thickness. All measurements were performed on cleaved 4cm x 4cm film sample pieces.

Overall, interconnects are afflicted by the continuous transistor downscaling set by the semi-
conductor industry. Whereas decreasing the total transistor surface area considerably up scales
the on-chip efficacy and reduces the power dissipation of conventional chip components, intercon-
nects on the other hand suffer from ravaging scattering events at the surface and grain boundaries
as the line width scales down. Line width downscaling has a completely different connotation as
compared to transistor scaling. Nonetheless, in order to electrically connect the scaled transistor
devices the connecting lines are stretched to the fullest. Here, all efforts are put into discovering
the potential of EBECHRu ALD as a candidate to match Cu around the 10 nm film thickness.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.3: Top view SEM imaging of Ru ultrathin films deposited on SiO2 at 325◦C (a,c,e) and after forming
gas anneal treatment (b,d,f) for respectively 4nm, 5nm and 6nm Ru. Below 6nm Ru, the films start to dewet
the underlying substrate, developing islands at elevated anneal temperatures. The corresponding resistivity

increases sharply. This Ru agglomeration is absent for 6nm and thicker films, lowering the film resistivity. The
Ru films were annealed for 20 minutes at 420◦C in a forming gas atmosphere (10% H2/N2).



54

Figure 6.4: Resistivity of blanket Ru film sample pieces (4 cm x 4 cm) deposited at 325◦C on SiO2 and TiN
after forming gas anneal treatment, together with the projected effective line resistivity of Cu trenches with 1-2

nm barrier from ITRS [9] and the line resistivity of patterned damascene Cu trenches [112]. No 10 nm line
width trenches have been filled with Cu up until the present day. Based on the projections by ITRS, Ru starts

to match Cu sub-10 nm.

To stretch the resistivities of the Ru ALD films to the lowest, they have been given an
anneal treatment in forming gas (10% H2/N2) for 20 minutes at 420◦C. Only films deposited
at 325◦C are considered for obvious reasons; low incubation, strongly textured (for SiO2) and
optimal uniformity in thickness and resistivity. The anneal temperature is set by the upper limit
for typical back-end-of-line processes including interconnects. Even within this limited thermal
budget, a significant drop in resistivity occurred, especially for near ultrathin films (<10 nm).
Firstly, the resistivity is not only temperature dependent, but also related to the underlying
substrate. As discussed in the preceding chapter, the surfactants residing on TiN at 325◦C limit
the grain size which led to an increase in resistivity compared to equally thick Ru on SiO2. For
trench filling, the trench walls are SiO2. Therefore the focus of the forming gas anneal series
lies on the lowering in resistivity of Ru thin films on SiO2. A reduction close to (37 ± 2)% can
be achieved for a ∼8.5 nm Ru film. Both Ru series on SiO2 and TiN are shown to indicate the
reproducibility of the anneal treatments.

For decreasing film thickness, the resistivity starts to increase rapidly. Contributions from
grain boundary scattering and scattered electrons at the surface become dominant. However for
SiO2, down to approximately 6 nm a strong increase in resistivity with decreasing film thickness
is absent compared to TiN.

From top view SEM images of 6 nm Ru on SiO2, a difference in grain size can be observed
after anneal treatment (Fig 6.3). Below 6 nm, the thin films become vulnerable for elevated
anneal temperatures at the risk of agglomeration of Ru (islanding) developing a pin-hole top
view; the Ru is said to dewet SiO2 (Fig. 6.3b,d). This dewetting could contribute to the sudden
and strong increase in resistivity below 6 nm. On TiN on the other hand, no degree of dewetting
has been observed. In the end towards film closure thicknesses (e.g. 3-4 nm), the resistivity of
Ru on both substrates cross-over since the effects of texture and grain size for these ultrathin
films on the respective resistivity is absent.

Direct comparison of the Ru thickness serie of blanket films on SiO2 after forming gas anneal
with PVD blanket Cu as deposited, indicates the clear difference in resistivity. A 10 nm Cu film
has an approximate film resistivity of ∼10 µΩcm, compared to ∼13 µΩ cm [41] for an 8.5 nm thick
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Ru film after anneal. However, the resistivity of Cu has to be matched along a trench including
its diffusion barrier. Therefore, the projected and effective line resistivities of Cu (including a
1-2 nm barrier) from the ITRS roadmap [9] can be consulted (Fig. 6.4). Since up till present day
no 10 nm line width trenches have been filled with Cu, the roadmap is the only guidance below
10 nm. Off course, one should take into account the resistivity of blanket Ru films is directly
compared to line resistivities most likely introducing an additional off-set. Sub-10 nm, Ru starts
to match Cu around the 8 nm film thickness. In addition, the experimental line resistivities of
patterned damascene trenches [112] are shown up to 13 nm line widths. They lie slightly below
the projections from the ITRS roadmap.

At this point in time, the surfactant mediated growth mechanism on TiN can again be involved
in the discussion. To recapitulate, surfactants residing on the growing Ru surface lowered the
surface energy, and had radical consequences at different levels, from growth rate up to thin film
resistivity. The higher resistivity compared to Ru on SiO2 is expected to be governed by the
considerably smaller average grain size -even after forming gas anneal treatment (Fig. 6.5b).
When compared to literature [113], similar grain sizes as on SiO2 (Fig. 6.5a) have been observed
before, but not for these thin 8.5 nm Ru films. Furthermore, for almost equally thick 9.5 nm Ru
on TiN the lateral grain size estimated from TEM stabilizes around ∼10 nm.

(a)

(b)

Figure 6.5: XTEM imaging of 9 nm and 10 nm annealed Ru films on respectively (a) SiO2; and (b) TiN. A
clear difference in grain size and texture sets in at elevated anneal temperature considerably lowering the

resistivity of Ru on SiO2 compared to TiN. The forming gas anneal treatments (10% H2/N2) were performed
for 20 minutes at 420◦C.

In turn, the grain size of Ru on TiN is most likely to be governed by the residing surfactants.
Surfactants limit the grain size evolution through altering the growth mechanism (Fig. 4.7).
Instead a fast and instant exchange mechanism sets in. The diffusion of arriving Ru is inhibited
and nucleation occurs instantly. On SiO2 on the other hand, the slow diffusion mechanism
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dominates in absence of surfactants. And since the arriving Ru badly adheres to the SiO2

substrate (Appendix A), grain growth is facilitated and can expand easier along the surface,
especially after an anneal treatment at elevated temperature. For Ru on TiN -where in addition
to surfactants also Ru adheres thoroughly on the underlying TiN-, the grain size does not increase
considerably even after an anneal treatment.

(a) (b)

(c) (d)

Figure 6.6: Ru conformal trench fill (aspect-ratio 3) in SiO2 with line widths down to 15 nm from EBECHRu
ALD at 325◦C. (a) Top SEM view of multiple filled Ru lines; and (b-c) X-SEM images across multiple trenches
filled with Ru; and (d) X-SEM view along one Ru line with ion beam deposited Pt on top for FIB lift-out of the
sample specimen. The latter had also received a forming gas anneal treatments (10% H2/N2) for 20 minutes at

420◦C. These images are reprinted with permission from imec Belgium [114].

The former extensive characterization of EBECHRu ALD, made the deposition process inter-
esting for several applications. One of them included the EBECHRu ALD fill of down to 15 nm
line width trenches in SiO2 (Fig. 6.6a). From X-SEM across and along the Ru lines, the trenches
appear to be filled conformally (Fig. 6.6b-d). Typically these trenches are initially overfilled to
ensure a complete fill of the trench volume. Obviously, the Ru on top has to be removed in order
to attain isolated electrically yielding lines. To get rid of this overburden growth of Ru on top
of the trenches (Fig. 6.6b-c), the overburden is polished mechanically by employing a chemical
slurry, denoted as a chemical-mechanical planarization (CMP). Unfortunately, during polish the
majority of the Ru inside the trenches came out, hindering further characterization. The adhe-
sion of the grown Ru on the trench walls appeared to be insufficient to resist the planarization
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treatment. Henceforth, two options were left; either adapt the CMP procedure to reduce the
impact on the filled lines, or improve the adhesion of the grown Ru on the SiO2 walls. The former
would still require a minimum adhesion strength for the Ru to survive the polish. From 4-point
bending measurements (Appendix A), the adhesion energy of Ru on SiO2 substrates showed to
be poor and insufficient to survive any CMP treatment. Therefore, in future endaveours to fill
Ru trenches an ultrathin (0.3-1 nm) ALD TiN adhesion layer will be deposited around the walls
of the trenches before Ru is deposited.



Chapter 7

Conclusions

Future metallization applications will require highly conformal deposition techniques exhibit-
ing an uniform deposition profile together with a high degree of growth control. Atomic layer
deposition has great potential to fulfill these standards set by the industry. Currently both
MIM capacitors and interconnects emerge as bottleneck for future scaling, neutralizing the ad-
vancements in transistor density scaling. ALD is the only technique capable of coating the high
aspect-ratio trenches set for future sub-20 nm MIM capacitors. They stretch the characteristics
of the metal ALD process to the fullest, demanding a negligible degree of growth inhibition dur-
ing the first tens of ALD cycles, together with a smooth morphology and high step coverage in
order to conformally coat the deep trenches.

Also for interconnects, metal ALD becomes a promising novice. Although it is still commonly
used for seed deposition inside a trench for consecutive electroless plating with Cu, the stringent
technology nodes demand a severe decreases in line width over the next decade. Towards the 10
nm line width, Ru films from EBECHRu ALD are put in perspective with respect to Cu which
is the conventional interconnect metal. The potential of Ru ALD films to match Cu around the
10 nm film thickness is discussed.

First, the EBECHRu ALD is thoroughly characterized. Besides the optimization of the pre-
cursors’ pulse lengths to reach self-terminating behavior, the underlying surface chemistry was
studied in-situ. Since a molecular oxygen based ALD process environment is used, the domi-
nant reaction pathway during both half-reactions partakes through combustion of the residing
precursor ligands at the surface. However at the end of each O2 pulse, atomic O is chemisorbed
to prepare the surface for the subsequent precursor pulse. The chemisorbed O coverage is cru-
cial for the extent of the combustion of incoming precursor ligands during EBECHRu pulsing.
Independent of the preceding O2 pulse length, an additional secondary and kinetically slower
mechanism steps in involving the complete dissociation of a full precursor ligand (ethylbenzene).
The dissociation can partake without supplying a proton since a zero-valent precursor is em-
ployed. At lower deposition temperatures, the degree of combustion decays and becomes less
favored during EBECHRu pulsing. For precedent underdosing O2 pulses (e.g. 0.1s) few incom-
ing precursor ligands are combusted and the complete ethyl-benzene ligand removal depends on
the secondary mechanism. At the end of each metal precursor pulse and independent of the
temperature window, there is assumed the other full ligand (ethyl-cyclohexadiene) still resides at
the surface, hindering further precursor chemisorption and rendering the half-reaction towards
saturation.

Under the latter assumption, the chemisorption of EBECHRu precursor per unit time and
surface area is severely limited by the molecular size of the ligand as opposed to other processes
reported in literature lacking a full residing ligand at the end of each metal precursor pulse. The
low amount of chemisorption per unit time and surface area is directly reflected in the growth
rate per cycle, which is set on SiO2 around (200± 5) · 10−2 atoms/nm2cycle (∼0.025 nm/cycle)
and is independent of the temperature window [225◦C, 325◦C]. However for TiN substrates, the
situation becomes more complicated. At 225◦C, Ru grows accordingly to the former mentioned
growth rate, but at elevated temperatures towards 325◦C the growth of Ru is enhanced and
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mediated by surfactants. These surfactants segregated during the first tens of cycles from the
underlying TiN substrate towards the top of the growing Ru surface. There is suggested a thin
TiO2 layer on top the TiN substrates gets reduced during the initial ALD cycles giving cause to
a reduced titanium suboxide. The suboxide can in turn segregate towards the top of the growing
Ru. This interaction between the growing metal and the underlying substrate is denoted as a
strong metal-support interaction (SMSI). In addition the residing titanium suboxide -referred
to for convenience as Ti surfactants- mediated the further conversion of incoming EBECHRu
precursor by lowering the surface energy. The growth rate per cycle is enhanced and more than
doubles towards (404± 10) · 10−2 atoms/nm2cycle (∼0.05 nm/cycle).

Besides a dominant influence on the growth per cycle, also a strong effect on the physical
and electrical properties of Ru thin films grown on TiN at 325◦C was to be expected. Since
surfactants lower the surface free energy, the development of a strong texture became less favored.
The formation of texture is nature’s way to minimize the total surface free energy. Additionally,
the growth mechanism was considerably circumvented in presence of surfactants. Instead of
a slow diffusion atomistic process, the arriving Ru atoms were instantly incorporated below
the Ti surfactants residing on top of the growing surface. Hereby, the period of incubation
became negligible compared to other substrates. Furthermore, the surfactants limited the lateral
grain size (∼10 nm) compared to Ru grown on SiO2 (∼30 nm), by circumventing the diffusion
mechanism and disabling clustering of large islands which is also hampered by the profound
adhesion of Ru on the underlying TiN substrate compared to SiO2. Indirectly, the surfactants
can be held responsible for the elevated film resistivities compared to Ru on SiO2.

For the aforementioned reasons, Ru on TiN proves to be promising for MIM capacitors as
the degree of incubation is negligible. On the other hand, the morphology of the grown film
monitored through AFM is rough. For LOGIC (e.g. interconnects), Ru on SiO2 blankets have
been annealed in forming gas (10% H2/N2) at the maximum thermal budget (420◦C) for back-
end-of-line (BEOL). A considerable drop in film resistivity up to (37±2)% for an 8.5 nm Ru film
has been observed. The thin film exhibits a corresponding film resistivity of (134±1)·10−1µΩcm,
which starts to match the predicted line resistivities of Cu filled trenches [8]. Off course blanket
level tests are compared to the line resistivity of Cu, likely introducing an offset compared to Ru
line resistivities. Furthermore, the projected line resistivities for Cu from [9],[8] were taken since
sub-13 nm line width trenches filled with Cu are up till present day not yet proven.



Chapter 8

Outlook

Generally in ALD, the steady-state growth behavior is independent of the initial substrate.
Here, a clear growth enhancement on TiN mediated by a thin segregated layer of titanium
suboxide or surfactants can be observed. Why has this not been observed in earlier reported
ALD processes? And what constraints are put by the type of precursor and the configuration
of the ALD process? Initially, the growing metal and the surface oxidized transition metal-rich
substrate have to strongly interact with each other (SMSI [7] ) as such to favor segregation of
a thin transition metal suboxide. One does not expect this interaction to be strictly precursor
dependent. Since segregation here relies on the reduction of the surface oxidized layer, any type
of precursor can reduce the oxidized monolayers. On the other hand, the extend of the growth
rate enhancement by the segregated layer(s) can be extremely process dependent, and therefore
depend on the precursor and its configuration.

First, the reaction mechanism studied through in-situ QMS focusses on the surfactant-free Ru
substrate (homo-deposition) and is likely to be altered in presence of surfactants. Even though
this involved chemistry has not been studied, one can expect the surfactants to mediate the
conversion of exposed precursor at the surface. Incoming precursor could consume partially the
thin residing layer of titanium suboxide implying a fundamental change in the surface reaction
chemistry. It is this precursor-surfactant interaction that strongly determines the eventual en-
hancement of the growth rate per cycle. The growth enhancement could go either way; strongly
mediating the Ru growth as seen here or barely elevating the growth rate. This could partially
explain why similar observations were not reported earlier.

And secondly, also the configuration of the ALD process poses critical constraints. Here,
the O2 pulse is fairly limited to a few hundreds of milliseconds (e.g. 0.4 s). It has been seen
the segregation mechanism is governed by the extend of the molecular oxygen pulse. For long
and repeated pulses, the amount of residing surfactants readily decreases lowering the growth
rate. When compared to other precursor processes in literature, this could be a critical breaking
point since the pulsing conditions have to be optimized according to the self-limiting behavior of
the ALD process to reach maximum growth for minimum precursor length. The optimum pulse
length could therefore be too long to ensure a significant interaction and a thorough effect on
the growth per cycle.

In addition, elevated deposition temperatures are required. And off course the strong sub-
strate dependency typically limits the effect to occur on a transition metal oxide substrates.
This would require a broad sweep of the deposition temperature range combined with a growth
study focusing on at least one transition metal oxide substrate. Here ToF-SIMS revealed the
nature of the enhanced growth. And even though it is a powerfull and highly surface sensitive
technique, only few reports benefit from the technique in metal(-oxide) ALD studies [27],[115].
All aforementioned arguments could indicated why a surfactant mediation in an ALD process
has not yet been observed directly or indirectly, as opposed to for other thin film deposition
techniques [74]-[75].

A conclusive remark regarding the growth study; the optimum and self-terminating precursor
pulses (Fig. 3.1) have been selected at 325◦C based on an underlying TiN substrate (in presence
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of surfactants). It could well have been that the saturation curve on the SiO2 substrate yielded
a different set of self-terminating precursor pulses, since surfactants are absent.

Given the detailed description of the surfactant mediated growth, one can pose the question
what is to gain from such a strong interaction between the growing metal and the underlying
substrate? Ru grown on TiN at 325◦C exhibits a fast and instant nucleation without incubation.
The surfactants mediate the growth and limit the grain size. However, an O2 based ALD
environment is also not favored but often necessary due to the lack of alternative reactants
(e.g. H2). Based on the QMS study, after each metal precursor pulse a full ligand resides at
the surface. One could think of replacing the O2 reactant by a reducing H2 reactant instead.
During the H2 pulsing, the incoming reactant could induce dehydrogenation reactions with the
residual ligands at the surface. It all depends however, on the reactivity of the H2 towards the
remaining precursor ligands. An additional obstacle with H2 is also set by the strong dilution
through the carrier gas N2 before the actual reactant reaches the substrate. Nonetheless, future
efforts could be undertaken to assess the role of hydrogen as substituted reactant. H2 based
ALD process would find immediate application in metallization environments, and are therefore
worth pursuing.

Finally, Ru films from EBECHRu ALD exhibited competitive film resistivities compared to
Cu below 10 nm, even though the comparison is based on blanket Ru against Cu lines. To have
an idea of a blanket PVD Cu film, the film resistivity settles down around ∼ 10µΩcm for a 10
nm Cu film [41], opposed to (134± 1) · 10−1µΩcm for 8.5 nm Ru. Off course, Ru is not the only
metallic candidate to match Cu, and various alternatives are being considered at the moment
although the prospects are still in the far future. It should be clear from the discussion, that
the contributions from surface and grain boundary scattering at reduced line widths below 10
nm are metal and deposition process dependent. Each metal scales differently, e.g. the slope for
Ru on SiO2 remained shallow below 10 nm, but rapidly increased below 6 nm (Fig. 6.4). This
sharp behavior is different when compared to Cu which is expected to scale more transient. The
effects of recrystallization on the resistivity at different annealing temperatures and for different
deposition techniques (e.g. PVD) should prove interesting.

Also the conventional Cu interconnects will go through an innovation phase. However, the
line width scaling is primarily set by the diffusion barrier. And further barrier thickness scaling
is running against its limits.



Appendix A

Adhesion of Ru thin films from
EBECHRu ALD

The adhesion energies of Ru thin films on both SiO2 and TiN substrates measured through a
four-point bending technique are shown below. Here two multi-layer stacks Si/1.3 nm SiO2/15
nm Ru/500 nm Cu and Si/1.3 nm SiO2/10 nm PVD TiN/15 nm Ru/500 nm Cu are bended,
developing stress across the different interfaces (Fig. A.1b). In 4-point bending the interface
energies are quantified by exploring which interfaces cracks first (here either the Ru/Cu or
Ru/substrate interface). Therefore an additional interface with the Ru is added under the form
of a thick Cu film grown on top of the Ru.

Ru adheres badly on SiO2, but still passes a scotch-tape test (Fig. A.1a). On TiN, the Ru
adhesion is optimal and therefore TiN is often employed as adhesion layer. In addition an 1 and
3 ALD cycles adhesion layer of TiN (∼0.3 nm and 0.8 nm thick respectively [41]) is added on top
of SiO2, considerably enhancing the adhesion of the growing Ru (Fig. A.1). The latter ultrathin
adhesion layer already behaves similar to bulk TiN. It will therefore be employed as adhesion
layer for EBECHRu trench filling.

(a) (b)

Figure A.1: (a) Adhesion energy of Ru thin films grown on SiO2 and TiN substrates at 325◦C respectively,
and 1 and 3 ALD cycles (adhesion layer) TiN deposited on top of SiO2; and (b) configuration of the 4-point

bending technique. Figure in (b) taken from [115].
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