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Zusammenfassung

Die Plasmaunterstützte Atomlagenabscheidung (PALD) ist eine bekanntesVerfahren für die
Abscheidung hoch-konformer dünner Schichten durch sequentielle und selbst-beschränkte
chemische Oberflächenreaktionen. Diese Abscheidemethode ist besonders für die Abschei-
dung von gleichförmigen Schichten auf Oberflächenstrukturen mit hohem Aspektverhältnis
geeignet, wie sie für die Herstellung von mikroelektronischen Bauelementen benötigt wer-
den. Silberschichten und Dotierstoff enthaltende Oxidschichten (Sb2O5, B2O3, SiO2 und
POx/SiO2) wurden auf verschiedenen Substraten mittels Plasmaunterstützer Atomlagen-
abscheidung abgeschieden. Dabei wurden zwei unterschiedliche PALD-Anlagen eingesetzt,
die mit verschiedenen neuartigen Prototypen-Plasmaquellen ausgestattet waren.
Die abgeschiedenen Schichten wurden mittels verschiedener Analyseverfahren charakter-
isiert. Zur Anwendung kamen dabei: Röntgenphotoelektronen-spektroskopie (XPS), Rönt-
genbeugung (XRD), Röntgenfluoreszenzanalyse (XRF), Atomkraftmikroskopie (AFM),
Rasterelektronenmikroskopie (SEM), Transmissionselektronenmikroskopie (TEM) mit
Energiedispersiver Röntgenspektroskopie (EDX), Sekundärionen-Massenspektrometrie
(SIMS), Vierspitzenmessung und Ellipsometrie.
Silberschichten wurden mittels PALD auf verschiedenen Materialien, wie Silicium, Sili-
ciumoxid, Titannitrid, Titan, Nickel, Cobalt und Wolfram, abgeschieden, wobei die
Abscheidetemperaturen im Bereich von 70 °C bis 200 °C variiert wurden. Das größte
Wachstum pro Zyklus wurde mit 0.03 nm bei einer Temperatur von 120 °C auf SiO2-
Oberflächen erzielt. Die Silberschichten waren polykristallin mit kubischer Kristallstruktur
und enthielten nur geringe Kohlenstoff- und Sauerstoffkontaminationen. Ein97 nmdicker
Silberfilm, abgeschieden bei einer Temperatur von 120 °C, wies einen spezifischen Wider-
stand von 5.7 µΩcmauf. Leitfähige Silberschichten, die mittels PALD auf Strukturen mit
hohem Aspektverhältnis abgeschieden werden können, wären geeignet, als Keimschichten
für die Herstellung von Leiterbahnen eingesetzt zu werden. Haftschichten mit hoher Ober-
flächenenergie, wie Cobalt und Nickel, können dabei benutzt werden, um gleichmäßiges
Wachstum und schnellere Vereinigung von Silberinseln während des Wachstumsprozesses
zu erzielen.
Dotierstoffhaltige Oxide, die mittels plasmaunterstützter Atomlagenabscheidung abgeschieden
werden, können als Dotierstoffquelle für ultra-flache Dotierung von Silicium und Germa-
nium eingesetzt werden. B2O3 wurde als Quelle für p-Dotierung von Silicium eingesetzt.
Phosphorhaltige Oxidschichten (POx/SiO2) sollten für die n-Dotierung von Silicium, Ger-
maniumsowie Silicium-Germanium und Sb2O5-Schichten sollten für die n-Dotierung von
Silicium-Germanium- und Germaniumsubstraten geeignet sein.
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Abstract

Plasma-assisted atomic layer deposition (PALD) is a known technique for deposition of
highly conformal thin films from sequential and self limiting surface chemical reactions.
This deposition technique is particularly useful for conformal deposition on high aspect
ratio structures which is applicable in microelectronics fabrication. Silver layers and dopant
containing oxide thin films (Sb2O5, B2O3, SiO2 and POx/SiO2) have been deposited on
different substrates by plasma-assisted atomic layer deposition using two PALD reactors
with new prototype plasma sources.
The deposited layers were characterized by several techniques such as x-ray photoelectron
spectroscopy (XPS), x-ray diffraction (XRD), x-ray fluorescence (XRF), atomic force
microscopy (AFM), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) with energy dispersive x-ray spectroscopy (EDX), secondary ion mass spectrometry
(SIMS), four point probe measurement and ellipsometric measurement.
Silver films were grown by PALD on different surfaces such as silicon, silicon oxide, titanium
nitride, titanium, nickel, cobalt and tungsten in the deposition temperature range from
70 °C to 200 °C. A maximum silver growth per cycle of 0.03 nm was obtained at 120
°C on SiO2 surface. The silver layers had polycrystalline cubic crystal properties, low
carbon and oxygen contamination, and a resistivity of 5.7 µΩ . cm for 97 nm Ag layer on
SiO2 substrate at 120 °C deposition temperature. Conducting silver layers deposited on
high aspect ratio structures by PALD process are applicable for example as seed layers in
multilevel interconnects. High surface energy adhesion layers such as cobalt and nickel
can be used to promote smooth growth and faster coalescence of silver islands during
deposition.
Plasma-assisted atomic layer deposited solid phase dopant containing oxide layers can be
used as diffusion source layer for ultra shallow doping in silicon and germanium. B2O3

were used as source layer for p-type doping in silicon while phosphorus containing oxide
(POx/SiO2) may be suitable as source layer for n-type doping in silicon, germanium and
silicon-germanium substrates. Sb2O5 source layer may be suitable for n-type doping in
silicon-germanium and germanium substrates.
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Introduction

1.1 Material layers and their applications
Semiconductor integrated circuit (IC) fabrication processes involve several fabrication
steps on a wafer which broadly fall into four processing categories, namely, material
deposition, material removal (etching and chemical mechanical planarization), patterning
by lithography and electrical properties modification (doping and annealing). These IC
processing steps in modern terms are further classified as front end of line and back
end of line processes. Front end of line (FEOL) starts and ends directly on the wafer
substrate involving processes as obtained in CMOS fabrication such as wafer selection,
wafer chemical mechanical planarization and wafer cleaning, growth of dielectric on the
wafer (typically silicon oxide), patterning of the transistor active regions, shallow trench
isolation, well formation, gate module formation, as well as source and drain module
formation [1]. Back end of line (BEOL) processes on the other hand involve interconnection
of all transistor nodes on the wafer which include formation of contacts, insulating layers
(dielectrics), metal levels interconnects, and bonding sites for chip-to-package connections.
All these processes (both FEOL and BEOL) may require deposition of thin films of various
materials from thicknesses of few angstroms to few micrometers for different applications,
for instance gate oxides are usually made of oxides of dielectric typically silicon oxide,
hafnium oxide, and zirconium oxide. Also contacts and interconnects are electrically
conductive materials like metals (for instance Cu and Al), while diffusion barriers can be
metal nitride such as TiN. These materials can be deposited by various methods such
as physical vapor deposition and chemical vapor deposition. Physical vapor deposition
(PVD) converts the required physical material to vapor and transfer the material in
vapor or plasma phase to the substrates usually under high vacuum. Physical vapor
deposition can be electron beam evaporation, electrical thermal evaporation, pulsed laser
deposition and sputter deposition. However, physical vapor deposition techniques are
usually limited by directionality of the flux of material. And as a result, deposition by
PVD with good step coverage on advanced structures such as three-dimensional structures,
trenches and fin shaped structures might be challenging. On the other hand, chemical
vapor deposition requires gas and surface reactions of two or more precursors leaving the
required material on the substrate and purging the reaction by-products. Deposition of
thin films by chemical reactions are in general more uniform than physical deposition
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but sometimes with slightly lower film quality. Moreover, there are some applications
which requires extremely conformal thin film of materials and this needs some special
form of chemical vapor deposition which is called atomic layer deposition. Atomic layer
deposition involves surface self limiting reactions and has the ability to deposit materials
with excellent step and surface coverage, pin hole free and even with excellent physical
properties sometimes close to the bulk material. Some specific applications of atomic layer
deposited films include solar cell passivation [2] (aluminum oxide and silicon oxide back and
front side coating reduces surface recombination velocity of charge carriers), dopant layers
for shallow pn junctions [3], deposition of high - k dielectric in CMOS transistors, metal
electrode deposition in high aspect ratio structures for memory devices and interconnects,
optical coatings [4] and coating of arbitrary shaped structures and fragile materials such
as polymers and papers [5].

1.2 Motivation
Atomic layer deposition has the advantage of extreme film conformality on planar and
three-dimensional structures with controllable thickness from a fraction of monolayer and
as such efficient atomic layer deposition processes for different materials would be necessary.
Silver will be deposited as an example of metal PALD process while dielectric oxide layers
such as boron oxide, antimony oxide, phosphorus containing oxide and silicon oxide will
as well be deposited by PALD. Two proposed applications of these deposited layers in
microelectronics fabrication are:

• metallization application for silver layers

• silicon and germanium doping from PALD oxide films as dopant source

(i) Some of the requirements for future metallization and interconnects as identified by
ITRS (International Technology Roadmap for Semiconductor) is the use of lower
permittivity insulation medium as well as lower resistivity contact materials.

Low resistivity contact material would imply low heat dissipation (I2R) and low
signal propagation delay (RC) within the IC. Silver has the lowest resistivity (≈ 1.6
µΩ.cm), low residual stress compared to copper [7] and can also be scaled down to sub
100 nm without substantial increase in resistivity as compared to copper [8]. Silver is
therefore considered as a potential replacement to copper in interconnects and contact
formation for integrated circuit fabrication. Typical back end of line process in IC
metallization requires multiple metal levels (Figure 1.1) for interconnecting all nodes
within the IC as well as to the external lead terminal. These multilevel interconnects
usually requires etching of deep trenches (vias) in insulating medium which will
be filled with the conducting interconnecting materials such as aluminum, copper,
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Figure 1.1: Cross section of an IC chip showing multiple interconnect levels [6]

tungsten or silver. Some conventional methods of silver thin film deposition include
electroplating [9], physical vapor deposition [10], chemical vapor deposition [11] and
atomic layer deposition [12,13]. Atomic layer deposition has potential advantage of
excellent step coverage on three-dimensional structures, possible low temperature
processes and it is also compatible with silicon microfabrication. Plasma-assisted
atomic layer deposited silver layers can be useful for example as seed layers for silver
electroplating in vias and holes required for multi-level interconnect in integrated
circuits.

(ii) Gordon Moore made an observation reported in 1965 that the number of transistors
on a chip doubles every 18 months. Continuation of Moore’s scaling is reaching a
limit (below 100 nm gate length) where the gate voltage can no longer effectively
control the drain current in conventional two dimensional MOSFET because of short
channel effects.

Figure 1.2 illustrates the undesirable typical MOSFET scaling effect showing an
increase in drain current at zero gate voltage as the gate length becomes smaller. As
a result, new three-dimensional transistor structures such as ultra-thin-body FET,
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Figure 1.2: Plot of Id vs Vgs in MOSFET as Lg decreases, where Id is the drain current in
milliampere (mA), Vgs is the gate to source voltage in volts (V), Lg is the gate
length. Both scales (x and y) are shown from 0 to maximum (max). Adapted
from [14]

FinFET and nanowire transistors (Figure 1.3) are being proposed as possible solutions
to overcome this scaling limitation from short channel effects [14, 15]. Fabrication of
high density three-dimensional transistors circuits on a chip will require production
of ultra-shallow pn junctions with high activation levels (≥ 1020 cm−3 [16]), abrupt
junctions (≤ 2 nm/decade [16]), as well as conformal doping of the three-dimensional
structures.

(a) Tall FinFET (b) Short FinFET (c) Nanowire FinFET

Figure 1.3: FinFET variations [15]

Current doping technologies such as ion implantation and plasma doping [17] suf-
fer severe limitation from crystal damage resulting to undesired deep diffusion of
dopants (transient enhanced diffusion), dopants channeling in crystalline materials
and dopants shadowing at three-dimensional surface. While diffusion from spin on
dopant source [18], gas phase dopants [19, 20] and molecular layer source [21] do
not have radiative damage, it may also be challenging to carefully control the dose.
The thickness of dopant layers fabricated by PALD can be easily controlled layer
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by layer and deposition can as well be conformal on planar and three-dimensional
structures. Therefore, dopant layers deposited by PALD on silicon and germanium
substrates can be applied for shallow and conformal doping from solid phase diffusion
of pre-deposited PALD sources.

1.3 Aim of the dissertation
Selected material films which are silver (Ag), boron oxide (B2O3), antimony oxide (Sb2O5),
silicon oxide (SiO2) and phosphorus containing films (POx/SiO2) will be deposited on
different substrates using two remote plasma-assisted atomic layer deposition reactors
(‘SENTECH’ PALD system and ‘HFO’ PALD system) with new prototype plasma sources
(‘EPILOGOS’ ICP plasma source in ‘SENTECH’ PALD system and ‘EPILOGOS’ CCP
plasma source in ‘HFO’ PALD system). Some specific applications of the deposited
materials will also be demonstrated.

1.4 Objectives of the dissertation
(i) To deposit conducting silver layers by plasma-assisted atomic layer deposition in

three-dimensional structures suitable for integrated circuit multilevel interconnects
with a new prototype ICP plasma source.

(ii) To develop plasma-assisted atomic layer deposition processes for dielectric oxide
layers and dopants layers of antimony oxide, boron oxide, phosphorus oxide and
silicon oxide.

(iii) To characterize the deposited layers by various techniques such as ellipsometry,
four point probe (FPP), AFM measurements, SEM / TEM measurements, XRD
measurements, XPS measurements, EDX measurements, and XRF measurements.

(iv) To evaluate the plasma sources in both PALD systems.

(v) To demonstrate application of plasma-assisted atomic layer deposited films of boron
oxide, phosphorus containing layers and antimony oxide film for silicon and or
germanium doping.

1.5 Structure of the dissertation
The first chapter introduces the dissertation leading to motivation, aim and objectives.
Chapter two describes the general background, review of atomic layer deposition and
plasma-assisted atomic layer deposition. Chapter three describes some principles of film
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characterization techniques used in this work. Chapter four gives the description of the
plasma assisted atomic layer deposition reactors used in this work. Chapter five discusses
the results of each sections of the experiments. Chapter six gives the summary, conclusion
and future work.
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Atomic Layer Deposition (ALD)

2.1 Basis of atomic layer deposition
Thin solid films can be deposited by chemical reaction and or thermal decomposition of
one or more reactants over heated substrates. This technique, also known as chemical
vapor deposition (CVD), usually involves gas phase and surface reactions of one or
more reactants leaving the required film on the substrate. Usually for CVD processes,
all reactants (precursors) are supplied to the reaction chamber simultaneously, without
necessarily purging previous reactants. ALD is a variation of CVD whereby the reactants
are supplied separately into the reaction chamber, with an intermediate purge step of
earlier reactant and by-products, before supplying the next precursor thereby preventing
mixing of two reactants in gas phase. Each precursor saturates the surface and in an ideal
case reacts with the next precursor only at the surface, resulting to less than monolayer
of the grown film. ALD processes have the ability to precisely control the film thickness
(due to the so called self limiting reaction properties), as well as to grow high quality film
with excellent conformality. Therefore, with continued aggressive Moore’s scaling and
increasing aspect ratio structures, the need for ALD grown films becomes more and more
important. ALD was first demonstrated as molecular layering by a set of Russian scientist
in 1960 [22], later Tuomo Suntola (Finnish scientist) and co-workers developed it further
in 1970 and also patented it [23] with the original goal of developing a production process
for thin film electroluminescent (TFEL) displays [24]. However, ALD has been adopted
for wider applications and the International Technology Roadmap for Semiconductors
(ITRS) has included ALD processes for producing high-k dielectric gate oxides as well as
copper diffusion barriers in interconnects [25,26]. ALD was named atomic layer epitaxy at
the time of its invention [23] because the emphasis was on sequential controlled surface
reactions resulting to layer by layer growth [27]. However epitaxial growth is commonly
referred to as growth of single crystal films on top of single crystal substrates, with well
defined structural relationship between the two. And so, to avoid confusion, the name
atomic layer epitaxy (ALE) is only reserved for epitaxial films. Over the years, the ALD
method has been given several other names [27] and this is summarized in Table 2.1.
Atomic layer deposition is the general accepted name for all kind of films (crystalline and
amorphous).
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Table 2.1: Other names given to ALD method [27]
Accronym Name Comments

ALD Atomic Layer Deposition for all kinds of film
ALE Atomic Layer Epitaxy only epitaxial film
ALG Atomic Layer Growth similar to ALD but seldom used

ALCVD Atomic Layer Chemical Vapor Deposition related to CVD
MLE Molecular Layer Epitaxy molecular compound precursor used
DLE Digital Layer Epitaxy digital thickness control
ML Molecular Layering mostly Russian literature

Successive Layerwise Chemisorption
Sequential Surface Chemical Reaction Growth

Pulsed Beam Chemical Vapor Deposition

2.2 Description of ALD processes
ALD is a deposition process which involves alternating, sequential, saturating precursor
dosage with intermediate purge steps and self limiting surface reactions. This can be
separated into four basic step as shown in Figure 2.1.

(i) The surface is exposed to precursor A, the precursor is adsorbed on the surface until
it completely saturates the surface. Excess precursor would not have any effect on
the surface after saturation.

(ii) The excess precursor A and reaction by-products are purged away with an inert gas
or simply pumped away from the chamber.

(iii) The surface is again exposed to precursor B until it completely saturates the surface.
Exchange reaction takes place.

(iv) Reaction by-products and excess precursor are purged. The surface is left with
usually less than a monolayer of the grown film.

The four steps above is actually one ALD cycle, and the cycle is repeated until the
desired film thickness is obtained. Some salient features of ideal ALD process are as
described below:

(i) The growth is initiated due to the presence of reactive surface groups or chemisorption
sites on the surface. There is usually finite number of active sites (reactive surface
groups or chemisorption sites) on the surface.

(ii) Self limiting reactions implies that the growth is self controlled and depends on
the number of active sites on the surface. Precursor chemisorbs or reacts with all
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Figure 2.1: ALD process sequence

available active sites irreversibly (that is without desorption of the adsorbed species
during purge time). Once the active sites are completely covered by the precursor,
the growth process should stop. Growth process should not depend on precursor
flux homogeneity if enough precursor is supplied to saturate the surface. This allows
precise thickness control on atomic level and also gives conformal deposition. In
addition, film properties (stoichiometry) can be controlled from atomic level and
dense, uniform, and pin hole free film can also be produced. It also allows deposition
on large surfaces and batch deposition on multiple wafers.

(iii) Alternating precursor dosing implies that there will be no gas phase reactions, rather
there are surface exchange reactions. This allows the use of highly reactive precursor
and as a result reactions can as well take place at lower temperatures compared to
CVD processes. Besides, film and reactor contamination can also be reduced by
eliminating gas phase reactions, and as a result high quality films are produced at
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lower deposition temperatures.

(iv) ALD processes can be extremely slow, and the film thickness in one cycle is usually
less than a monolayer. But with continuous Moore’s scaling, the required film
thickness has also decreased sufficiently to the point where low growth rate becomes
a non-limiting factor.

2.3 Growth per cycle
Growth per cycle is the thickness of the deposited material in one cycle. The growth per
cycle depends on the reaction mechanism, number of active sites and steric hindrance
of ligands [28]. Usually growth per cycle is less than a monolayer of the film because of
steric hindrance effect. Steric hindrance is an effect where the ligands of the chemisorbed
(adsorbed) precursor on the surface shield the active sites from the next available precursor
molecule. In most cases, the larger the precursor ligands, the lower the growth per cycle.
Maximum growth per cycle is obtained when highest number of active sites react through
ligand exchange, releasing the highest number of ligands before being limited by steric
hinderance.

2.4 Ideal ALD and other non ALD processes
Figure 2.2 shows the growth behaviour of an ideal ALD process and other non ALD
processes as a function of precursor pulse and substrate temperature. It is important to
note that for an ideal ALD process, the reaction is self limiting thus allowing accurate
thickness control with the number of cycles (Figure 2.2a). It also deposits a monolayer of
the material within a reasonable temperature window with excellent film conformality and
releases by-products that can easily be purged. Usually growth of less than a monolayer
is observed as a result of steric hindrance and reduction in surface reaction sites. A
temperature window which gives a constant self limiting growth per cycle over a given
temperature range is called the ALD window. However, the growth per cycle in the
self limiting region (ALD) could also vary with temperature in some cases. ALD growth
per cycle can be dependent on the deposition temperature due to temperature dependent
number of surface reaction groups or precursor adsorption. This is often observed in
deposition of oxide films, in which the surface hydroxyl group decompose at higher
temperature into oxygen and water. In this case, the ALD growth per cycle decreases
as deposition temperature is increased. The other case of increased ALD growth with
temperature has been observed in deposition of some metals such as cobalt and copper
(transition metals) [29] where metal precursor and hydrogen gas were used as reactants,
noble metals such as ruthenium and irridium where metal precursor and oxygen gas were
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used as reactant [30,31], as well as dielectrics such as antimony oxide [32,33] and antimony
sulphide [32] where antimony precursor, ozone and hydrogen sulphide were used as reactant.
For noble metal processes, the noble metal surface catalyses the oxygen gas molecule into
oxygen atoms at higher temperature, thereby increasing the density of surface oxygen
atoms and this explains the increase in ALD growth per cycle of noble metals with increased
temperature. It might be that the reaction also need some other temperature activation
in remaining cases of increased ALD growth per cycle with temperature. Non ideal ALD
reactions such as precursor decomposition, etching reaction, precursor condensation, low
reactive precursor, and precursor desorption are illustrated in Figure 2.2. In the case of
a low reactive precursor, the reaction rate is temperature dependent, which means the
precursor exposure is not long enough to achieve saturation. An excessively long precursor
pulse time might achieve saturation for a low reactive precursor. A non ideal ALD process
involving condensation of precursor would have higher growth per cycle at lower deposition
temperature. While indication of precursor decomposition would be, when the growth
per cycle increases indefinitely (non self limiting), as the precursor pulse time is increased
without reaching saturation, at a particular temperature and also at elevated temperatures,
because precursors can thermally decompose into the grown film adding to the expected
ALD growth. Again, for etching reaction, the growth per cycle initially increases and then
decreases with increase in precursor supply, indicating that the precursor is etching the
film.

2.5 Requirements for ideal ALD precursors
Precursors are chemical reactants used to deposit materials by ALD processes. Usually,
these precursors should meet some specific requirements to be suitable for ALD processes
and the right choice of ALD precursors is quite important. These requirements are
discussed below [34].

(i) Sufficient volatility: ALD processes mostly require precursors to be in vapor phase
when fed in to the reaction chamber. Gases and high vapor pressure liquids are
preferred as ALD and CVD precursors because they can be easily contained in large
volume and can be drawn in high fluxes into the reaction chamber. Although low
vapor pressure solid sources can also be used, they can only be loaded into small
volume and might need frequent reloading after usage, which is often inconvenient.
In addition, there could also be particle transportation by the carrier gas to the
substrate if fine powders are used, which can introduce particulate defect in the film.

(ii) Thermal stability without self decomposition: Precursor should not decompose
on the substrate upon adsorption at the deposition temperature in order to keep
the self limiting property of ALD. It should also not decompose in the lines and
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in the precursor bubbler as well, therefore a knowledge of precursor decomposition
temperature is useful to decide all the chamber temperatures (lines, container and
substrate). Metal halides are best choices with respect to thermal stability while
metal organic compounds are often limited to temperature below 300 ◦C [34]. In
some cases, thermal decomposition of precursor can result in the same film as the
ALD grown film. In such cases, little precursor thermal decomposition might be
tolerated. However it should be noted that thermal decomposition can also introduce
impurities into the grown film, and as such precursor decomposition should be
minimized.

(iii) Quick and complete chemical reactions: Unlike CVD, precursors are dosed one
at a time in ALD with an intermediate purge step, thereby eliminating gas phase
chemical reactions. This allows the use of highly reactive precursors in ALD and it
becomes beneficial to use aggressive precursors since chemical reactions can reach
completion within short time. Also, ALD precursors should have complete reactions
such that no impurities are incorporated into the film.

(iv) No etching reactions: Ideal ALD precursors should not etch the film or the
substrate because this can reduce the film uniformity and might destroy the whole
process.

(v) No precursor dissolving in the film or the substrate: Precursor should chemisorb
and not dissolve in the substrate or the film.

(vi) Unreactive and volatile by−products: Ideal ALD precursors should also produce
a mild by-product which can be easily purged from the chamber. The by-products
can in some cases be re-adsorbed onto the film or block the reaction sites if not
efficiently purged. In worst case, it can also etch the film. Therefore the by-products
of ideal precursors should be mild and volatile.

(vii) Other desirable requirements: Some other requirements are purity, low cost,
easy to handle and synthesize, non toxic and environmental friendly. Some of these
specific requirements depend on applications, for instance semiconductor applications
will require high purity precursors, while coating applications may not need high
purity precursors. Cost of precursor depends on its demand which change over
time. Also, in some cases dangerous chemicals cannot be fully avoided, for example
pyrophoric precursors which are highly reactive, and as such special care and safety
precaution must be taken in handling them.
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2.6 Overview of ALD precursors types
On general basis, ALD precursors can either be a metal precursor or non metal precursor.

2.6.1 Metal precursors
Metal precursors are further sub classified as pure elements, metal halides, metal-organic
and organometallic compounds.

Elemental precursors

The first ALD processes used either volatile elements such as zinc and sulfur, [24, 34] and
non metal halides. Pure elements are less volatile and are therefore limited in usage or
might require the use of very high deposition temperatures. Only cadmium, mercury and
zinc have reasonable vapor pressure at low temperature. However, growth per cyle may
be quite high because there is no steric hindrance limitation with elemental precursor.

Metal-halides

These precursors contain direct bond between metal and halogen such as metal-chloride,
metal-bromide, metal-iodide and metal-fluoride. They are usually reactive precursors
and thermally stable at high temperature but with the disadvantage of yielding corrosive
reaction products such as acids, which could possibly etch the film, chamber lines and walls.
Example is TiCl4 which has been used in deposition of titanium [35]. In some cases, metal
halide can also have oxygen coordination atom, for instance tungsten oxyfluoride, WOF4

was used instead of WF4 for the deposition of WO3 because WF4 gives more problematic
corrosive products than WOF4 [36].

Organometallic precursors

Organometallic precursor do have at least one direct carbon to metal bond. Two common
examples are metal alkyl (Figure 2.3a) and metal cyclopentadienyl (Figure 2.3b). Metal
alkyls of the periodic table from group 12 to 14 have been widely studied. The group
12 to 14 metal alkyls are highly reactive, pyrophoric and volatile. A popular example
is trimethylaluminum, which has been successfully used together with water, ozone and
oxygen radicals for the deposition of aluminum oxide. Al2O3 deposition from trimethy-
laluminum and water is usually taken as the ideal ALD process, because the surface
reaction mechanism is well understood [28]. Metal cyclopentadienyl is another choice of
organometallic precursor, for example hafnium and zirconium cyclopentadienyl together
with water or ozone have been used for the deposition of high-k oxides [37,38].
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Metal-organic precursors contain metal and some organic compounds. Usually in this
case, there is no direct metal to carbon bond, rather the compound is coordinated by
some other elements such as oxygen or nitrogen. Common examples of oxygen coordinated
metal organic precursors are metal alkoxide (Figure 2.4a) and metal β-diketonates (Figure
2.4b). Metal alkoxides are moderately reactive and thermally stable up to 250 °C [34]
and have been used for deposition of some metal oxides, for instance Ti(OMe)4 [39, 40]
and Al(OEt)3 [40, 41] were used for TiO2 and Al2O3 deposition respectively. Besides
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silicon alkoxide, Si(OEt)4 has been used for growing mixed oxides or incorporating silicon
atom into another film. AlSixOy was grown from Al(Me)3, Si(OEt)4 and O2 plasma [42].
Volatile metal β-diketonates can be found for nearly all metals [43] and have been used
for deposition of metal oxides [44], metal sulphides [45] and pure noble metals [13].
Some categories of nitrogen coordinated metal organic precursors are metal alkylamide,
metal silylamide and metal amidinates (Figure 2.5). Metal alkylamide has wide range of
precursors available for different elements but with limited thermal stability as required for
ALD precursors. Alkylamides have been widely used for deposition of oxides with ozone,
water and oxygen radicals as reactants. Metal acetamidinates with molecular hydrogen
as reducing agent have been used for the deposition of transition metals such as Fe, Co,
Ni and Cu [29]. There could also be coordination from other elements such as silicon, as
shown in Figure 2.6, which gives metal alkylsilyl. Alkylsilyl of tellurium and selenium
with a metal halide as the second precursor was used for the deposition of corresponding
metal selenides and tellurides [46].

2.6.2 Non-metal precursors
Common non-metal precursors are hydrogen, nitrogen, chalcogenide and oxygen sources.

Hydrogen sources

Hydrogen is used as reducing agent for depositing metals. Molecular hydrogen is less
reactive at low temperature and can only be used as reducing agent on catalytic surfaces
or in form of hydrogen plasma radicals. In addition, some other reducing agents have
also been used in ALD such as Zn vapor [47], silanes [48], trimethyl aluminum [49] and
borane [50].

Nitrogen sources

Nitrogen itself is usually inert and often used as carrier gas and for purging. NH3 is often
the nitrogen source and reducing agent used for deposition of nitride films. In addition,
plasma activated NH3 or nitrogen can also improve the reactivity. Some other nitrogen
sources are N2H4, (CH3)NNH2, tBuNH2 and CH2CHCH2NH [51].
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Chalcogenide sources

Elemental chalcogens such as Te, Se and S are less reactive and they can only be used in
ALD process provided the other precursor is volatile and reactive enough [51,52]. Hydrides
of these chalcogens such as H2S, H2Se and H2Te are found to be more reactive but they
are extremely toxic and their alkyl compound derivative is usually found as substitute [27].
H2S has also been generated in-situ during the ALD process from decomposition of
thioacetamide [53].

Oxygen sources

Molecular oxygen is also quite inert unless in some exceptional cases where a catalytic
surface breaks down the molecular oxygen into atomic oxygen. Ozone and oxygen plasma
(atomic oxygen or oxygen radical) are the common pure oxygen sources used in ALD.
Some other oxidizing source are water (H2O), hydrogen peroxide (H2O2), nitrogen oxide
(N2O) and in some cases alcohol [54].

2.7 Applications of thin films deposited by ALD
Atomic layer deposited films of different categories with examples are shown in Table 2.2.
Detailed references of the possible precursor combination to give those films can be found
in [40] and [27]. Some applications of atomic layer deposited films are discussed below.

(i) Integrated circuits fabrication : Some application areas of films deposited by
ALD in IC fabrication include the use of high-k dielectric oxides such as HfO2, ZrO2

and Al2O3 as gate oxides in MOSFETs and as capacitor dielectric in dynamic random
access memories (DRAM) in order to obtain higher capacitances with thicker oxide
thicknesses thereby reducing electron tunneling leakage current through the oxide.

(a) Al2O3 ALD on high aspect ratio
[26,55], a potential high-k dielectric
material for gate oxide in MOSFETs

(b) Applications of metal and metal ni-
trides ALD [56]

Figure 2.7: Application of ALD in IC fabrication
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Table 2.2: Categories of thin films deposited by ALD [34]
Categories Examples

Oxides
Dielectric Al2O3, Sb2O5, B2O3, HfO2, Ta2O5, Nb2O5,

SiO2, Y2O3, MgO, GeO2, La2O3, CeO2,
PrOx, Nd2O3, Sm2O3, EuOx, Gd2O3, Dy2O3,

Ho2O3, Er2O3, Tm2O3, Yb2O3, Lu2O3, SrTiO3,
BaTiO3, PbTiO3, PbZrO3, BixTiyO, BixSiyO, SrTa2O6,
SrBi2Ta2O9, YScO3, LaAlO3, NdAlO3, GdScO3, LaScO3,

LaLuO3, Er3Ga5O13
Conducting and / semiconducting Ga2O3, In2O3, In:ZnO, In2O3:Sn, In2O3:F, In2O3:Zr,

SnO2, SnO2:Sb, ZnO, ZnO:Al, ZnO:B, ZnO:Ga,
RuO2, RhO2, IrO2, V2O5, WO3, W2O3,

NiO, FeOx, CrOx, CoOx, MnOx
Other ternaries LaCoO3, LaNiO3, LaMnO3, La1-xCaxMnO3

Nitrides
Semiconductor/dielectric AlN, GaN, InN, BN, Cu3N,

Zr3N4, Hf3N4, SiNx, Ta3N5
Metallic TiN, Ti−Si−N, Ti−Al−N, TaN, NbN,

MoN, WNx, WNxCy

Element Ag, Cu, W, Si, Ge Ru, Pt, Ir,
Pd, Rh, Co, Fe, Ni, Mo, Ta, Ti, Al

II-VI compounds ZnS, ZnSe, ZnTe; CaS, SrS, BaS
CdS, CdTe, MnTe, HgTe

II-VI based TFEL phosphors ZnS:M (M=Mn,Tb,Tm), CaS:M (M=Eu,Ce,Tb,Pb),
SrS:M (M=Ce,Tb,Pb)

III-V compounds GaAs, AlAs, AlP, InP, GaP, InAs

Fluorides CaF2, SrF2, MgF2, LaF3, ZnF2

Others La2S3, PbS, In2S3, CuxS, CuGaS2, Y2O2S,
WS2, TiS2, SiC, TiCx, TaCx,

WCx, Cax(PO4)y, CaCO3, Ge2Sb2Te5

In addition, deposition on high aspect ratio structures may be necessary to increase
the capacitance cross sectional area. ALD can be extremely conformal and this
favours the deposition of high-k dielectrics on high aspect ratio structures (see
Figure 2.7a). Metallic nitrides films by ALD such as TiN and W2N are used as
diffusion barrier and adhesion promoter (see Figure 2.7b) in interconnects while
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ALD of metal seed layers such as Cu seed layer is used for Cu electroplating in
high aspect ratio structures required for IC metallization in Cu damascene process.
ALD of low k dielectric such as SiO2 is also required in multi-level interconnects for
electrode insulation and reduction of inter-electrode capacitances. Recently, ALD
of ZnO [57] and GaN [58] has been used as active material for the fabrication of
thin film phototransistors. ALD has also been proposed for fabrication dopant layers
suitable for solid state diffusion doping in high aspect ratio structures [3], [59].

(ii) Solar cells :

Figure 2.8: Solar cell passivation [60]

One critical limitation of solar cells is recombination of charge carriers at the interfaces
due to high surface defects density. Films deposited by ALD are being used for
surface passivation in solar cells to reduce carrier recombination (Figure 2.8). ALD
of Al2O3 and recently Ga2O3 [61] can effectively field - passivate highly doped p-type
Si emitter mainly because it has high density of negative oxide charges. Where
as SiO2 can passivate both n and p type Si mainly because it reduces its interface
defects. ALD of SiNy can effectively passivate highly doped n-type Si because of
high density of positive oxide interface charges. Besides, ALD of SiNy can serve as
anti-reflection coatings in solar cells. In addition, transparent and conducting oxides
such as InO2:Sn and In:ZnO [62] are used for coating the front side of solar cells.
II-VI materials deposited by ALD such as CdTe and CdS [63] can be used as buffer
layer material in solar cell fabrication.
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(a) Hard disk drive [64]

(b) Cross section of a thin film magnetic head [65]

Figure 2.9: ALD Al2O3 for thin film magnetic head fabrication used in hard disk drives

(iii) Magnetic devices : ALD of Al2O3 meet all the essential dielectric requirements
for magnetic heads which are perfect conformality, high breakdown strength (9 -
10 MV/cm), low leakage current and low compressive film stress (< 200 MPa) [65].
Atomic layer deposited Al2O3 is therefore used for insulating dielectric gaps in
magnetic thin film heads (Figure 2.9b) required to read and write data in modern
hard disk drives (Figure 2.9a).

(iv) Thin film electroluminescent displays :

The birth of ALD in the mid 70’s was because of the need for production of dense
and pinhole-free thin film electroluminescent coating on large surface areas. This
is because pinhole and low density film makes electroluminescent displays more
susceptible to breakdown at higher electric fields. The thin film materials deposited
by ALD required for fabrication of electroluminescent displays (Figure 2.10) are
ZnS:Mn as the electroluminescent layer, Al2O3 or AlxTiyO as insulators and Al2O3

as passivation and protective layers [34].
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Figure 2.10: Thin film electroluminescence display [66]

(v) Optical coatings : Thanks to its perfect conformality, the ALD method can be used
for interference coatings in optics such as anti-reflection coating and highly reflective
coatings. One application already mentioned is in solar cells, where anti-reflection
coatings are usually required on the front side for perfect light absorption into the
solar cell. ALD of multi-layer interference coatings have been applied for optical
wavelength from infra-red, through visible to soft and hard x-ray region [34,67–70].
However, lack of general commercial adoption of ALD in optical coatings may be
due to slow ALD deposition speed as well as high equipment costs.

(vi) Protective coatings : Atomic layer deposited films can be used as a protective
coatings against corrosion or chemical attack. Some materials such as silver and
stainless steel do not loose their appearance when coated with thin Al2O3 (less than
10nm) layer and this will prevent the materials from tarnishing.

(vii) Heterogenous catalysts and photo− catalysts : Heterogenous catalysts are made
from high surface area templates for instance silica or alumina spheres coated with
some other additives to achieve the desired catalytic property. Deposition of catalytic
additives by ALD could give conformal growth on the high surface area templates
resulting in homogeneous particle sizes. Some metal oxides such as TiO2, Al2O3,
ZrO2 and CeO2 (cerium oxide) as well as noble metals such as Pt, Rh, Ru, Ir and
Ag do have catalytic properties [71]. TiO2 is photocatalytic.

(viii) Coating of temperature− sensitive and arbitrary− shaped substrates : Sub-
strates of different shapes can be coated by ALD. Industrial ALD for coating porous
powders (particles) requires special reactor design such as fluidized bed reactor
design having a particle - holding porous cylinder with a particle filter [71]. The
use of plasma radicals and some other highly reactive precursors in ALD processes
also makes it possible to develop low temperature ALD processes which is suitable
for coating temperature sensitive substrates such as polymers. Cotton fibers and
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paper substrates were coated with atomic layer deposited ZnO film with effective
conductivity up to 24 S . cm−1 obtained for the deposited films [5]. Low temperature
ALD of oxide films such as Al2O3 can also be used to passivate organic (temperature
sensitive) light emitting diode (OLED) displays.

(ix) Micro electro−mechanical system (MEMS) : Reliability of silicon based MEMS
devices can be degraded because of mechanical wear, stiction, fatigue, shock as well
as oxidation and impurity diffusion. ALD coating of Al2O3 has been used as wear
resistant [72] and as insulating dielectric to prevent short circuit [73], WS2 as solid
lubricant [74] and Al2O3/ZnO alloy for charge dissipation [75] in MEMS devices.

2.8 Hardware requirements for ALD processes
Atomic layer deposition system hardwares for semiconductor technology should generally
include the following:

(i) Loadlock, handling and transfer system : The substrate to be coated is inserted
in the loadlock. This can be a silicon wafer with certain diameter size. In some cases
sample substrates could also be placed on a carrier wafer. Modern ALD systems
have an automated handling system for transfer of wafer back and forth from the
loadlock into the reaction chamber.

(ii) ALD reactor or reaction chamber : The reaction and deposition takes place in
the ALD reactor. It is usually a vacuum chamber with heated substrate holder
(susceptor), on which the substrate is placed. The temperature of the substrate is
controlled automatically. ALD reactor walls are also sometimes heated up to certain
temperature to avoid precursor condensation on the walls.

(iii) Precursor source, delivery and purge lines : ALD is a chemical process and
thus there are precursor sources, which can be held in heated precursor bottles or
simply gas lines. There is also heated delivery line from the precursor bottle to the
reactor. Precursor dosage is controlled by opening and closing of fast acting valves
(ALD valves) from the delivery line to the ALD reactor. Precursor lines are also
purged with an inert carrier gas.

(iv) Exhaust system : The ALD reactor has an exhaust path in which reaction products
are evacuated using a vacuum pump. The vacuum pump also maintains the reactor
at low pressure. Loadlock and transfer systems are usually evacuated with a vacuum
pump.

(v) Automation and control system : Processes are controlled using computers or
microcontrollers through an automation software interface which controls opening of
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all valves and all other process parameters.

2.9 ALD reactor categories
ALD reactors could be categorized based on some criteria such as the reactor flow scheme,
the precursor separation scheme and the substrate type.

(a) Laminar flow [76] (b) Shower head [76] (c) Injector type [76]

Figure 2.11: ALD reactor types based on flow scheme. A and B are precursors.

2.9.1 Reactor flow scheme
Laminar flow type

Laminar flow is shown in Figure 2.11a. Gas inlet is from the sides and flows across the
wafer. The reaction volume is also quite small, which allows better purge. This scheme
usually allows good precursor utilization efficiency. However, there could be thickness
non-uniformity because of precursor depletion at the source inlet, making it less suitable
for large area deposition.

Shower head type

Shower head type (Figure 2.11b) has gas inlet perpendicular to the substrate, through
a shower head for uniform precursor flux distribution. The thickness non-uniformity is
excellent but the purge is inefficient because of relatively large reactor volume and low
conductance of the shower head holes, making it difficult to achieve a pure ALD process.

Injector type

This also has gas inlet perpendicular to the substrate but no shower head (Figure 2.11c).
The structure is simple, maintenance is easier, there is no precursor depletion over large
area substrate and uniformity is also good. However the chamber volume has to be
minimized for better precursor utilization efficiency and lower purge times.
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2.9.2 Precursor separation scheme
ALD reactor classification in this regard can be based on temporal or spatial separation of
the precursors.

Temporal ALD

This is the most common precursor separation scheme. The substrate location remain the
same during ALD cycle but precursors are separated in time with an evacuation or purge
step in between (Figure 2.12). The ALD reactor has to be connected to a vacuum pump
for evacuation and purge. Precursor dose and process gases require accurate control and
should be sufficient to saturate the surface. In addition, purge times should also be long
enough to remove the remaining unreacted precursor and half reaction by-products. There
is usually material deposition onto the chamber walls with this scheme.
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Figure 2.12: Temporal atomic layer deposition
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(a) Spatial precursor separation (b) Spatial ALD illustration [22]

Figure 2.13: Spatial atomic layer deposition

The earlier reactor used for ALD was based on spatial ALD [23]. In this scheme,
substrate position moves within different spatially separated zones during the reaction
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cycle. There are four zones (Figure 2.13); half reaction zone for precursor A, inert gas zone
for precursor A purge, half reaction zone for precursor B and inert gas zone for precursor B
purge. Gas flows are static in each zone, which means there is no time spent in filling and
purging of the chamber. The process speed is limited by the speed at which the substrate
moves and the reaction speed (kinectics). The precursor are physically separated and
deposition will only take place on the substrate and not on the reactor chamber walls.
In this way, precursors are also better utilized and there should be no particulate film
contamination through redeposition from the chamber walls.

2.9.3 Other special reactor design
Porous particles need special reactor design to hold and uniformly coat the particles.

Figure 2.14: Flow-through reactor design for porous substrates [34]

Flow-through reactor design (Figure 2.14) can be used for samples that have pores.
Precursor can flow through the sample allowing improved conformality. A form of flow-
through reactor is the fluidized bed reactor design used for coating particles (powder) [71].
In this case, particles are held in a porous cylinder with a mesh filter and stirrer. The
precursor flow through the porous cylinder while the stirrer prevents the particles from
fusing together during the coating process. A rotating substrate can also be used for
stirring. Flow-through reactor may consume a lot of precursor during the ALD process. A
modified version is static flow [77] where precursor is filled into the chamber and “hold”,
before pump down. Coating of non porous powder may be very difficult in terms of reactor
design [34].

2.10 Precursor dosage scheme
ALD processes require efficient control of precursor dosage into the reactor. The source
of precursor can be external, so it is placed in a bottle or bubbler outside the reaction
chamber. In some cases precursor sources can also be internal, then it is placed in the same
vacuum chamber as the substrate. Precursors can be solid, liquid or gas. Usually, liquid
and gas precursor sources are preferred in ALD processes because of efficient transport in
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vapor phase. Precursor vapor inlet into the chamber is usually controlled by opening and
closing of fast solenoid or pneumatic mechanical valve valves in which the vapor can also be
transported by an inert carrier gas. The opening time for the ALD valves can be as short
as 10 ms for millions to tens of millions of cycles. For efficient gas transport cold traps
are usually avoided by setting the line temperature higher than the bottle temperature.
It is therefore necessary that the ALD valve can be operated at higher temperature, up
to 150 °C at least. Special pneumatic valves can be operated at 200 °C to 250 °C which
is considered to be the operation temperature limit [34]. There are several schemes of
precursor dosage and the ultimate choice depends on the precursor vapor pressure. These
are direct vapor draw, direct vapor draw with booster, bubbler system, and inert gas
valving system.

2.10.1 Direct vapor draw
Precursors with sufficient vapor pressure (practically 10 mbar higher than reactor pressure)
can be dosed with direct vapor draw system. Precursor can be filled in a simple bottle of
a type shown in Figure 2.15b. Direct vapor draw scheme is shown in Figure 2.15a. ALD
valves are indicated in the figure, in black color for opened valve and white for closed valve.

ALD valve 

opened
ALD valve 

closed

Inert carrier

gas

Inert carrier

gas

Precursor bottle Precursor bottle

(a) Direct vapor draw scheme (b) Precursor bottle [78]

Figure 2.15: Direct vapor draw

The valves in line with arrow direction that lead to the reaction chamber (chamber not
shown) must be opened first, with a preset inert carrier gas flow in the arrow direction as
shown in Figure 2.15a. The ALD valve next to the bottle is simply opened during “ON”
precursor pulse time and closed during “OFF” precursor pulse time.

2.10.2 Direct vapor draw with booster
When the precursor vapor pressure is lower or approximately equal to the chamber pressure,
then it is not possible to use a simple direct draw scheme. Instead a direct vapor draw with
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Figure 2.16: Vertical electropolished stainless steel bubbler [78]

booster can be used in such situation (precursor vapor pressure ≤ reactor pressure). The
key point in this scheme is that the precursor bottle has to be filled with inert carrier gas
to boost its total pressure before drawing like a direct vapor draw. Suppose the precursor
is filled in a bubbler of a type shown in Figure 2.16, with one inlet port and one outlet
port, direct vapor draw with booster is illustrated in Figure 2.17.

ALD valve 

opened

ALD valve 

closed

bubbler bubbler

bubbler bubbler

outlet outlet

outlet outlet
inlet

inlet inlet

inlet

Inert carrier 

gas
Inert carrier 

gas

Inert carrier 

gas

Inert carrier 

gas

(1) Stand by flow

(4) Pulse = release bottle 

pressure into carrier flow 
(3) Stand by flow

(2) boost bottle pressure

Figure 2.17: Direct draw with booster

The first step is to set an inert carrier gas flow into the chamber (valves in line with
arrow direction in Figure 2.17 opened), then the bubbler is filled with inert carrier gas
for short time (1 s to 2 s) through the bubbler inlet to boost the bottle pressure, after
which the bubbler inlet valve is closed while the inert carrier gas is directed back to the
chamber, and finally the mixture of vapor and inert booster gas is drawn by opening the
outlet (ALD) valve.
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2.10.3 Precursor bubbling system
A bubbling system can be used for very low vapor pressure precursor when the precursor
vapor pressure is smaller than the reactor pressure. Also, a bubbler of a type shown in
Figure 2.16 can be used for precursor bubbling. There is an inlet port with a dip tube
going inside the bubbler and an outlet port. Precursor bubbling system is shown in Figure
2.18, the inert carrier gas flow is set into the chamber in the first step, and next the inlet
and the outlet ALD valves are simultaneously opened during precursor “ON” times. This
allows the carrier gas to flow through the bubbler and mix with the precursor into the
chamber. In order words the direction of carrier flow is switched through the precursor
bubbler during precursor “ON” times.

ALD valve 

opened

ALD valve 

closed

Inert carrier 

gas

Inert carrier 

gas

inlet
outlet outlet

inlet

bubbler bubbler

Figure 2.18: Bubbling system

2.10.4 Inert gas valving

Valving gas

transport gas

Source boat

Exhaust

Reaction

chamber

Flow barrier

Figure 2.19: Illustration of inert gas valving [34]

Inert gas valving system (Figure 2.19) can be used as well for low vapor pressure
precursor typically less than 1 mbar. In such case, the precursor source is placed in an
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open boat in the same vacuum as the substrate (internal precursor source). The valving
system as the name suggests does not require a mechanical valve, but an inert gas flow is
used to control the flow of the precursor. There is a transport gas over the precursor and
a valving gas in between the chamber and the precursor. During precursor “ON” time,
transport gas is “ON” while valving gas is “OFF”. While during precursor “OFF” time,
transport gas is “OFF” while valving gas is “ON”.

2.11 Plasma-assisted atomic layer deposition
As earlier described in section 2.2, ALD is a modification of chemical vapor deposition
processes where the surface is exposed to individual reactants (precursors) separately with
an intermediate purge step in between. A plasma-assisted ALD process is an energy-
enhanced process in which the second half ALD cycle utilizes energetic particles and
radicals in the reaction process (Figure 2.20). The common plasma gases used in ALD
processes are hydrogen, oxygen, ammonia and nitrogen.

Figure 2.20: Plasma-assisted and thermal atomic layer deposition processes [79]

The plasma radicals typically replace thermal ALD precursors such as H2O, O3 and
NO2 in ligand exchange reactions.

2.11.1 Physics of plasma
In physics, plasma is often taken as the fourth state of matter because it is created
by supplying some form of energy to neutral gas molecules. A plasma is a partially
ionized gas which contain electrons, ions (positive and negative) as well as neutral atoms
and molecules. On the average plasma is electrically neutral, that is the total density
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of electrons and negative ions is equal to density of positive ions [79, 80]. Methods of
supplying energy to gas molecules for plasma generation are shown in Figure 2.21. One
way is to supply thermal energy, for example in flames where the gas molecules undergo
exothermic chemical reaction. Another method is thermal heating of gas into plasma
through adiabatic compression of gas molecules. Gas molecules can also be ionized into
plasma when bombarded with energetic particles such as electrons, photons, neutrons
and ions. While charged particles can be affected by surrounding electric field, neutral
particles have the advantage of not being perturbed by electric and magnetic fields.

Thermal 

energy of gas

Plasma

Electric and 

magnetic fields

Chemical 

process

Heat

Compression

electrons, 

ions,

photons, 

neutrals

Reactor walls

Mechanical

Contact ionization

Heating of electrons

Figure 2.21: Plasma generation principles: Adapted from [81]

Plasma can also be generated by supplying electric or magnetic field directly to neutral
gas. Plasma can be categorized into hot plasma and cold plasma.

Hot plasma

Hot plasma has electrons, ions and neutrals at the same equilibrium energy (temperature).
Nearly all the gas molecules are fully ionized in hot plasma.

Cold plasma

In cold plasma, only a fraction of the gas is ionized. The most common way of generating
cold plasma is by using electric or magnetic fields as the energy source. Any volume of
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neutral gas will have some few electrons and ions present in it, and these electrons and
ions are accelerated in the presence of electric or magnetic field. Electrons will usually
have higher kinectic energy than heavier ions. The accelerated electrons will gain sufficient
kinectic energy to ionize more neutrals through collision with the neutral gases creating
avalanche of charge carriers. The avalanche of charge carriers is also balanced by loss
of charge carriers and resulting in a steady state plasma. The hot electrons do not only
ionize, they can also dissociate and excite neutrals through impact collision. This result
in formation of highly reactive plasma radicals (atomic and molecular neutral), ions and
photons. The degree of ionization is usually very low in typical processing plasma (in
the range of 10−6 to 10−3) and as a result most of the ions and electrons are lost before
reaching the surface. Flux of radicals is much higher than flux of ions and electrons to the
surface. However, ions arriving at the surface have higher energy than electrons due to
acceleration of ions in the plasma sheat. The plasma sheat is the potential between the
plasma and the substrate defined as [79]:

Vp − Vf = Te
2e + Te

2eln
(

mi

2πme

)
(2.1)

where Vp is the plasma potential, Vf is the substrate potential, Te is the electron energy in
eV, e is the electron charge, me is the electron mass and mi is the ion mass.

Figure 2.22: Different plasma processes with their corresponding ion flux density and
energy [79,82]

The energy of the ions arriving at the substrate also depend on the collision mean free
path of the ions and the thickness of the plasma sheat. At higher plasma pressure, collision
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mean free path of ions could be smaller than the plasma sheat thickness resulting in low
ion energy at the substrate. On the other hand, low plasma pressure would allow large
ion mean free path, which means than ions can be accelerated over the entire plasma
sheat thickness resulting in ion bombardment at the substrate (high energy ions). For
typical processing plasma, the plasma sheat potential is < 50 V. However, the plasma
sheat potential can also be much higher depending on the plasma gas, reactor geometry,
grounding or biasing of the electrode (substrate). Infact, for certain plasma processing
such as etching and ion implantation, high ions energy would be desired (Figure 2.22).
Figure 2.22 shows the different plasma processes with their corresponding ion flux density
and ion energy.

Key features during plasma sequence in ALD processes

(i) Highly reactive radicals are generated during the plasma step. The reactivity of the
radicals can also be tuned from the plasma parameters such as power, gases, flows
and pressure.

(ii) The plasma does not heat the substrate within short time since only electrons have
high energy and not the whole gas phase species.

(iii) Reaction surfaces are also bombarded with energetic ions which can also promote
the surface reaction rates.

(iv) Some gas phase species are excited into higher energy level by electron impact
collision. Thus emitting electromagnetic radiation from visible to vacuum ultraviolet
region upon radiative decay of excited species to lower energy level.

(v) Plasma can also undergo other reactions such as recombination into non reactive
species. High recombination rate can affect the deposition uniformity especially in
deep trenches.

(vi) Volatile reaction products can also be excited, ionized or dissociated by the plasma.

2.11.2 Classification of plasma ALD sources
There are three basic equipment configurations

Radical enhanced plasma ALD

The plasma source is placed at a distance from the reactor in this case. Only plasma
radicals will reach the substrate. Most of the charge carriers (electrons and ions) would
have recombined along the line and would not be able to reach the substrate. Flux density
of plasma radicals is also lower due to recombination.
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Figure 2.23: Radical enhanced plasma ALD

Direct plasma ALD
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Figure 2.24: Direct plasma ALD

In direct plasma ALD, plasma is generated between an electrode plate and the substrate
directly inside the reactor. One electrode is above the substrate and connected to RF power
while the substrate is grounded. Gases are introduced to the reactor from the powered
electrode through a shower head or with laminar flow. The flux density of plasma radicals
is much higher together with ions, electrons, and photons on the substrate in direct plasma
compared to radical enhanced and remote plasma configurations. The deposition can be
very uniform with short plasma time in this configuration, however, the ions, electrons
and photons could also damage the substrate in some cases.
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Remote plasma ALD

The substrate is not involved in plasma generation here and the plasma is generated
remotely in a region above the substrate. Radical flux density is also quite high but the
density of electrons and ions would have decreased to zero before reaching the substrate.
Examples are RF driven remote inductively coupled plasma, microwave driven remote
inductively coupled plasma (ICP) and electron cyclotron resonance plasma. Another
approach for remote plasma ALD is to place an additional electrode grid in between the
top electrode and the substrate in a direct plasma system. This can be seen as a sort of
remote capacitively coupled plasma (CCP) source in which the active plasma is confined
between the top electrode and the grid (Figure 2.25b). Flux of ions, electrons and photons
is also reduced to the substrate.

Pump

Plasma gas

Precursors

Dielectric tube 

with coil

(a) Remote ICP plasma

Plasma gas and 

precursors

Pump

Electrode with 

shower head

Mesh

(b) Remote CCP plasma

Figure 2.25: Remote plasma ALD

2.11.3 Advantages and limitation of plasma ALD
Advantages

(i) Deposition can be carried out at low temperature.

(ii) Growth per cycle is generally increased.

(iii) Film stoichiometry can be controlled easily.

(iv) Other processing can be done such as plasma pre and post-treatment.
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(v) Material properties are improved such as film density.

(vi) Choices of precursors are increased.

Limitation

(i) Reduced conformality on high aspect ratio structures because of radical recombination
on the side walls.

(ii) Exposure of the surface to ions and especially vacuum ultra-violet radiation can
cause high interfacial defects. Carrier lifetime was found to reduce with plasma
exposure due to vacuum ultra-violet radiation exposure [79].

(iii) Complex plasma hardware would be required for industrial batch process.

2.12 Review of previous Ag PALD and CVD processes
Silver is a future interconnect material because of its low bulk resistivity (≈ 1.6 µΩ . cm).
Other applications of silver films are plasmonics [83], highly reflective mirror coating [84],
anti-microbial coating [85], gas sensors [86], catalyst [87] and decorations.
A summary of Ag PALD and MOCVD processes found in literature are given in Table 2.3.
The reference work for the Ag deposition was the article reported by Kariniemi et al. [13],
where Ag layers were deposited in a Beneq TFS-200 ALD-reactor, with a remote plasma
source configuration. The plasma was generated using a 13.56 MHz radio frequency, 100
Watts power source, and capacitively coupled between a top electrode and a grid electrode
placed at about 4 cm distance from the substrate. Mixture of hydrogen and argon was
used to generate hydrogen plasma discharge as a reducing agent for the Ag precursor.
The choice of Ag precursor was determined through a thermogravimetric measurements
(TGA) of some available Ag precursors in literature (Figure 2.26). Ag(fod)(PEt3) was the
best choice because the weight remaining after decomposition was the lowest compared
to the percentage of Ag in the precursor, which means that a significant amount of the
precursor vaporized before decomposition. The Ag depositions were carried out on silicon
and glass substrates. The precursor dosage was done by inert gas valving (Figure 2.19)
and Ag ALD type growth were obtained in temperature range from 120 °C - 140 °C with
0.03 nm growth per cycle, while slight additional CVD decomposition was observed above
140 °C (150 °C and 200 °C).
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Table 2.3: Previous Ag PALD and CVD processes
Ag deposition Ag prec. other prec. Dep. temp. GPC ρ (µΩ . cm), Substrates Ref.

method or gases (°C) film thickness and year

Plasma-enhanced Ag(fod)(PEt3) H2 plasma 100 - 120 0.8 nm/min 18, 50 nm SiO2(native)/Si [12], 2015
ALD

Plasma-enhanced Ag(fod)(PEt3) H2 plasma 120 - 150 0.03 nm/cycle 6 - 8, 20 nm Si, glass [13], 2011
ALD

Liquid injection (hfac)Ag(1,5−COD) propanol 110 - 150 - - glass, SiN [88], 2010
ALD in toluene

MOCVD ((Ag(OOCCH2
tBu)(PEt3))n) N2 300 - 500 - ∞ TiO2/SiO2/Si [11], 2009

in toluene
Radical-enhanced Ag(O2CtBu)(PEt3) H radicals 140 0.12 nm/cycle 6, 40 nm Si, glass [89], 2007

ALD
MOCVD (hfac)Ag(VTES) Argon > 180 - 1.83, >500 nm TiN/Si, SiO2/Si, [90], 2005

Ag(fod)(PEt3) Argon > 230 1.92, >500 nm TiN/Si, SiO2/Si
MOCVD ((tfac)AgP(OEt)3) Argon 330 > 23 nm/min 1.61, bulk thickness Si and glass [91], 2005
MOCVD (hfac)Ag(BTMSA) H2/N2 150 - 250 4 - 8 nm/min 6.5, unknown Si, SiO2/Si [92], 2001
MOCVD Ag(fod)(PR3) H2 300 - 2.5 - 3, 2000 nm glass, Si, Cu, Ag [93], 1995

Ag(hfac)(PR3) H2 350 2 µm/hour 6.5, 1100 nm glass, Si, Cu, Ag

Ag prec. = Ag precursor, Dep. temp. = Deposition temperature, GPC = Growth per cycle, ρ = resistivity, Ag(fod)(PEt3) =
(2,2-dimethyl-6,6,7,7,8,8-heptafluorooctane-3,5-dionato)silver(I)triethylphosphine, (hfac)Ag(1,5−COD) = (hexafluoroacetylacetonato)silver(I)(1,5-cyclooctadiene),
((Ag(OOCCH2

tBu)(PEt3))n) = (tertbutylcarboxylate)(triethylphosphine)silver, Ag(O2CtBu)(PEt3) = (2,2-dimethylpropionato)silver(I)triethylphosphine,
(hfac)Ag(VTES) = vinyltriethylsilane(hexafluoroacetylacetonato)silver(I), ((tfac)AgP(OEt)3) = silver (I) 1,1,1-trifluoro-2,4-pentanedionate triethyl phosphite
adduct, (hfac)Ag(BTMSA) = (1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)-silver[bis(trimethylsilyl)acetylene] complex, hfac = hexafluoroacetylacetonato, fod =
2,2-dimethyl-6,6,7,7,8,8-heptafluorooctane-3,5-dionato, R = CH3, C2H5
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The Ag films grown were polycrystalline with a resistivity of 6 - 8 µΩ . cm for 22 nm
thick layer. Spatial plasma enhanced atomic layer deposition of Ag films at atmospheric
pressure using Ag(fod)(PEt3) and hydrogen plasma is reported in reference [12]. The
plasma source design was derived from a surface dielectric barrier discharge [12], with
typical power density of 5 - 10 W/cm2. Mixture of hydrogen and nitrogen was used for
plasma generation. Ag films were grown on silicon substrate (with native oxide) in the
temperature range from 100 °C - 120 °C. It was shown that film morphology can be
controlled by substrate temperature through Ag surface diffusion and concluded that both
high growth rate and low deposition temperatures may promote smooth Ag film growth
by spatial ALD. The Ag growth rate was 0.8 nm/min and with resistivity of 18 µΩ . cm
for 50 nm thick Ag layer. The film thickness was measured by profilometry in this case.

Figure 2.26: TGA curves of selected Ag precursors. (thd = 2,2,6,6-tetramethyl- 3,5-
heptanedionato, piv = 2,2-dimethylpropionato, fod = 2,2-dimethyl-6,6,7,7,8,8-
heptafluorooctane-3,5-dionato, and hfac = 1,1,1,5,5-hexafluoroacetylacetonato.
[13]

Silver nanoparticles were grown by liquid injection atomic layer deposition on glass
and amorphous silicon nitride membranes substrates, using (hfac)Ag(1,5−COD) dissolved
in a 0.1 M toluene solution and propanol as reducing agent in the temperature range
from 110 °C - 150 °C [88]. Transmission electron microscopy shows that the nanoparticles
were face centered cubic, facetted silver crystallites. Nucleation density and size of Ag
nanoparticles depends on deposition temperature and it was reported that the nucleation
density increases from 7× 109 to 1.5× 1011 particles . cm−2 as the deposition temperature
is reduced from 150 °C to 110 °C [88].
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Metallic silver films were grown using radical-enhanced atomic layer deposition technique
with (2,2-dimethylpropionato)silver(I)triethylphosphine (Ag(O2CtBu)(PEt3)) precursor
and hydrogen radicals [89]. Deposition were carried out on silicon and glass substrates.
The ALD growth per cycle obtained was 0.12 nm at 140 °C deposition temperature on
silicon substrate. Conformal deposition was obtained on patterned silicon high aspect
ratio of 9:1. A film resistivity of 6 µΩ . cm was obtained for 40 nm thick Ag layer. The
film thicknesses were computed from the relative concentrations obtained from the EDX
measurements using the bulk density for silver [89].
MOCVD of silver films are reported in references [11,90–93]. Approximately bulk resistivity
of silver (1.61 µΩ . cm) was obtained for relatively thick silver films (500 nm and above),
as the best result for the MOCVD experiments. MOCVD processes may be faster than
ALD processes but with lower film conformality on high aspect ratio structures. Silver
PALD processes thus require optimized process conditions and better film properties which
is part of the goal of this dissertation.

2.13 Review of previous PALD processes on the selected
oxide films

2.13.1 Sb2O5 film
Antimony oxide films have broad range of applications. It can be used for gas sensing,
where the film conductance depends on gas exposure, and sensitivity to hydrogen [94],
ethanol [95] and methane [96] have been reported in literature. It can possibly be used
as sensor for temperature measurement since its electrical conductivity linearly depends
on temperature [97]. They have also been used as catalyst, for example in the selective
oxidation and ammoxidation of aromatics and alkenes [98] as well as the selective oxidation
of ethanol [99]. It can as well be used as flame retardant synergist in combination with
halogenated materials [100]. Antimony oxide is a high refractive index material (2.087 -
2.35), which is required for fabrication of low loss high reflecting mirrors used for high
power lasers and Fabry-Perot interferometric applications [33]. Sb2O3 glasses have been
shown to allow extended infrared transmission [101]. Antimony oxide can also be used
as moisture barrier layer capping, sacrificial layer and etch stop layer in CMOS process,
since it can tolerate harsh conditions such as resistance to buffered HF and HNO3 at
temperature up to 40 °C [102]. Antimony is also a dopant in silicon and germanium. Sb2O5

film can be a source of n-type doping in silicon or germanium, which is the application
area of interest in this work.
To date, the Sb2O5 film deposition reported in literature were all based on thermal atomic
layer deposition. Plasma-assisted processes have not been reported, and it will be benefi-
cial to have a plasma-assisted Sb2O5 ALD process because of the possibility to obtain a
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relatively high growth per cycle at reduced deposition temperature compare to thermal
ALD process.
Antimony-doped tin dioxide film with low resistivity and high transparency was deposited
on glass substrate by atomic layer deposition from SnCl4, SbCl5 and H2O at 500 °C [103].
However, the precursor used here can give undesirable corrosive chloride by-products.
Furthermore, Sb2O5 film was deposited on hydrogen terminated silicon substrates using
triisopropylantimony as precursor and water or ozone as oxidizing source [102]. The
deposited film with water consists of small crystallites, while the film deposited with ozone
was continuous. Growth per cycle obtained was 0.06 nm at 200 °C deposition temperature
and 0.16 nm at 300 °C deposition temperature [102].
Antimony oxide (Sb2O5) and antimony sulphide (Sb2S3) film were grown on silicon
substrate and nanoporous alumina substrate at 120 °C deposition temperature using
tris(dimethylamido)antimony, ozone and hydrogen sulphide [32]. The growth per cycle
obtained at 120 °C deposition temperature was 0.185 nm for Sb2O5 and 0.058 nm for
Sb2S3.
Sb2O5 film was also deposited on hydrogen terminated silicon substrates using triethylan-
timony and ozone in the temperature range between 50 °C and 250 °C [33]. The deposited
film thickness was very small at temperatures below 100 °C and the growth per cycle
increased approximately linearly with increase in deposition temperature between 100
°C and 250 °C. The growth per cycle was about 0.01 nm at 100 °C and 0.075 nm at
250 °C. Very smooth Sb2O5 films were grown with ozone as the oxidizing source. The
surface roughness of 72 nm Sb2O5 film as measured by atomic force microscopy was 0.159
nm on a 2 × 2 µm2 area. Investigation of thermal stability of Sb2O5 film deposited on
silicon substrate suggests that Sb2O5 film may be thermally stable at temperatures below
600 °C. Small decrease in layer thickness was observed after rapid thermal annealing in
oxygen at 500 °C due to desorption of surface contaminants and beginning of film densifi-
cation [33]. There was a large decrease in layer thickness as the annealing temperature
rises above 700 °C, and complete evaporation of about 20 nm Sb2O5 film was observed
at annealing temperatures from 900 °C [33]. Sb2O5 failed to act as a dopant source in
silicon. There was little or no diffusion of Sb into Si from Sb2O5 source after rapid ther-
mal annealing process as observed in the SIMS result and the measured sheet resistance [33].

2.13.2 B2O3 film
Boron is a key dopant for semiconductor material such as silicon or germanium. B2O3

layer can therefore be used as a boron source for diffusion doping. Other application areas
of B2O3 film are limited because of its instability in ambient air, since moisture transforms
B2O3 film into boric acid (H3BO3) [104]. Boric acid is effective as a solid lubricant [105].
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There have been only few reports on B2O3 atomic layer deposition. Atomic layer deposition
of B2O3 films on soda lime glass and silicon substrates at room temperature using BBr2
and H2O have been reported [104], but it is usually necessary to avoid halide precursors
due to problematic corrosive by-products. Growth per cycle obtained was 0.076 nm at 20
°C, which decreased to 0.005 nm at 50 °C deposition temperature [104].
B2O3 ALD using a halogen-free precursor was first demonstrated in [59], where B2O3 film
was deposited on silicon substrate from tris(dimethylamido)borane and ozone as precursors.
A growth per cycle of 0.03 nm was obtained at 50 °C deposition temperature [59]. Recently,
Kim et al. reported the atomic layer deposition of B2O3 film on silicon substrates at 150
°C deposition temperature using trimethyl borate (TMB) as the boron precursor and ozone
or oxygen plasma as oxidizing source [106]. The film growth per cycle obtained at 150 °C
deposition temperature was 0.04 nm with oxygen plasma oxidizing source and 0.035 nm
with ozone oxidizing source. It was shown that mixture of B2O3/SiO2 film can be grown
by alternating atomic layer deposition sequence of B2O3 and SiO2, in which the layers
were used for efficient p-type doping in silicon [106].

2.13.3 SiO2 film
SiO2 is an important material with wide application areas. It is a common gate dielectric
of MOS, CMOS, or thin film transistors. It can serve as thin film light absorption layer
in amorphous silicon solar cell to improve light absorption efficiency. It is also used as
a passivation layer to minimize interface defect densities in solar cells [107] as well as
passivation of OLEDs and polymers [108]. SiO2 is an important material for passive
optical components [109,110] such as waveguides, splitters, combiners, and active optical
components such as optical modulators and optical amplifiers [110]. An interest in SiO2

PALD in this work is to use it as a capping layer for other films, as well as for the growth of
mixed oxide of SiO2/POx film by PALD. There have been quite a number of publications
on atomic layer deposition of SiO2 films, and the possible precursor combination used
is summarized in Table 2.4. ALD of SiO2 using several chloride-based silicon precursor
with H2O [111–120] and O3 [121–123] as oxidizing source have been well reported. The
SiO2 film growth per cycle decreased as the deposition temperature was increased while
using SiCl4 and H2O precursor combination [111, 112]. Depositions were carried out at
lower temperature (room temperature or near room temperature) using SiCl4 and H2O
as precursor with pyridine or pyridinium chloride salt [112, 116–119] and ammonia as
catalyst [115]. The growth per cycle reported was higher (0.21 - 0.216 nm [112,115] and
0.08 nm [118]) with the catalyzed SiO2 ALD, compare to uncatalyzed ALD using SiCl4
and H2O as precursor. A maximum film growth per cycle of 0.35 nm was obtained at 300
°C deposition temperature using SiCl2H2 and O3 as precursor [122]. However, SiO2 ALD
using chloride-based silicon precursor has some serious drawbacks such as high reaction
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temperature required in the case of uncatalyzed SiCl4 and H2O (600 - 800 K substrate
temperature), problematic corrosive by-products, and reactivity of catalyst (such as NH3)
with HCl by-products to form ammonium salts [124].

Table 2.4: Precursors for SiO2 ALD and PALD processes [40]
Reactant A Reactant B Growth Temp. GPC References

SiCl4 H2O 600 - 800 K 0.075 - 0.11 nm [111–114]
SiCl4 H2O+cat · a 300 K 0.08 - 0.216 nm [112,115–119]
Si2Cl6 O3 403 - 453 °C 0.32 nm [121]
SiCl3H H2O 180 °C - [120]
SiCl2H2 O3 250 - 450 °C 0.25 - 0.35 nm [122,123]
SiH4 N2Ob 100 - 400 °C 0.13 nm [125]

Si(OMe)4 H2O 150 °C - [126]
Si(OMe)4 H2O+NH3 cat. room - 80 °C 0.2 - 0.3 nm [127]
Si(OEt)4 H2O+cat. room - 70 °C 0.07 - 0.08 nm [124,128]
Si(OEt)4 O2

b 150 - 250 °C 0.03 nm [42,129,130]
Si(OEt)3((CH2)3NH2) H2O + O3 120 - 200 °C 0.06±0.01 nm [131–136]

Si(OtPe)3OH AlMe3 225 - 250 °C 12 nm [137]
175 °C 1.8 nm [138]

(Me3Si)2NH O2 500 - 550 °C 1 wt-% [139]
SiH2(N(CH3)2)2 O3 275 °C 0.031 - 0.118 nm [140,141]
SiH2(NHtBu)2 O2

b 110 °C 0.16±0.003 nm [142]
SiH2(NEt2)2 O2

b 280 °C 0.076 nm [143]
200 °C 0.13 nm [144]

SiH2(NEt2)2 O3 100 °C 0.0085 nm [145]
SiH(N(CH3)2)3 O3 275 °C 0.021 - 0.077 nm [140,141,146–148]

[(CH3)2CH]3SiH+Arb O2
b 50 °C 0.65 - 3.59 nm [149]

SiH(N(CH3)2)3 O2
b 150-300 °C 0.09 - 0.115 nm [150]

SiH(N(CH3)2)3 H2O2 150-550 °C 0.08 - 0.18 nm [151,152]
Si(NCO)4 H2O room 0.17 nm [153]
Si(NCO)4 NEt3 150 °C 0.12 nm [154]

MeOSi(NCO)3 H2O2 room 0.2 nm [155,156]

a = catalyst, b = plasma, Et = ethyl, Me = methyl, OtPe = tertiary-pentoxy, tBu = tertiary-butyl,
wt-%=weight-percent.

As a result, several chlorine-free silicon precursors have been reported in literature for
SiO2 ALD such as silane (SiH4) [125], silicon alkoxide [42, 124, 126–130], alkyl-aminosilane
[140–148,150–152], and some other metal-organic precursors [131–139,153–156]. SiO films
were deposited by ALD from SiH4 and N2O plasma in the temperature range from 100
- 400 °C with a maximum growth per cycle of 0.13 nm. These films were used as offset
spacer in high-k/metal gate stacks [125]. ALD of SiO2 from tetramethyl orthosilicate
(Si(OMe)4) and water vapour as precursor at 150 °C deposition temperature deposited on
Au/TiO2 could modify the catalytic property of Au/TiO2 nanoparticles [126]. Hatton et
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al. demonstrated the ALD of SiO2 films onto SiO2 colloidal crystal and polymer spheres,
with tetramethyl orthosilicate (Si(OMe)4) and NH4OH as precursor (H2O) and catalyst
(NH3), at room and 80 °C deposition temperature, using a simple test tube for precursor
dosage and obtained an estimated ALD growth per cycle of 0.2 - 0.3 nm [127]. ALD
of SiO2 was also reported at room [124] and 70 °C [128] deposition temperature using
tetraethyl orthosilicate (Si(OEt)4) as silicon precursor with water as oxidizing source and a
catalyst (such as ammonia NH3 [124] or C2H5N [128]) with growth per cycle of 0.07 - 0.08
nm. Some other reported SiO2 ALD using amino-silane and metal-organic Si precursors
are given in Table 2.4 with the maximum growth per cycle and the deposition temperature
range.

2.13.4 POx/SiO2 film
Phosphorus belongs to n-type dopant class for silicon and germanium, therefore phosphorus
containing film can be a source layer for n-type doping in silicon and germanium. Other
applications of phosphorus and phosphorus compounds include the use of phosphates
as fertilizers [157], application of organophosphorus compounds for plasticizers, flame
retardants, pesticides, extraction agents, and water treatment [158], fabrication of safety
matches [159], production of less brittle oxygen-free copper-phosphorus alloy [160], as well
as biological applications [161]. There are limited reports on deposition of phosphorus
containing films and there are no reports of POx/SiO2 PALD film deposition in literature.
Trifonov et al. studied the reactivity of phenol-formaldehyde towards PCl3, in which
the reactive group (OH) in the polymer (phenol-formaldehyde) could react through
ligand exchange with towards PCl3 [162], resulting to modification of the polymer surface.
Deposition of boron phosphate on silica surface by molecular layering from trimethyl
borate B(OCH3)3 and phosphorus oxychloride (POCl3) have been reported [163].
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Film Characterization Principles

After deposition of thin films, it is usually necessary to characterize the layers in order
to know its properties. Specifically, properties such as film thickness, refractive index,
resistivity, elemental composition, film morphology, film topography (surface roughness)
and crystallinity are often determined with some various techniques. Some of the charac-
terization methods used in the experiments are ellipsometry, four point probe, scanning
electron microscopy, transmission electron microscopy, atomic force microscopy, secondary
ion mass spectrometry, x-ray photoelectron spectroscopy, x-ray fluorescence and x-ray
diffraction.

3.1 Ellipsometry
Ellipsometry is a technique used to measure the optical properties of films. Optical
properties such as thickness and refractive index of films can be measured to high degree
of accuracy, by detecting a change in polarization of light reflected from a sample. The
technique is not sensitive to intensity fluctuations because, it only measures amplitude
ratio and phase change between the s and p components of the reflected wave. It is also
non destructive and repeatable with high accuracy.

3.1.1 Polarization of light
Light wave in general normally have elliptic polarization. This means the electric field
vector form a trajectory of an ellipse in a plane perpendicular to the direction of propagation.
One revolution is completed in the time interval 2π

ω
. Moreover, the polarization can also

be described with two harmonic components each along perpendicular axes x and y. If the
two components on x and y are phase shifted, then the resulting path is an ellipse (Figure
3.1).

The amplitude of the wave along x and y axes are Eox and Eoy respectively. The time
dependence electric field vector ~E(t) can be written in complex form as:

~E(t) = Re

Eoxei∆
Eoy

 eiω(t−to) (3.1)

where ∆ is the relative phase change between Eox and Eoy components, ω is the angular
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Figure 3.1: Elliptical polarization.

frequency and to is the initial time. The electric field component is maximum at t = to + ∆
ω

and t = to along the x axis and y axis respectively, as shown in the dotted line in Figure
3.1. The angle Ψ determines the relative amplitude ratio between Eox and Eoy components.
From Figure 3.1,

tan Ψ = Eox
Eoy

(3.2)

Therefore the Jones vector for the elliptic polarization can be written as [164]:sin Ψei∆

cos Ψ


Two special cases of elliptic polarization are linear and circular polarization. For linear
polarization the phase change ∆ = 0 or π. The electric field forms a linear trajectory
and has an angle Ψ between the plane of oscillation and the x-axis. This angle is called
the azimuth. Moreover, electric field has only one components oscillating either along x
or y direction. Linearly polarized light are produced by linear polarizer. These devices
only allow light polarized along its axis to propagate, while it rejects all other polarization
directions. The angular setting of the polarizer is the azimuth of the resulting polarized
light.
For circular polarization, the phase change ∆ = ±π

2 and the angle Ψ = π
4 . Circularly

polarized light can be formed when a linearly polarized light pass through a retarder. A
quarter wave plate gives a retardation of π

2 . In other words, the electric field components
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on x and y axis have equal amplitude but a phase change of π
2 . Therefore, if the relative

angle Ψ between a polarizer axis and the fast axis of the quarter wave plate is set to be π
4 ,

the resulting polarization will definitely be circular.

3.1.2 Principle of operation of ellipsometer
An ellipsometer is used to measure the thickness and the optical parameters of films. The
basic setup is as shown in Figure 3.2. When linearly polarized light is incident on a sample
at an oblique angle, the reflected light will have an elliptical polarization. The basic set-up
comprises of the light source, polarizer, analyzer and detector. The two compensators
are optional components. The light source, polarizer and analyzer produce an incident
light of known polarization on to the sample. Upon reflection, the polarization of the
light changes, and the goal is to detect that change with the analyzer and the detector.
The compensators can introduce some retardation to the propagating light to suite the
detection scheme. For example in null ellipsometry, the compensators are adjusted such
that the reflected light is linearly polarized just before the analyzer.

Analyzer

Compensator

Light Source

Polarizer

Compensator

Sample

Detector

Figure 3.2: Basic setup of an ellipsometer.

The two important parameters in ellipsometry are the Ψ and ∆ values. Ψ is related
to the amplitude ratio between the s and p components of the reflected light, while ∆ is
related to the phase change between the s and p components of the reflected light. This is
given from the relation in equation 3.3 [164]:

Rp

Rs

= tan Ψei∆ (3.3)

where Rp and Rs are the reflectance of the p and s polarized light. Assuming the
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measurement is done in air, Rp and Rs can be determined from Fresnel equation [165].

Rs = cos θi − n cos θt
cos θi + n cos θt

Rp = n cos θi − cos θt
n cos θi + cos θt

(3.4)

where n is the complex index of refraction of the sample; n = nr − ik, nr is the real part
of the refractive index and k is the imaginary part of the refractive index, θi and θt are the
angles of incidence and refraction respectively, which are related by snell’s law (appendix
A.1).

cos θt =
√

1− 1
n2 sin2 θi (3.5)

By substituting equation 3.5 and 3.4 in equation 3.3, it can be observed that for a
known angle of incidence, the reflectance ratio depends on the real part of refractive index,
imaginary part and thickness of the sample. The phase change also depends on the sample
thickness. Finally, the reflectance ratio ρ is given as [166]:

ρ = Rp

Rs

= tan Ψei∆ = f(nj, kj, tj) (3.6)

.

3.1.3 Ellipsometer configurations
The two important ellipsometric angle Ψ and ∆ are determined from the measurements,
and this can be done using some configurations.

(i) Null ellipsometry (PCSA or PSCA): The configuration used can be polarizer, compen-
sator, sample and analyser (PCSA) or polarizer, sample, compensator and analyser
(PSCA). The source, polarizer and compensator prepares a known polarization state
of light incident on a sample, while the analyser and detector are used to determine
the change in polarization produced by the sample. In null ellipsometry, the axis
of the polarizer and analyser are adjusted until the light polarization just before
the analyser is linear, and analyser is simply rotated until no light is detected by
the detector. The angular setting of the polarizer (P) and the analyser (A) at null
directly relates to Ψ and ∆ as [164]:

Ψ = A ∆ = 2P + π

2 (3.7)

This technique has a high precision but very slow and needs high intensity of light
for proper measurement.

(ii) Rotating polarizer or rotating analyser system (RPE or RAE): Rotating analyser
and rotating polarizer are both referred to as photometry system. Unlike null
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ellipsometry, photometry system does not require having a zero signal at the detector.
It measures intensities of the reflected light at different azimuth angles. The system
set up can just be polarizer, sample and analyser (PSA) and may not necessarily
require a compensator. Different intensities measurement can be taken at varying
azimuth angles, by keeping the polarizer fixed and rotating the analyser (RAE), or
vice versa (RPE). And the ellipsometry data Ψ and ∆, are calculated from these
measured intensities. RPE generally requires sources that are unpolarized while
RAE requires photodetectors that are not sensitive to polarization for more accurate
measurements.

(iii) Rotating compensator system(RCE): A method of elliminating the polarization sensi-
tivity of the source and detector is to use PCSA or PSCA photometry configuration
instead of PSA. In both cases, the polarizer and analyser axis are kept fixed while
the compensator azimuth (retarder) is rotated and corresponding intensities are
measured at different rotation angles. In this case, the photodetector sees constant
polarization [167] and polarization dependency of photodetector is removed.

(iv) Phase modulated ellipsometer: Phase modulators ellipsometer may not have mov-
ing parts, rather it will introduce a phase change along its optical path by some
mechanism. The ellipsometer configuration can be polarizer, modulator, sample and
analyzer. In addition, the two common modulation scheme used are photoelastic
modulator and liquid crystal modulator ellipsometry. In photoelastic modulators, a
periodic birefringence is induced in a silica bar by a piezoelectically generated stand-
ing acoustic wave, thus modulating the polarization of emerging light [168]. While for
liquid crystal modulators, birefringence is induced by applying an electrical voltage
which controls the orientation and alignment of the liquid crystal molecule. Both
ellipsometer configurations are widely used in in-situ ellipsometric measurements.

3.1.4 Ellipsometric modelling and data analysis
Ellipsometry is a powerful technique, but it can only measure directly the angles Ψ and ∆,
and there is need for further extraction of the interesting parameters such as refractive
index n, extinction coefficient k and thickness, from the measurements. In the case of
sample thickness measurement, it is important to know the layer stack in the sample as
shown in Figure 3.3. In addition, each layer is also given the right optical model.

As shown in Figure 3.4, at first the measurement Ψ and ∆ as a function of wavelength,
is taken. Again Ψ and ∆ are also computed from the optical models and layer stack. The
computed values and the measured values are compared until an error limit is reached. In
other words, the model is fitted to the measurement until there is a good fit, defined by
least mean squared error, MSE ≈ 0 or chi squared error, χ2 ≈ 1 (appendix A.2). The
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Figure 3.3: Ellipsometry model

value of the thickness, refractive index or extinction ratio that gives a good fit will be the
final measurement results.

Set the right model for each 

layer stack. 

Calculate tan  and cos  

from the model

Measure tan  and cos

Fit

measured = 

calculated

n, k and 

thickness

YES

NO

Figure 3.4: Ellipsometry measurement and data processing

3.1.5 SENTECH SE 850 ellipsometer
SE 850 by SENTECH Instruments Berlin, was used for all ellipsometric measurements in
the wavelength range 280 nm to 850 nm. It combines both PSA and PCSA photometric
rotating analyser ellipsometric setup. Its major components are (Figure 3.5):

(i) Xenon lamp: usually from UV/VIS/IR

(ii) Polarizer, analyzer, compensator and detector

(iii) Sample stage

(iv) Optical camera for adjusting sample height and tilt
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(v) Goniometer for setting incidence and reflection angles

(vi) Computer system, computer screen and joy stick

(vii) SpectraRay\3 software for measurement, data acquisition and fitting.

(a) Computer system (b) Xenon lamp (UV-VIS)

(c) Joy stick for sample stage control (d) Computer screen

(e) Goniometer, sample stage, optical camera,
polarizer, analyzer and detector

Figure 3.5: SE 850 ellipsometer in the clean room, Semiconductor Technology group,
University of Magdeburg
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3.2 Four point probe measurement
Resistivity is an important parameter in semiconductor materials, which tells us how
strong the material opposes flow of electric current. In general, resistivity can be uniform
for epitaxially grown semiconductor compared to doped semiconductor. This is because
the segregation coefficient is usually less than unity in doped semiconductor. Resistivity
affects other device parameters such as series resistance, capacitance, and threshold voltage.
For a doped semiconductor, resistivity is inversely proportional to free electron and hole
concentrations, as well as the electron and hole mobilities. Four point probe is a setup
that can be used to measure resistivities of conductive materials.

3.2.1 Equivalent circuit of two and four point probe measurements
Consider two point probe placed on a sample under test, with a current source applied
along, and voltage drop measured across the same probes. The electrical equivalent circuit
for this set up is shown in Figure 3.6.

R c R c

S a m p le

R s

R pR p

I

V

Figure 3.6: Two Point Probe Set up

The total resistance is given as:

V

I
= 2Rp+ 2Rc+Rs (3.8)

where Rp, Rc and Rs are probe, contact and sample resistance respectively. Clearly, it
is difficult to unambiguously determine the sample resistance, because of the influence
of probe and contact resistance. To correct this, four probes are placed on the sample
separated at equal distance (Figure 3.7).
Electric current source is applied across the two outer probes, while voltage drop is

measured between the inner probes. The current path is similar to that of the two probe
measurement. However, negligible current flows inside the inner probes, because of the
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(b) equivalent circuit

Figure 3.7: Four point probe

voltmeter high input impedance. Therefore, the sample resistance can be derived from
the two parameters, V and I. For bulk materials, where the sample thickness (t) is much
greater than the probe spacing (d), resistivity (ρ) is given as (see appendix A.3):

ρ = 2πd
(
V

I

)
(Ωm) (3.9)

A more generalized expression for the resistivity that takes into account of arbitrary
wafer shape is:

ρ = 2πdF
(
V

I

)
(Ωm) (3.10)

where F is a correction factor that corrects for probe location near sample edges, sample
thickness, sample diameter, probe placement, and sample temperature [169].

The sample thickness should be known in order to calculate the sheet resistance, assuming
the resistivity is uniform in the bulk sample. Sheet resistance is defined as the resistivity
per sample thickness. The sheet resistance for bulk sample is therefore given as:

Rs = 2πdF
t

(
V

I

)
(Ω/square) (3.11)

On the other hand, for thin films the probe spacing (d), is much greater than the sample
thickness (t). Sheet resistance (Rs) in this case, does not depend on the sample thickness,
and can be calculated as (details in appendix A.3):

Rs = 4.534
(
V

I

)
(Ω/square) (3.12)

The term 2πdF
t

in the expression for bulk samples reduces to 4.534 [169] for sufficiently
thin layers where t� d.
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3.2.2 Four point probe configurations
As earlier shown in equation 3.10, the correction factors must be determined to obtain
accurate resistivity measurement. The correction factor reduces to 4.534 only for a colinear
and equally spaced probe, with sample thickness much less than probe separation. It is
therefore necessary to reduce the dependence of the resistivity measurements on correction
factors due to sample geometries and probe location. And as a result, there are two
different probe configurations used:

Sample

1 2 3 4

V

I

(a) Probe configuration A

Sample

1 2 3 4

V

I

(b) Probe configuration B

Figure 3.8: Four point probe configurations

(i) Probe configuration A: Electric current is applied between pins 1 and 4, while voltage
drop on the sample is measured between pins 2 and 3. Therefore, the average of
forward voltage to current ratio and the reverse voltage to current ratio is obtained
as [169,170]:

Ra = 1
2

(
Vf23

If14
+ Vr23

Ir14

)
(3.13)

(ii) Probe configuration B: Electric current is applied between pins 1 and 3, while voltage
drop on the sample is measured between pins 2 and 4. Therefore, the average of
forward voltage to current ratio and the reverse voltage to current ratio can be
calculated as [169,170]:

Rb = 1
2

(
Vf24

If13
+ Vr24

Ir13

)
(3.14)

Moreover, one probe configuration measurement (single configuration) or combination of
measurements from both probe configurations (dual configuration) can be used to measure
the sample sheet resistance.
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Single configuration

Single configuration takes measurement in probe configuration A alone and this is used to
calculate the sheet resistance. This is generally fast and has better signal to noise ratio.
The sheet resistance for single configuration is given as:

Rs[1] = 4.534 (Ra) (3.15)

Dual configuration

Dual configuration takes measurements from both probe configurations A and B and
calculates the sheet resistance from this two measurements. This is more accurate than
single configuration because it minimizes the effect of probe placement and sample geometry.
The advantages of dual configuration are:

(i) It does not require high symmetry orientation of the probe. It corrects for pin
wobbling.

(ii) The lateral dimension of the sample do not have to be known. The two diffferent
measurement actually include the geometric correction factors.

(iii) The two measurements also correct for probe spacing by itself.

The sheet resistance for dual configuration is given as [169,170]:

Rs[2] = −14.696 + 25.173
(
Ra

Rb

)
− 7.872

(
Ra

Rb

)2
(3.16)

3.2.3 Probe types
Probe types are categorized based on four specification namely; pin material (which
is typically made from tungsten carbide), pin spacing (typically 1 mm), pin tip radius
(typically 40 µm to 500 µm), and compressive force (typically 70 g to 200 g). Choice
of probe depends on properties of materials to be measured such as film thickness and
conductivity. This is categorized in Tables 3.5 and 3.6.

3.2.4 CDE Resmap 168
The four point probe used was made by creative design engineering with the model CDE
Resmap 168 as shown in Figure 3.9. It has the capability to transfer wafer automatically
from the cassete slot to the chuck. It can also measure in both single and dual configurations.
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Table 3.5: Probe types
Type Tip radius (µm) Force (g) Spacing (mm)

A 40 100 1
B 100 100 1
C 200 100 1

D(/70) 500 70 1
E 40 200 1.58
F 40 100 0.635
G 100 100 0.635
H 200 100 0.635
FC 100 100 0.5
GC 200 100 0.5

Table 3.6: Probe applications
Type Applications

A Metal film
B General metal, high dose implant
C Medium dose implant (Rs ≈ 1000 Ω/sqr )

D(/70) Low dose implant, very thin metal film
E Thick substrates, doped silicon wafers, diffusion
F Similar to A probe but for smaller (2 mm) edge exclusion
G Similar to B probe but for smaller (2 mm) edge exclusion
H Similar to C probe but for smaller (2 mm) edge exclusion
FC Similar to A probe but for smaller (1.5 mm) edge exclusion
GC Similar to C probe but for smaller (1.5 mm) edge exclusion

Figure 3.9: CDE Resmap 168 in the clean room, Semiconductor Technology group, Uni-
versity of Magdeburg
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3.3 Scanning probe microscopy
In scanning probe microscopy, the image of a surface is measured by scanning a physical
sharp probe across a sample surface and monitoring the interaction between the probe
and the surface. Unlike some other microscopy method (for example scanning electron
microscopy), samples do not have to be placed in ultrahigh vacuum before taking mea-
surements. The primary categories of scanning probe microscopy is as shown in Figure
3.10.

Contact mode AFM Non – contact mode AFM Tapping mode AFM

Atomic Force Microscopy or Scanning Force 

Microscopy (AFM or SFM)

Scanning Tunneling 

Microscopy (STM)

Scanning Probe Microscopy (SPM)

Figure 3.10: Scanning Probe Microscopy

Most of the family of scanning probe microscopy have common basic components which
are illustrated in Figure 3.11. The basic components are:

(i) Microscope; which consist of scanner, probe and detector

(ii) Controller analog electronics

(iii) Vibration isolation

(iv) Computer

(v) Two graphics monitors; one for control panel display and the other for image display

3.3.1 Scanning tunneling microscopy
If a voltage V is applied between a probe and the sample surface, separated at a close
distance d, a tunneling current I flows through the sample. This tunneling current
decreases exponentially as the distance between the sample and the probe increases. That
is I ≈ V e−cd, where c is constant. First, the device chooses a “setpoint” tunneling current,
and then a feedback controller loop is used to keep this “setpoint” constant (at each
x,y data point) during scanning, by vertically moving the scanner along z axis until the
“setpoint” is reached. The computer stores the vertical position of the scanner at “setpoint”
for each x,y data point. The scanner will have to move vertically higher for a bump and
closer to the surface for a deep, to keep the same “setpoint”. The stored vertical position
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Figure 3.11: Basic components of scanning probe microscopy: Adapted from [171]

of the scanner at each x,y data point gives the topographic image of the sample. STM can
only be used to measure conducting and semiconducting surfaces.

3.3.2 Atomic force microscopy
There are three modes of operation of AFM. These are contact mode, tapping mode and
non-contact mode.

Contact mode

When a scanning probe attached to a cantilever physically touches a surface, there exists
an interactive force (attractive or repulsive) between the probe and the surface. This
interactive force is converted into elastic force using a cantilever with certain spring
constant. As a result, the interactive force makes the cantilever to deflect which gives
the surface topography. Hookes law is given as f = −kx, where f is the force, k is the
spring constant and x is the deflection. For every scan point in the (x,y) plane (refer to
Figure 3.12), a feedback loop maintains a constant “setpoint” deflection (force) between
the surface and the probe by moving the scanner vertically along the z direction. The
vertical position of the scanner at “setpoint” maps the surface topography. Electric signal
information of cantilever deflection is obtained by using beam deflection method (Figure
3.12), where the cantilever deflects an illuminated laser beam towards a split photo diode.
Typical probes used in contact mode measurements are made of silicon nitride with 20 nm
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Figure 3.12: Atomic force microscopy operation principles: Adapted from [171]

to 60 nm tip radius, 100 µm and 200 µm cantilever length and 0.01 to 1.0 N/m spring
constant. Some advantages of contact mode measurements are high speed measurements
and atomic resolution in the lateral direction while some disadvantages are image distortion
from lateral shear force and damage to soft samples.

Tapping mode

Here, the cantilever oscillates at or slightly below its resonance frequency with an amplitude
ranging typically from 20 nm to 100 nm [171]. The probe lightly “taps” on the sample
surface while scanning and touches the surface at the bottom of its oscillation swing. A
constant “setpoint” cantilever oscillation amplitude is also maintained during scanning
by a feedback loop which moves the scanner vertically until the “setpoint” oscillation
signal is obtained at the photodetector. The vertical position of the scanner at “setpoint”
oscillation amplitude gives the surface topography. Typical probes are made of silicon
with 20 - 100 N/m spring constant, 200 - 400 kHz resonant frequency, 5 - 10 nm tip radius
and 125 µm cantilever length. Lateral resolution can be as high as 1 nm to 5 nm on
most samples and there is no lateral shear force exerted on the samples but tapping mode
measurement is slightly slower compared to contact mode. The atomic force microscope
setup used for all measurements in this work is shown in Figure 3.13. It is usually operated
in tapping mode and made from Veeco Instruments. It comprises of microscope (Figure
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3.13a), dimension controller (Figure 3.13c), scanning probe microscope controller (Figure
3.13b), computer system (Figure 3.13e) and two computer screens (Figure 3.13d).

Non-contact mode

Non contact mode is quite similar to tapping mode but the tip does not touch the
surface during oscillation. The “setpoint” can be either cantilever oscillation amplitude
or frequency. Non contact mode is suitable for measuring images of soft samples or fluid
because there will be no damage to sample or tip since the tip does not touch the sample.
Lateral resolution is however poor because it depends on tip to sample separation. The
measurement speed is also slower compare to contact and tapping mode.

(a) Atomic force microscope (b) Scanning probe microscope con-
troller

(c) Dimension Controller (d) Two computer monitors

(e) Computer system

Figure 3.13: Atomic force microscope setup from Veeco Instruments in the measurement
laboratory, Semiconductor Technology group, University of Magdeburg
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3.4 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is an atomic spectroscopic technique which is used for
probing the chemical composition (atomic and molecular composition) of the surface of
a material. This technique is also known as electron spectroscopy for chemical analysis
because it is capable of providing the quantitative analysis of a material surface.

3.4.1 Operating principle
XPS is based on photoelectric effect which is the ejection of electrons from the surface
of a material due to impinging photons of sufficient energy. The material to be analysed
is bombarded with soft x-rays of about 200 - 2000 eV (usually at ultra high vacuum
conditions) which penetrates into the bulk of the material. This result to ejection of
electrons (photoionization) from the tightly bound core levels in the atom or from weakly
bound valence levels. Some fraction of the electron especially close to the surface (about
2 - 20 atomic layers (less than 100 Å) depth) will be collected in the vacuum system,
while the deeply generated photoelectrons will loose their energy due to inelastic collision
in the material. The collected electrons are energy analysed and a spectrum of electron
intensity as a function of energy is obtained. For photoionization to take place in solid at
a particular atomic orbital, the incident photon energy must be greater than the sample
binding energy associated with the atomic orbital and the work function of the solid. Each
element has a unique binding energy associated with each core atomic orbital, and as
a result XPS spectra gives the finger print of the elements in the sample in which the
intensity of the peaks also gives the the percentage of each elements. In addition the shape
of the peak can be slightly altered depending on the chemical bonding of the element,
therefore XPS also gives information about the chemical state of the elements.

3.4.2 Conservation of energy in XPS
For a conducting sample, the band energy diagram of the sample and spectrometer is
shown in Figure 3.14.

When the sample is electrically connected to the spectrometer, charge flows from one to
another until the two fermi level coincides. In addition, the binding energy Ebf for the
sample is obtained with reference to the fermi level. Therefore the kinectic energy of the
photogenerated electrons leaving the surface of the sample is given as:

KE1 = hv − Ebf − φs (3.17)

where Ebf is the binding energy of the electron with respect to fermi level, φs is the work
function of the sample, and hv is the energy of the inpinging photons (x-rays). Since
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Figure 3.14: Band energy diagram for a conducting sample and spectrometer

the conducting sample is charged with respect to the spectrometer, there is a potential
difference φs−φsp, called the contact potential which accelerates or decelerates the photo-
emitted electrons. Therefore the kinectic energy of the electrons reaching the spectrometer
for a conducting sample is given as:

KE2 = hv − Ebf − φs+ φs− φsp (3.18a)

KE2 = hv − Ebf − φsp (3.18b)

where φsp is the work function of the spectrometer. Which means for a conducting sample,
the kinectic energy of the electrons reaching the spectrometer is independent on the sample
work function but depends on the work function of the spectrometer. In XPS, the total
energy Etotal (electron kinectic energy and potential) is usually measured with respect to
the fermi level of the spectrometer and for a conducting sample this is given as:

Etotal = hv − Ebf − φsp+ φsp (3.19a)

Etotal = hv − Ebf (3.19b)

Hence, for a conducting sample, an absolute measurement of the binding energy is also
possible without knowing the sample work function.
On the other hand, for an insulating sample the fermi levels of the sample and the
spectrometer do not coincide because no conduction mechanism exists rather equilibrum
exists between the flooding electrons and the sample vacuum potential (Figure 3.15) [172].
This occur when the energy of the flooding electron and the surface vacuum potential of
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Figure 3.15: Band energy diagram for an insulating sample and spectrometer

the sample are equal. In this case, the electrons leaving the surface as measured by the
instrument has a total energy given as:

Etotal = hv − Ebf − φs+ Ee (3.20)

where Ee is the effective energy of the flooding electrons relative to the spectrometer
fermi level.
Therefore if Ee is known, the binding energy for an insulating sample depends on the

sample work function. Which means, we need to also know the sample work function
in order to absolutely determine the binding energy for an insulating sample. Thus the
conservation of energy in XPS is given for conducting and insulating sample as:

Conducting sample KE2 = hv − Ebf − φsp (3.21a)

Insulating sample KE2 = hv − Ebf − φs+ Ee− φsp (3.21b)

where KE2 is the kinectic energy of the electrons at the spectrometer, Ebf is the binding
energy relative to the fermi level and φsp and φs are the spectrometer and sample work
function, Ee is the effective energy of the flooding electrons relative to the spectrometer
fermi level, hv is the photon energy.
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3.4.3 XPS instrumentation
A schematic of XPS equipment parts is given in Figure 3.16. This consist of source of fixed
energy radiation, electron energy analyser, ultrahigh vacuum environment, and electron
detector. The source of fixed energy radiation can be x-ray source or synchrotron.

Figure 3.16: Basic components of x-ray photoelectron spectroscopy instrument [173]

An electron energy analyser separates the emitted electrons according to their kinetic
energy and thereby measure the flux of emitted electrons of a particular energy. And an
ultrahigh vacuum is required to enable the emitted photoelectrons to be analyzed without
interference from gas phase collisions. The excitation x-ray source must be monochromatic
because the energy of the photogenerated electrons depends on it. As the x-rays illuminate
an area of a sample, electrons are ejected with a range of energies and directions. The
electrostatic and/or magnetic lens units (electron optics) collects part of these emitted
electrons defined by those rays that can be transferred through the apertures and focused
them to the analyzer entrance slit. Electrostatic fields within the concentric hemispherical
analyzer are used to filter electrons of only a specific energy (the so called pass energy)
to reach the detector. Specific initial kinetic energy of electrons are measured by setting
voltages for the lens system such that the required initial energy is focussed onto the
entrance slit and also that the electron velocity is retarded to have same energy as the
pass energy of the hemispherical analyzer. A scan of the voltages applied to these transfer
lenses is required to record a spectrum over a range of initial excitation energies.
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3.5 Introduction to x-ray fluorescence (XRF)
X-ray fluorescence is a non-destructive chemical analytical technique which is used to
identify the elements present in a sample from the emitted x-rays energies. This technique
is both qualitative and quantitative. The principle of operation is illustrated in Figure
3.17. The sample is bombarded with energetic x-ray beam or accelerated particles.
Photoionization takes place by the incident x-ray beam resulting to emission of core
electrons from the sample (for example K-shell in Figure 3.17b). Ionization can also take
place through impact of accelerated particles such as electrons, protons or ions and in
such case the technique is referred to as particle induced x-ray emission (PIXE).

Sample

X-rays / -rays / 

accelerated 

particles

Characteristic 

X -rays

X-rays / -rays / 
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Figure 3.17: Basic principles of x-ray fluorescence (XRF) and / Particle induced x-ray
emission (PIXE)

An vacant hole is left in the core shell after photoionization and as a result there is
a transition of electron from a higher energy level (for instance L-shell in Figure 3.17c)
into this vacant hole which results to emission of photons (x-rays) with energy EL1 − EK ,
where EL1 is the energy of electron in L-shell 1 and EK is the energy of electron in K-shell.
In some other case the emitted x-ray can be reabsorbed in the sample (the so called auger
effect), leading to photoionization of a higher energy level electron (L2 level in Figure
3.17d). The emitted x-rays can be detected through energy dispersion or wavelength
dispersion. Energy dispersive x-ray fluorescence separates and detects x-rays of specific
energies and displays them on histograms. Wavelength dispersive x-ray fluorescence on
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the other hand uses the reflection of x-rays off a crystal at a characteristic angle to detect
x-rays of specific wavelength.

3.6 Introduction to x-ray diffraction (XRD)
X-ray diffraction is primarily used to identify crystalline structure of materials. An incident
x-ray beam on a material surface is scattered (diffracted) into many directions by electrons
present in the atoms of the material. Information about the arrangement of atoms in the
material can be extracted from the measurement of intensities of the diffracted x-rays in
specific directions.

d

d
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P
I

Q

Q
I

N
X-rays

O R

Figure 3.18: Illustration of x-ray beam incident on planes of crystal lattice

Suppose an x-ray beam is incident on a crystal lattice (as shown in Figure 3.18), this
x-ray beam will be diffracted in different directions. However most of the diffracted beam
will interfere destructively, thus cancelling out. While some of the beam will constructively
interfere in some specific directions defined by the so called Bragg’s law. Consider two
reflected x-ray beam along path PQ and PIQI in Figure 3.18, the phase difference between
these two reflected x-ray beam is given as:

PPI + PIR − PN (3.22)

But

PPI = PIR = d

sin θ , PR = 2 d
tan θ , PN = PR cos θ = 2d cos2 θ

sin θ (3.23)

Which implies
PPI + PIR − PN = 2d

sin θ −
2d cos2 θ

sin θ = 2d sin θ (3.24)

For condition of constructive interference, Bragg’s law states that the phase difference
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between these reflected rays must be integral multiple of incident x-ray wavelength. Which
means:

2d sin θ = mλ (3.25)

Thus, for any crystalline material we will obtain strong intensities of reflected (diffracted)
x-ray beam at different incident angles by sweeping the x-ray incident angle until the
Bragg condition is fulfilled. A plot of these intensities against twice of the incident angle
(2θ) gives the XRD pattern of the crystalline material.

3.7 Introduction to electron microscopy
Electron microscopy is an imaging technique that uses incident electron beam as the probe.
The surface is bombarded with energetic electron while the interaction between the surface
and the incident electron is monitored and used to construct the image. Two common ones
and especially used in this work are the scanning electron microscopy and transmission
electron microscopy.

(a) Scanning electron microscope [174] (b) Transmission electron microscope [175]

Figure 3.19: Basic components of electron microscopes

3.7.1 Scanning electron microscopy
The basic components of scanning electron microscope are shown in Figure 3.19a. An
electron beam generated by electron gun on top of the microscope follows a vertical
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path through the microscope which is held under vacuum. These beams of electrons
are collimated and focused downwards by electromagnetic fields and lenses towards the
sample. Incident electron impact collision on the sample generates secondary electrons,
backscattered electrons and x-rays. These x-rays, backscattered electrons, and secondary
electrons are received by a detector and converted into a signal that is sent to a screen
which produces the final image.

3.7.2 Transmission electron microscopy
The basic components of transmission electron microscope are shown in Figure 3.19b. In
this case, the transmitted electrons through the sample are used to construct the image.
Sample should be thin enough to allow some electrons to be transmitted through it. As a
result, this technique requires careful specimen preparation such as ultrasonic disk cutting,
dimpling, and ion-milling.

3.8 Introduction to secondary ion mass spectrometry
(SIMS)

Figure 3.20: Illustration of ion beam sputtering process in secondary ion mass spectrometry
(SIMS) [176]

Secondary ion mass spectrometry (SIMS) is used to detect and analyze trace elements
in solid materials, especially semiconductors and thin films. SIMS is particularly useful for
analysis of dopant impurities depth profile in semiconductors. The working principle of
SIMS is bombardment of sample surface with primary ion beam before mass spectrometry
of the emitted secondary ions from the surface. Figure 3.20 illustrates ion beam sputtering
process in SIMS. A beam of primary ions (usually from Oxygen or Caesium) in the energy
range 1 to 30 keV is focussed on small portion of the sample surface (typically less than 1
µm diameter) which sputters about 1 to 10 nm depth of the sample producing sputtered
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secondary ions. A mass analyser and detector is then used to analyse and measure the
mass to charge ratio and ion counts of the sputtered secondary ions. SIMS normally
produce qualitative measurement of trace elements. However quantitative analysis can be
done with calibration from relative sensitivity factors of the desired elements and a matrix
element. Basically, calibration can be done using the two equations [176], Ce = RSF × Ie

Im

and RSF = Cm×RSFe, where Ce and Cm is the concentration of the desired element
and the matrix element, RSF is the relative sensitivity factor of the desired element with
respect to the matrix element, Ie and Im is the ion current of desired element and the
matrix element.
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Plasma-Assisted Atomic Layer
Deposition Reactors used

4.1 The ‘SENTECH’ PALD system

Figure 4.1: Schematic diagram of ‘EPILOGOS’ ICP plasma source [177]

The ‘SENTECH’ plasma assisted ALD system (Figure 4.2) is developed by SENTECH
Instruments Inc, Berlin. It is a single wafer ALD reactor with two precursor lines. One
precursor line is capable of dosing the precursor using bubbler and booster configuration
(described in section 2.10), while the other precursor line uses direct vapor draw scheme.
The substrate can be heated up to 400 °C temperature while reactor walls and precursor
lines can be heated up to 150 °C (but typically operated at 120 °C). Wafers are loaded in
the loadlock (Figure 4.2d) and can be transferred automatically to the reaction chamber
using a software-controlled robot arm. A prototype plasma source, called ‘EPILOGOS’
ICP plasma source, is mounted on top of the PALD reactor which generates the plasma
radicals. The ‘EPILOGOS’ ICP plasma source is made of copper resonator that excites
plasma simultaneously in twin quartz discharge tubes of 5 mm internal diameter (Figure
4.1). A microwave power is generated by GaAs oscillator at about 2.45 GHz frequency and
maximum output power of 50 W. This generated microwave power is inductively coupled
by the copper resonator into the discharge tubes which generates plasma. Usually, a low
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(a) ‘SENTECH’ PALD cluster system (b) ‘EPILOGOS’ ICP plasma source

(c) Fully automated transfer chamber (d) Single wafer loadlock

Figure 4.2: The ‘SENTECH’ PALD system

frequency ignition of 5 kV is required to generate a seed plasma that is then sustained
through the inductively coupled microwave power. The electric field is mostly parallel to the
discharge tubes capillary walls in the ICP source and thus there is negligible etching of the
capillary walls that could lead to film contamination. Besides, the plasma parameters such
as plasma power and frequency can be controlled independently of substrate parameters in
the ICP source. Atomic O, N and H radicals can be generated with flux densities greater
than 2× 1016 cm−2s−1 using gas flows of 100 to 300 sccm.
The PALD system is controlled using a modern client-server architecture. The server

software is installed on a computer system that controls the PALD system via programmable
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(a) Graphical user interface for the ‘SENTECH’ PALD system

(b) Recipe function (c) Sequencer function

Figure 4.3: Software user interface for the ‘SENTECH’ PALD reactor control and data
logging
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logic controller (PLC) circuit. The PLC can be connected to the computer system using
ethernet or RS232 cable. The client software can be installed on the same or a different
computer and communicates with the server over a LAN, WAN or Internet. A graphical
user interface is provided through which the user can operate the PALD system. This
is shown in Figure 4.3. This software has two important inbuilt functions for process
control which are “recipe” (Figure 4.3b) and “sequencer” (Figure 4.3c) functions. The
“recipe” can be used to set some major process steps while “sequencer” can be used to set
the ALD step such as opening and closing of ALD valves. In addition, the “sequencer”
function can be used inside the “recipe” to develop full ALD processes. These features
(“recipe” and “sequencer”) give the user flexible control over the process in simple algorithm
(programming) steps.

4.2 The ‘HFO’ PALD system
The ‘HFO’ PALD system was developed and build by the IMOS group, University of
Magdeburg. It is a single wafer ALD reactor operated at low pressure and with three
precursor lines. The reactor is a cold-wall system which is equipped with an inner liner
that is heated by the susceptor plate. The precursor lines can be heated up to 250 °C
temperature (although typically operated at 120 °C) while the substrate can be heated
to 650 °C. Precursor dosing is achieved by direct vapor draw in all the three lines with
nitrogen as carrier gas. The plasma radicals are generated by a capacitively coupled
plasma source (‘EPILOGOS’ CCP) also developed by SENTECH Instruments GmbH and
Ferdinand-Braun-Institut, Berlin.
The ‘EPILOGOS’ CCP prototype is made up of 2 by 2 array (4 in total) of ceramic

capillary tubes where plasma generation takes place and this was mounted as a module on
top of the ALD reactor. There is no valve between the reactor and the plasma because
small plasma gas can block undesired back flow of unwanted species into the plasma. Each
discharge tube is powered by individual GaN microwave power oscillator at 2.45 GHz. All
the microwave power oscillators are powered by a common 28 V dc supply with an input
power of 112 W. The power delivered into the plasma is more than 10 W for each discharge
tube. Plasma ignition is set by simply switching on the oscillators using a digital signal
pulse from the control system. Fast and reproducible ignition is obtained for the gas flow
of 50 sccm of pure oxygen. The flow density of atomic oxygen measured by a nickel probe
for 200 and 300 sccm gas flow was 5× 1015 cm−2s−1 and 8× 1016 cm−2s−1, respectively.
The ALD system (Figure 4.4a) is equipped with loadlock having cassette capabilities as
shown in Figure 4.4d, and dealer transfer system (Figure 4.4c) for wafer transfer under
vacuum conditions. In addition, a rapid thermal processing system is attached to the
same loadlock-dealer transfer system as the ALD reactor. The ALD system also has
in-situ quadrupole mass spectrometry capability shown in Figure 4.4b. The ALD system
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(a) ‘HFO’ PALD system (single wafer reactor) with
‘EPILOGOS’ CCP plasma source

(b) In-situ Quadrupole Mass Spectrometer attached
to the ‘HFO’ system

(c) Transfer chamber (d) Multiple wafer cassette inside loadlock

Figure 4.4: The ‘HFO’ PALD system

is programmed and controlled via a microcontroller using a software called VAC-NT from
AIS Automation GmbH. The user interface of the ALD system is shown in Figure 4.5.
Figure 4.5a is the chamber view showing the ALD chamber, valves, temperature controllers,
precursor and gas lines. The process recipe is designed in the process view (Figure 4.5b)
in which a process flow template is already given in the software fields. Also, transfer of
wafer into the ALD chamber can be done under vacuum using the handler system (Figure
4.5c) in two steps, first from loadlock to the handler and then from handler to the ALD
chamber.
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(a) ‘HFO’ PALD system - chamber view

(b) ‘HFO’ PALD system - process view

(c) Handler system for wafer transfer

Figure 4.5: Software interface for the ‘HFO’ PALD system
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Results and Discussions

5.1 Plasma distribution monitoring with a silver coated
silicon wafer

Plasma radicals can recombine inside the chamber when they collide with the walls and
on the surface of the wafer. It might be necessary to know whether the plasma radicals
are reaching the surface of the wafer as well as the radical distribution at the surface of
the wafer. Efficient ALD process requires saturation of precursor on the surface. ALD
processes can be limited by one of the precursor supply, which can be the plasma radicals,
and this can prevent uniform and saturated deposition or give unnecessary long precursor
times to achieve conformal ALD deposition. We can qualitatively know the oxygen and
hydrogen plasma radical distribution without the need to make a deposition process, by
using a silver coated silicon wafer. This gives useful information about the plasma source
and helps hardware modifications where necessary. Silver can be oxidized with atomic
oxygen at room temperature and molecular oxygen at elevated temperatures. Silver has
been reported to be oxidized with atomic oxygen [178, 179]. Similarly, silver oxide can
be reduced with molecular and atomic hydrogen [180,181]. Reduction of silver oxide to
silver with atomic hydrogen is more efficient as compared to silver oxide reduction with
molecular hydrogen at room temperature. At elevated temperature, silver oxide can also
be reduced to silver with molecular hydrogen.

For oxygen plasma monitoring, silver coated silicon wafer is oxidized with oxygen plasma
and the effect can be directly seen on the wafer. Also, for hydrogen plasma monitoring,
uniformly oxidized silver (silver oxide) is reduced to silver with hydrogen plasma. The
silver surface becomes shinning again, and the effect of hydrogen plasma can also be seen
on the wafer. The basic chemical equations behind the two processes are:

(i) Oxygen plasma monitoring Ag + O −−⇀↽−− AgO

(ii) Hydrogen plasma monitoring AgO + 2H −−⇀↽−− Ag + H2O

The two processes are reversible and the wafer can be re-used for some time until the
surface roughness due to plasma etching becomes sufficiently large.

Thick silver layers (about 100 nm) were deposited by physical vapor deposition (electron
beam evaporation) on top of different substrates. One substrate was 150 mm silicon
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wafer oxidized by thermal oxidation to silicon oxide. Another substrate was also titanium
deposited on 150 mm silicon wafer. The silver layers could stick on both silicon oxide and
titanium substrates. The deposited silver film was used to monitor the distribution of
the plasma source by oxidation to silver oxide and subsequent reduction to silver. Two
plasma sources were monitored, one is capacitive coupled plasma source installed on the
‘HFO’ PALD system. The other is inductively coupled plasma installed on the ‘SENTECH’
PALD system. The silver layer was oxidized to silver oxide with oxygen plasma exposure
in both plasma sources, and again reduced with hydrogen plasma exposure. Ellipsometric
model was created with a dielectric layer to account for the silver oxide as shown in Figure
5.1. And this was used to measure the silver oxide thickness map of the 150 mm wafer.

Ag PVD

Titanium

Cauchy SiO2 (therm)

Silicon (100) Jellison

AgO (fit)

Figure 5.1: Ellipsometric model for the layer stack with silver oxide on top

5.1.1 Plasma monitoring on the ‘SENTECH’ PALD system
‘EPILOGOS’ ICP source oxygen plasma monitoring

Oxidation was performed with the ICP source on the ‘SENTECH’ PALD system for three
successive 30 s exposure respectively. The oxygen flow was 200 sccm while the plasma
power was 30 watts. The wafer was exposed to oxygen plasma for the first 30 s and then
the same wafer was exposed to oxygen plasma for the next 30 s as well as the last 30 s
oxygen plasma exposure. Wafer maps were taken after each oxidation as shown in Figures
5.2a, 5.2b and 5.2c.

For the first 30 s oxidation, silver oxide was only around the middle of the wafer (Figure
5.2a). The oxygen plasma radicals from the ICP appear to be only localized in the middle.
This can also be due to high oxygen radical recombination rates on metallic surface.
Oxygen radicals recombine almost immediately after reaching the surface and this makes
it more difficult to have uniform oxidation on the entire silver surface. Silver oxide is in
the middle of the wafer because the two plasma source tube outlets are placed over the
centre of the wafer. After subsequent oxidation, silver oxide increases significantly in the
middle and much lower at the edges of the wafer (Figures 5.2b and 5.2c).

The wafer has a small brown spot in the middle after 90 s oxidation as shown in Figure

75



(a) First 30 s Ag oxidation (b) Additional 30 s (60 s) Ag oxidation

(c) Additional 30 s (90 s) Ag oxidation (d) Silver wafer image after 90 s oxidation on ICP

Figure 5.2: Oxygen plasma monitoring on ICP with 200 sccm O2 flow at room temperature

5.2d. In certain cases, this ICP source might have faster saturation plasma exposure
times for deposition of materials on surfaces with lower oxygen radical recombination
rates. However, it may need remarkably long plasma time for material deposition on
metallic surfaces. Recombination rates of oxygen radicals on different substrates are given
in [79]. Oxygen radicals have lower recombination rates on pyrex and silicon oxide surfaces.
Therefore we might need lesser plasma time for deposition using oxygen radicals on such
surfaces as compared to metallic surfaces.
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‘EPILOGOS’ ICP source hydrogen plasma monitoring

The oxidized silver layer (silver oxide in Figures 5.2d and 5.2c) was reduced to silver by
hydrogen plasma exposure after two successive 30 s exposure time (Figure 5.3) in the
‘SENTECH’ PALD system. The plasma power was 30 watts and the hydrogen flow was
200 sccm. 100 sccm argon was used for igniting the hydrogen plasma and substrate was
held at room temperature. The wafer appears shinning again immediately after the first
30 s hydrogen plasma exposure.

(a) First 30 s AgO reduction (b) Additional 30 s (60 s) AgO reduction

Figure 5.3: Hydrogen plasma monitoring on ICP with 200 sccm H2 flow and substrate at
room temperature

(a) An oxidized Ag wafer (b) Same wafer in Figure 5.4a reduced with 60 s hy-
drogen plasma at 250 ◦C substrate

Figure 5.4: Hydrogen plasma monitoring on ICP with 70 sccm H2 flow and substrate at
250 ◦C temperature

The next 30 s reduction (Figure 5.3b) did not give a significant change, but rather
surface roughness. The silver oxide layer was quite thin and could be reduced back to
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silver again. The maximum silver oxide thickness after 30 s hydrogen plasma exposure
reduced from 33.54 nm to 4.29 nm with the model used, and only in the wafer middle
position. Hydrogen plasma might also be localized in the middle as it was for oxygen
plasma.
Another hydrogen plasma experiment was performed at higher substrate temperature
(Figure 5.4) and hydrogen plasma reduction seems to be improved at higher temperature
such as 250 ◦C and above, even hydrogen gas could reduce silver oxide at such elevated
temperature. An improvement in hydrogen plasma reduction at higher temperature might
be due to additional contribution from molecular hydrogen reduction at such temperature.
Howover, thicker silver oxide layer could not be completely reduced back to silver again
even after 20 minutes of hydrogen plasma exposure at 250 ◦C temperature with this ICP
source. The ICP source can only reduce thin oxides and will take remarkably longer time
to reduce thicker oxides. In order to deposit metals, it may also need long plasma exposure
time to completely remove the ligands.
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5.1.2 Plasma monitoring on the ‘HFO’ PALD system
‘EPILOGOS’ CCP source oxygen plasma monitoring

(a) Silver wafer image 1 s oxida-
tion

(b) Additional 2 s (3 s total) Ag
oxidation

(c) Additional 3 s (6 s total) Ag
oxidation

(d) Additional 4 s (10 s total) Ag
oxidation

(e) Additional 5 s (15 s total) Ag
oxidation

(f) Additional 6 s (21 s total) Ag
oxidation

(g) Additional 7 s (28 s total) Ag
oxidation

Figure 5.5: Oxygen plasma monitoring on CCP with 100 sccm O2 flow at room temperature
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Figure 5.6: Final wafer map of Figure 5.5g

A fresh silver film was exposed to oxygen radicals produced by the CCP source on the
‘HFO’ PALD system with oxygen flow of 100 sccm. The exposure time was varied from
1 s to 7 s and oxidation was made on top of the previous one. That is, after 1 s plasma
exposure, additional 2 s exposure was made on same wafer, and then increased up to 7 s.
Wafer pictures were taken after each oxidation and the final ellipsometric measurement
gave a maximum of 82 nm with the model used after a total time of 28 s oxygen plasma.
The oxidation of the silver films appears more effective and has broader distribution as
shown in Figure 5.5. For dielectric deposition, with lower plasma recombination rates,
wide plasma distribution may not be necessary, since the plasma radicals will be able to
saturate the surface within short time without being consumed. However it is necessary to
make the plasma distribution broad for conformal deposition on metallic substrates since
the plasma radicals are immediately consumed on reaching the metal surface. Moreover
broad plasma distribution may be achieved by increasing the plasma power, using a shower
head distribution and array of plasma inlets. In general, the CCP plasma source produced
denser oxygen radicals as compared to the ‘EPILOGOS’ ICP source used, probably as a
result of higher plasma power up to 50 to 60 W for the CCP, compared to 30 W for the ICP
source. Another reason for better CCP efficiency is the different hardware configuration,
since the CCP source has four inlet tubes (2 by 2) generating the plasma, whereas the
ICP source has only two tubes placed over the centre of the wafer. Already 6 s oxygen
plasma was sufficient to achieve a sufficiently wide oxidation of the silver surface over 150
mm wafer as compared to 90 s used for the ICP source. This can be seen in the wafer
image in Figure 5.5 and the wafer map of Figure 5.6.
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‘EPILOGOS’ CCP source hydrogen plasma monitoring

The oxidized silver layer (silver oxide wafer map in Figure 5.6) was again reduced to silver
by hydrogen plasma exposure with the CCP source. The hydrogen flow was 250 sccm and
after 20 s hydrogen plasma exposure, the silver oxide was completetly reduced (Figure
5.7).

(a) 5 s H2 plasma (b) Additional 5 s (10 s in total)
H2 plasma

(c) Additional 5s (15s in total)
H2 plasma

(d) After 30 s (in total) H2
plasma

(e) Final wafer map after 30 s H2 plasma

Figure 5.7: Hydrogen plasma monitoring on CCP with 250 sccm H2 flow at room temper-
ature
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The maximum silver oxide thickness reduced from 80 nm to 10 nm with the model
used and with broad radical distribution on substrate. The CCP source seems to be more
effective for reduction and this type of source will be suitable for metal deposition. It
takes only 20 s to completely reduce the silver oxide with the CCP source, while it will
need more than 20 minutes exposure time to reduce siver oxide of same thickness with
the ICP source. It can therefore be concluded that both the hydrogen and oxygen plasma
radicals were more denser on the CCP source than the ICP source used.

5.1.3 Improved ‘EPILOGOS’ ICP source with stub tuner on the
‘SENTECH’ system

(a) Wafer before oxidation (b) After 10 s O2 plasma expo-
sure

Figure 5.8: Oxygen plasma monitoring on upgraded ICP source with 250 sccm O2 flow,
50 W plasma power, 10 s plasma exposure and substrate at room temperature

The ‘EPILOGOS’ ICP source power on the ‘SENTECH’ PALD system was increased up
to 50 watts maximum output power, as compared to 30 watts with the old ICP source. In
addition, the microwave source impedance was also matched with the plasma impedance
using a stub tuner to reduce the reflected power. The stub tuner was set to obtain reflected
power less than 2 W for 250 sccm O2 flow and 50 W output power. The plasma source
was again monitored with a silver coated wafer.

Ag coated wafer was clearly oxidized completely after 10 s O2 plasma exposure (Figure
5.8). The middle of the wafer had a dark brown colour while the edge of the wafer was
bluish, which means oxidation is still higher in the middle than the edges as expected,
since the plasma outlet is over the centre of the wafer. However, the oxygen radical supply
reached the edge of the wafer this time, as compared to the earlier ICP source with 30 W
input power in Figure 5.2.
Similarly, hydrogen plasma was also monitored on the improved ICP source using the
oxidized Ag coated wafer in the Figure 5.8b. Reduction of AgO to Ag is already visible
with 5 s H2 plasma exposure (Figure 5.9b) and the silver films starts to become shinning
after 15 s H2 plasma exposure in total. The silver oxide on the wafer seems to be completely
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(a) Initial wafer before H2
plasma exposure

(b) 5 s H2 plasma

(c) Additional 10 s (15 s in total)
H2 plasma

(d) After 1 min 15 s H2 plasma

Figure 5.9: Hydrogen plasma monitoring on upgraded ICP source with 200 sccm H2 flow,
200 sccm / 70 sccm Ar flow ( during ignition / plasma burning), 50 W plasma
power and 70 °C substrate temperature

reduced to silver after more than 1 min hydrogen plasma exposure. The oxygen and
hydrogen radicals generation on the improved ICP source is about comparable with that
of the ‘EPILOGOS’ CCP source in section 5.1.2.

5.1.4 Other comments on the ‘EPILOGOS’ ICP source

(a) (b)

Figure 5.10: Coatings inside the dual plasma tubes after several ALD processes

The first ICP source was contaminated from accumulated Ag ALD experiments due to
depositions inside the plasma tubes (Figure 5.10), which led to loss of efficiency of the
plasma source over time. Continuous blocking gas of 200 - 300 sccm hydrogen was always
flowing during the Ag pulse time for most of the experiments that led to contamination
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inside the plasma tubes. However, this seems to be insufficient to completely prevent back
diffusion into the tubes and hence problematic for the Ag ALD experiments. The blocking
gas was then changed to argon with 250 sccm flow for other Ag processes, since argon is in
principle denser than hydrogen and hence should minimize contamination in the plasma
tubes. A valve between the plasma source and the chamber may be necessary for metal
ALD process and there should be continuous check of performance and or contamination
where necessary.
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5.2 Plasma-assisted ALD of silver (Ag) layers
Silver films were deposited by plasma-assisted ALD using a silver precursor and hydrogen
radicals on the ‘SENTECH’ PALD system with prototype ‘EPILOGOS’ ICP plasma
source.

5.2.1 Silver precursor used
The silver precursor used is shown in Figure 5.11. The precursor class is silver β-diketonate,
which is Ag(fod)(PEt3) (fod = 2,2-dimethyl-6,6,7,7,8,8,8-heptafluorooctane-3,5-dionato,
PEt3 = triethyl phosphine). This silver precursor is the best choice found in literature
suggested to be thermally stable up to 230 °C by thermogravimetric measurements [13]
and is also commercially available (obtained from Strem Chemicals Inc).

Figure 5.11: Ag(fod)(PEt3) (fod = 2,2-dimethyl- 6,6,7,7,8,8,8-heptafluorooctane-3,5-
dionato) [13], Ag β-diketonates (see Figure 2.4b in section 2.6)
Note: Vapor pressure equation was not found in literature
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5.2.2 Ag films deposited by PALD with the first ICP source (30 W
maximum power)

120 °C substrate temperature

Silver films were successfully deposited using the initial ICP plasma source with a maximum
plasma power of 30 W.

Ar supply into plasma tubes

20 sccm

300 sccm

40 % 

Plasma ignition pulse

Plasma Power 

100 sccm

300 sccm

20 sccm

ALD Line 1 (Ar)

H
2

supply into plasma tubes

Silver precursor pulse

Throttle Position

40 % 

One cycle

0% 

Figure 5.12: Initial process sequence

The process sequence is shown in Figure 5.12. Hydrogen gas is supplied continuously
through the plasma head at 300 sccm gas flow. The hydrogen radicals are activated by
using a short ignition pulse to create a seed plasma after which the plasma is sustained
with the plasma power during the plasma exposure time. 100 sccm argon is supplied
into the plasma head for hydrogen plasma ignition and discharge. 20 sccm argon is used
as carrier gas for the Ag precursor. The silver precursor has a very low vapor pressure
and, therefore, it can only be efficiently dosed using the bubbler configuration (illustrated
in subsection 2.10.3, Figure 2.18). The throttle valve is closed during silver precursor
dosage for optimal precursor usage. Deposition was done on Si / SiO2 substrate at 120 °C
substrate temperature.

A brendel oscillator model for silver was created by fitting all the parameters to obtain
the least mean squared error between the measured ellipsometric spectra and the modelled
spectra. This was used to take the wafer map for the deposited Ag film. Usually only the
layer thickness is fitted during the wafer map measurements. Figure 5.13 shows the wafer
map of Ag layer deposited on 150 mm Si wafer with native oxide at 120 °C temperature.
A mean thickness of 4.7 nm (Figure 5.13a) was obtained for 100 cycles of Ag deposition
with the model used. Silicon wafer was also exposed to only hydrogen plasma by running
the same process sequence but keeping the metal precursor bottle closed. Some etching of
the surface and surface roughness was measured with the ellipsometer using SiO2 model
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(a) 100 cycles Ag PALD at 120 °C (Ag model used for
measurement)

(b) 100 cycles H2 plasma only at 120 °C (SiO2 model
used for measurement)

(c) 100 cycles Ag precursor only with continuous H2
gas flow at 120 °C (SiO2 model used for measure-
ment)
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Figure 5.13: Ellipsometric wafer map of 100 cycles Ag PALD compared with 100 cycles
H2 plasma only as well as 100 cycles Ag precursor only at 120 °C deposition
temperature on 150 mm wafer.
Process parameter for Ag depositon: Ag precursor (pulse / purge) = 7.5 s /
6 s, H radicals (pulse / purge) = 5 s / 2 s, 70 °C chamber walls temperature,
120 °C substrate temperature, 30 W plasma power, 100 cycles

(Figure 5.13b). Hydrogen plasma is capable of etching the silicon surface if the metal
precursor supply is insufficient on the surface. In addition, the silver precursor is not
highly reactive with hydrogen gas. The maximum growth was about 1 nm for 100 cycles
after dosing only Ag precursor without plasma activation, as shown in the wafer map of
Figure 5.13c.

Chemical analysis by XPS (Figure 5.14) of the deposited Ag film at 120 °C indicates the
presence of silver with carbon and fluorine contamination at the surface which reduced after
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Figure 5.14: XPS before and after 30 s argon sputtering of the deposited Ag film at 120
°C deposition temperature with 30 W plasma power

argon sputtering. The shape and the measured binding energy of silver is as expected [182].
For pure Ag, the 3d spectra region is assymetrically splitted into two spin orbit components
which are 3d3/2 (374.2 eV) and 3d5/2 (368.2 eV). There is also some oxygen contamination
which could be partly from the native oxide of silicon.

250 °C substrate temperature

The growth per cycle decreased sufficiently after some further experiments due to degra-
dation of the plasma source and deposition inside the plasma tubes (see Figure 5.10 in
section 5.1.4). As a result, the deposition temperature was increased to 250 °C to increase
the Ag growth. However, the silver precursor might not be that stable at such a high
temperature and the Ag PALD film might have some parasitic CVD decomposition at this
temperature. Deposition was made on thermal silicon oxide, titanium oxide and silicon
substrates (with native oxide) at 250 °C with a plasma power of 25 W for 1500 cycles.
XPS result of Ag film deposited at 250 °C temperature had high carbon contamination
(more than 20 %) after 60 s argon sputtering (Figure 5.15) probably due to insufficient
hydrogen radical supply as well as contamination from precursor decomposition at higher
temperature.

In addition, film morphology by AFM and SEM (Figure 5.16) of the same Ag film (1500
PALD cycles at 250 °C deposition temperature) indicates that the film is made up of
small Ag particles which are closely packed with a grain size of approximately 25 nm and
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Figure 5.15: XPS result of Ag film deposited at 250 °C temperature

(a) SEM morphology of Ag PALD for 1500 cycles at
250 °C

(b) SEM crosssection of Ag PALD for 1500 cycles at
250 °C on SiO2 substrate

(c) AFM morphology of Ag PALD for 1500 cycles at 250 °C

Figure 5.16: Morphology of Ag film for 1500 cycles deposited at 250 °C temperature

mean square roughness of 3.25 nm. The Ag film thickness as determined from SEM cross
section (Figure 5.16b) was 25.8nm for 1500 PALD cycles which corresponds to a maximum
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growth per cycle of 0.16 Å at 250 °C substrate temperature on SiO2 / Si substrate. This
is lower than the growth per cycle obtained in literature with the same precursor which
was approximately maximum 0.4 Å at 120 °C substrate temperature [13]. The low growth
per cycle obtained here can be attributed to insufficient hydrogen radical supply due to
degradation in the plasma source and low plasma power (25 W) used in the experiment
compared to 100 W plasma power used in [13]. Sheet resistance of the deposited film in
Figure 5.16 as measured with the four point probe was remarkably high as a result of non
continuous Ag layer with smaller grains as well as some contamination in the film. The
measured sheet resistance of this film was about 200 kΩ . sqr–1.
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Figure 5.17: XRD result of Ag film for 1500 cycles deposited at 250 °C temperature

Analysis of this film by XRD (Figure 5.17) revealed cubic silver with reflection 38.12 °
for Ag (111), 44.28 ° for Ag (200) and 64.43 ° for Ag (220).
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5.2.3 Ag PALD film investigation with spectroscopic ellipsometry
Spectroscopic ellipsometry spectra of plasma-assisted atomic layer deposited Ag film shown
in Figure 5.18 indicate a resonance absorption around ultra violet region of the spectra.

1,5 2,0 2,5 3,0 3,5 4,0 4,5

Ψ - Psi

Energy (eV)

∆ - Delta

Figure 5.18: Ellipsometric spectra of Ag film showing resonance absorption

Silver is a plasmonic material, which means the surface electrons oscillate collectively in
response to the electric field from the optical excitation. Moreover, at certain frequencies,
the so called plasma frequency, the surface electron cannot oscillate as fast as the optical
excitation. And as a result light with frequency below the plasma frequency is reflected,
while above is transmitted. The ellipsometric spectra were taken between 280 nm to 850
nm (1.46 eV to 4.43 eV), below the plasma frequency of silver (9.6 eV, 129 nm [183]). This
is why almost the light in the ellipsometer wavelength range were reflected as indicated
from the Ψ spectra. In addition, the resonance absorption peak in the spectra was due to
interband transition of bound electrons in silver from optical absorption. The lowest energy
interband transition for silver occurs at 3.8 eV from 4d to 5s [184] which corresponds to
the resonance wavelength that was observed in the ellipsometric spectra. Changes of the
optical properties of Ag PALD layers grown on SiO2(26nm)/Si substrate were studied with
spectroscopic ellipsometry ex situ for different PALD cycles. Ellipsometric measurements
(Figure 5.19) show predominant increase in the angle Ψ, in the energy range from 2.3 to 3
eV as the number of deposition cycles is increased, while ∆ decreases as the deposition cycle
is increased. Ψ is an indication of reflectivity of the film, while ∆ is the phase difference
between the two orthogonal S and P reflected polarizations. The Ag film therefore becomes
more reflective for thicker layers. In Ag PVD film, the ellipsometric angle Ψ is constant at
45 o between 1.5 and 3.5 eV for a continuous and thick silver layer [184]. For comparison,
40 - 50 nm silver layers were deposited with electron beam evaporation, and the Ψ value
for this PVD layer is almost constant at 44 o for photon energy below 3.7 eV. On the other
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Figure 5.19: Ellipsometric spectra of Ag films on SiO2/Si substrate taken after different
PALD cycles

hand, for 3068 cycles (about 97 nm) Ag PALD grown film, the Ψ value is not constant
below 3.7 eV, rather it was higher below 2 eV and lower between 2 eV and 3.75 eV. This
could be an indication that the Ag PALD may not give perfectly continuous layers even
with larger number of PALD cycles.

Relative permittivity and refractive index depending on incident light energy (Figure
5.20) were obtained from the ellipsometric spectrum by fitting the optical parameters and
film thickness for the transparent layers using Brendel Oscillator model in the ellipsometer
data base. The film thickness for the thick layers (3068 cycles) were determined from x-ray
fluorescence (XRF) and SEM cross section. For transparent Ag layers, all the parameters
in the oscillator model were fitted to obtain the lowest mean squared error. While for
thick (non-transparent) Ag layers, the film thickness was kept almost at the measured
value by SEM and XRF during fitting of other oscillator parameters to obtain the lowest
mean squared error. In addition, the maximum mean square error obtained between the
measured data and the fit was about 1. That is, the mean of squared deviation between
the measured Ψ and ∆ and the calculated (fitted) Ψ and ∆ taken for all wavelengths
is about 1 (See appendix A.2). Refractive index of PALD silver (about 97 nm for 3068
cycles) was compared with that of Ag PVD and bulk values (Figure 5.20d) found in
the literature [185, 186]. From Figure 5.20d, refractive index of PVD Ag layers were
approximately close to the bulk values in literature. However, Ag PALD had slightly
different optical properties in the energy range 1.5 to 3.5 eV. Generally, Ag PVD layers
should generally have less film contamination and also closer film morphology than PALD
Ag layers which will affect the optical properties to a large extent. Figure 5.20a and 5.20b
shows the real part and imaginary part of relative permittivity of Ag PALD layers obtained
for varying PALD cycles.
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Figure 5.20: Light energy dependent optical properties of Ag films on SiO2/Si substrate
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The imaginary part and real part of relative permittivity obtained is similar to one
found in literature [184, 187, 188]. Marsillac et al. [188] described in detail three types
of plasmon resonances found in silver layers in the broadband range from 0.75 eV to 6.5
eV, which are intraband transitions (far infrared region), particle plasmon polariton (mid
energy region) and interband transitions (ultraviolet region). Two features can be clearly
seen in the dielectric functions obtained from the fit from 1.5 eV to 5 eV, which are the
particle plasmon polariton (1.5 eV to 3 eV) and interband transition (just above 3.8 eV).
From the imaginary part of the dielectric function in Figure 5.20b, one can see that the
amplitude of the particle plasmon polariton (PPP) increases and also red shifted as the
number of PALD cycles increases from 200 cycles until 1200 cycles, while just above 1200
cycles the amplitude of PPP decreases, a trend which was also observed in [188]. It can
be concluded that the silver layers were initially unconnected islands as also observed
in the AFM images, until after 1200 cycles (percolation threshold), the growth tends to
move towards bulk regime (island are getting connected). In addition, the amplitude of
interband transition mostly increases as the silver grows into bulk regime (Figure 5.20c).
The infrared response of the real part of the dielectric function (Figure 5.20a) also falls to
below zero when the film begins to conduct [187], which starts above 1500 PALD cycles.

5.2.4 Ag films deposited by PALD with the improved ICP source
(50W maximum power)

250 sccm

200 sccm

Ar supply into plasma tubes

100 % 

Plasma ignition pulse

Plasma Power 

50 sccm

50 sccm

ALD Line 1 (Ar)

H
2

supply into plasma tubes

Silver precursor pulse

Throttle Position

100 % 

One cycle

Figure 5.21: Optimized process sequence for Ag film plasma-assisted atomic layer deposi-
tion

In the improved ICP source, the maximum output power of the plasma source was
increased to 50 W and a stub tuner was used to match the plasma impedance with the
microwave input supply thus reducing the reflected power. It was earlier observed that
there was always deposition in the plasma tubes due to back flow of precursor while
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hydrogen was used as blocking gas (in earlier process sequence of Figure 5.12). As a result,
the process sequence was modified such that there is higher argon flow (250 sccm) during
the silver pulse, in order to prevent back diffusion of silver precursor into the plasma tubes,
while hydrogen gas will be switched on only during plasma pulse. 50 sccm argon should
in principle block precursor back flow into the plasma tubes based on the plasma design
specifications. In addition, possible CVD reaction of silver precursor and hydrogen gas can
be avoided when hydrogen gas is off during Ag precursor supply. Mixture of 50 sccm argon
and 200 sccm hydrogen seems to give a better plasma discharge because the reflected
power was much lower. The optimized process sequence is illustrated in Figure 5.21.

Saturation investigation

The film thickness for varying pulse time (Ag precursor and H radicals) should be measured
in order to investigate the self limiting condition of the process. However ellipsometric fit
can sometimes be ambiguous especially for thicker Ag films and it might be faster to just
compare the spectra. It has been shown earlier from the ellipsometric measurements in
section 5.2.3 that the ellipsometric angle ∆ decreases as the Ag film thickness increases.
For saturation investigation, depositions were made with varying Ag pulse time and H2

plasma time on silicon substrates with native oxide of about 2 nm and the ∆ spectra were
compared.

2.0 2.5 3.0 3.5 4.0

Ag pulse / purge
0.5s / 2s 

1s / 2s

1.5 / 2s 

2s / 2s

∆
 (

°)

Energy (eV)

Figure 5.22: Comparison of ∆ spectra for varying Ag precursor pulse time.
500 PALD cycles, 10 s H2 plasma, 120 °C deposition temperature and 70 °C
chamber wall temperature

At first, the chamber walls was 70 °C and the pulse time was increased from 0.5 s to 2
s, with purge time of 2 s. Film thickness increases (∆ goes down) as Ag precursor pulse
time is increased (Figure 5.22). ∆ spectra for 1 s and 1.5 s Ag precursor pulse is identical
but film thickness still increased (∆ goes down) at 2 s Ag precursor pulse as a result of
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increased parasitic CVD component due to excess precursor and insufficient purge time.
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Figure 5.23: Comparison of ∆ spectra for varying Ag precursor purge times.
500 PALD cycles, 10 s H2 plasma, 120 °C deposition temperature and 70 °C
chamber wall temperature

By increasing the Ag precursor purge time to 4 s (Figure 5.23), ∆ spectra for 0.5 s Ag
pulse remained alsmost unchanged as with 2 s purge, while the Ag film thickness obtained
for 1 s Ag pulse time even decreased further (∆ increases) as the purge time is increased.
Which means, 2 s purge time is only sufficient for 0.5 s Ag precursor pulse but already
insufficient for 1 s Ag precursor pulse. Therefore with cold chamber walls (70 °C), there
may be precursor condensation around the walls which will require excessive long purge to
obtain a pure ALD process. As a result the chamber wall temperature was increased to
120 °C to achieve efficient purge and hence obtain a pure ALD process.

2.0 2.5 3.0 3.5 4.0

Ag (pulse / purge) 1s / 2s

70°C walls

120°C walls

∆
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Energy (eV)

Figure 5.24: Comparison of ∆ spectra for varying chamber wall temperatures.
500 PALD cycles, 10 s H2 plasma, 120 °C deposition temperature
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By repeating two processes of same parameters (Figure 5.24) at 70 °C and 120 °C wall
temperatures, film thickness was lower with 120 °C wall temperature compared to 70 °C
wall temperature, which implies that the purge will be efficient at higher temperature.

2.0 2.5 3.0 3.5 4.0

∆
 (

°)

2s Ag pulse

2,5s Ag pulse

3s Ag pulse

3,5s Ag pulse

4s Ag pulse

Energy (eV)

(a) ∆ spectra comparison

0 1 2 3 4
0

1

2

3

4

5

6

7

F
ilm

 t
h
ic

k
n
e
s
s
 (

n
m

) 
(n

a
n

o
p
a
rt

ic
le

)
Ag pulse time (s)

(b) Film thickness fitting with nanoparticle model

Figure 5.25: Investigation of Ag precursor saturation for PALD Ag growth.
Ag precursor (pulse / purge): varied / 10 s, H2 plasma (pulse / purge): 10 s /
10 s, 200 PALD cycles, 120 °C substrate temperature, 120 °C chamber walls
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Figure 5.26: Investigation of H2 plasma saturation for PALD Ag growth.
Ag precursor (pulse / purge): 3 s / 10 s, H2 plasma (pulse / purge): varied /
10 s, 200 PALD cycles, 120 °C substrate temperature, 120 °C chamber walls

The purge time was increased to 10 s at 120 °C chamber wall temperature to completely
purge the Ag precursor and the Ag pulse time was varied from 2 s to 4 s. Self saturating
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process was observed at 3 s to 3.5 s Ag precursor pulse time (Figure 5.25) and 5s plasma
time (Figure 5.26) with this condition for 200 PALD cycles. Film thicknesses for this
transparent layers were determined by fitting the spectra using the nanoparticle model
which gave comparable thickness.

Optimal process parameters are given below:
Silver precursor (Pulse / Purge) = 2 s / 2 s in bubbler mode
Hydrogen plasma (Pulse / Purge) = 10 s / 1 s
Argon carrier gas = 50 sccm
Bubbler temperature = 110 °C
Bubbler inlet line = 110 °C
Bubbler outlet line = 120 °C
Chamber walls = 120 °C
Substrate temperatures = 120 °C
Plasma gas:
Hydrogen (plasma off / plasma on) = 0 / 200 sccm
Argon (plasma off / plasma on) = 250 / 50 sccm
Plasma power = 50 W
Hydrogen plasma pretreatment = 3 min
PALD cycle time = 15 s

Film characterization

Ag film deposition were carried out on small sample sizes (less than 10 mm by 10 mm) of
different metallic substrates such as trenches of silicon covered with Ti/TiN layers as well
as planar silicon surface covered with thin layers of SiO2, TiN, Co (cobalt), Ni (nickel)
and W (tungsten) layers. The SiO2 thin layer was prepared by thermal oxidation of Si in
a furnace while Ti, TiN, Co and Ni thin films were deposited by physical vapor deposition
(sputter deposition). W films were deposited by chemical vapor deposition followed by
chemical mechanical polishing to obtain a starting rms roughness of 2 nm. The samples
were always placed around the center of the susceptor just beneath the outlet of the plasma
discharge tubes in all experiments for efficient plasma radical supply. PALD depositions
were carried out at 70 °C, 120 °C and 200 °C substrate temperatures. A maximum growth
per cycle of approximately 0.03 nm was obtained from Ag film thickness of more than
500 PALD cycles at all the three deposition temperatures. Samples of Ag layers on TiN
surface were analyzed by XPS in order to eliminate the effect of oxygen contamination
from an oxide surface. Pure Ag was obtained from the XPS measurement with carbon and
oxygen contamination close to the detection limit (Figure 5.27) after 30 s argon sputtering
for deposition made at 120 °C and 200 °C temperature, which indicate complete ligand
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Figure 5.27: Chemical composition by XPS of PALD Ag films (a, b, c) at different depo-
sition temperatures compared with PVD Ag film (d): (a) 70 °C deposition
temperature (b) 120 °C deposition temperature (c) 200 °C deposition tem-
perature (d) PVD Ag film

removal by the hydrogen plasma.
A large oxygen contamination was detected in the film for deposition carried out at 70 °C,

which means there could be incomplete ligand removal or possible precursor condensation
at this low temperature. For all the Ag PALD samples, oxygen and carbon were detected in
the as deposited state due to adsorption of organic molecules on the surface. XPS analysis
of PVD Ag (Figure 5.27d) layers grown by electron beam evaporation for comparison also
had carbon and oxygen contamination on the surface, which reduced to detection limit
after argon sputtering. XRD measurements of PALD silver layers (Figure 5.28) grown
at 120 °C and 200 °C deposition temperature as well as of PVD silver layers both reveal
polycrystalline cubic silver. Silver PALD grown at 70 °C deposition temperature also
shows appearance of Ag[111] peak in the spectra for a much lower film thickness.
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Figure 5.28: Crystallinity of PALD Ag films compared with PVD Ag film

Deposition on different substrates

Analysis of Ag film morphology by AFM shows that Ag grew on all the substrates and the
particle sizes increases with the number of cycles. The Ag particle distribution statistics
(Figure 5.29) were determined from the AFM images using an imaging software called
SPIP from Image Metrology A/S. The distributions were fitted into lognormal function
as supposed in literature [12] using the Origin software. The Ag growth starts from
appearance of islands on all the substrates which tends to coalescence as the number cycles
is increased. The diameter of silver particles (Figure 5.29) increases with the number
of PALD cycles which shows that the Ag film grows in Volmer Weber mode on all the
substrates, where the growth starts from appearing of isolated silver islands to percolation
and then bulk regime. The particle size distributions on SiO2 and TiN surface were
identical, which means that growth and coalescence of Ag islands could be identical on
both surfaces. The average particle sizes and distributions on the metal surfaces (Co, Ni,
W) were slightly larger at 1500 cycles, which indicates that wetting and coalescence of Ag
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islands might be faster on metal surfaces.

Figure 5.29: Distribution of particle sizes for PALD Ag films grown at 120 °C deposition
temperature on different substrates. Black line curves are lognormal fit.

In addition, the rms roughness Rq (Figure 5.30) increased as the Ag film gets thicker.
Silver on cobalt surface had the lowest roughness followed by titanium nitride, silicon oxide
and nickel surfaces at 3068 Ag PALD cycles (Figure 5.31). Silver grew on tungsten surface
with the highest surface roughness (Rq) as revealed by AFM measurements. Wetting of
film on a substrate during growth depends on the surface energy of the system. For an
oxide substrate, a metal film will wet the substrate only when when at equilibrium [189]:
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Figure 5.30: Morphology of PALD Ag films grown on TiN surface at 120 °C deposition
temperature: (a) 500 PALD cycles, (b) 1000 PALD cycles,(c) 1500 PALD
cycles,(d) 3068 PALD cycles
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Figure 5.31: Surface roughness of PALD Ag films grown on different substrates at 120 °C
deposition temperature for varying PALD cycles

γoxide−metal = γoxide−v − γmetal−v (5.1)

where γoxide−metal is the surface energy of the interfacial film between the oxide and the
metal, γoxide−v is the pure surface energy of the oxide substrate in vacuum and γmetal−v is
the pure surface energy of the metal film in vacuum. Since oxides generally have a lower
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vacuum surface energy than metals, wetting of metal film on oxide substrate may only
be possible when the metal surface energy is lowered by minimizing its own surface area
during growth [190], which explains why the growth of metal on oxide surface is usually
from appearance of metal islands before continuous growth. It is obvious from equation
5.1 that a higher surface energy substrate than the deposited metal should in principle
promote continuous growth of thin metal film. Baker et al. [191] used tungsten (surface
energy of 3.5 Jm–2) as adhesion layer for the growth of ultra smooth platinum layers
(surface energy of 2.5 Jm–2). Ag, Co, Ti and Ni have experimental surface energies of 1.25
Jm–2, 2.55 Jm–2, 2.1 Jm–2 and 2.45 Jm–2 respectively [192]. Therefore it is expected that
W, Co, Ni and Ti substrate should allow smooth growth of Ag films faster than oxide or
dielectric substrate. Results of particle sizes analysis correlates with the trend of metallic
surface promoting faster island coalescence than TiN and SiO2 surface. However SEM
images (Figures 5.32, 5.33, 5.34, 5.35 and 5.36) of the Ag films shows that Ag on W was
quite rough compared to Ag on Ni, Co, TiN and SiO2 surface. Ag had better wetting and
grew smoother on Co and Ni surface than on W surface. In addition, the Ag films appear
more compact on Co and Ni than on SiO2 and TiN surfaces. After several cycles, Ag also
grew smoothly on TiN and SiO2 surfaces as seen in the SEM images (Figures 5.35 and
5.36). However, SEM images (Figure 5.34) revealed that the silver layers might be flaking
off during or after PALD growth on W surface. As a result, the Ag layer on W surface is
less compact, rougher and contains voids in the film and near the substrate. One possible
reason to explain this anomalous growth of Ag on W is that the surface of tungsten would
have formed a native oxide in air with much lower surface energy (approximately 0.35 Jm–2

to 1.62 Jm–2 by simulation) [193]. Hydrogen plasma pre-treatment of 1500 W for 10s was
necessary in the experiments of Baker et al., where it was suggested that tungsten native
oxide may not be completely removed by hydrogen plasma [191]. The use of wet chemical
etching before plasma dry etching could help to remove most of the native tungsten oxide
which may possibly promote smooth growth of Ag on W, however this will require further
investigations.
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Figure 5.32: SEM morphology of PALD Ag films grown on Co surface at 120 °C deposition
temperature for 3068 PALD cycles

Figure 5.33: SEM morphology of PALD Ag films grown on Ni surface at 120 °C deposition
temperature for 3068 PALD cycles
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Figure 5.34: SEM morphology of PALD Ag films grown on W surface at 120 °C deposition
temperature for 3068 PALD cycles

Figure 5.35: SEM morphology of PALD Ag films grown on TiN surface at 120 °C deposition
temperature for 3068 PALD cycles
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Figure 5.36: SEMmorphology of PALD Ag films grown on SiO2 surface at 120 °C deposition
temperature for 3068 PALD cycles

Furthermore, results of Ag PALD deposition in trenches of silicon with 2 µm width and
1 µm depth (aspect ratio of 0.5) covered with thin Ti/TiN layers are shown in Figure 5.37.

Figure 5.37: SEM and TEM cross sectional image of PALD Ag film deposited at 120
°C on Ti/TiN/SiO2/Si trenches of 2 µm width and 1 µm depth: (a) SEM
trench cross section (b) SEM top view (c) TEM cross section showing film
composition with EDX (d) TEM cross section showing Ag (e) bottom and
side walls (TEM) (f) top and side walls (TEM)
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The silver deposition gave estimated step coverage of about 0.6 on this trench structures
for about 40 nm Ag film thickness as measured with the SPIP imaging software. It can
be observed that the Ti seed layers also had about 0.5 step coverage which might have
made the growth of Ag layers to be slightly retarded on the side walls compare to the
top and bottom of the trenches. Carbon and oxygen can also be seen on the surface of
the film but not in the bulk silver as measured with EDX and also in agreement with
XPS results. Generally, deposition in high aspect ratio structures by physical deposition
technique such as evaporation and sputtering is limited to 0.2 step coverage [56]. Ag
deposition has also been demonstrated by metal organic chemical vapor deposition with
0.8 step coverage on patterned SiO2 substrate with 7:1 aspect ratio for about 70 nm
Ag film [194] and by atomic layer deposition technique on patterned Si substrate with
8:1 aspect ratio for about 40 nm Ag film [89]. The results here show the possibility to
also use an adhesion and barrier layer in the trenches such as Ti / TiN (Figure 5.37),
Co or Ni during Ag plasma-assisted atomic layer deposition, which is necessary for real
interconnects application in microelectronics. Metallic surface such as Co, Ni and Ti can
act as adhesion layer for plasma-assisted atomic layer deposition of silver films. These
barrier layers such as Co, Ni, Ti, TiN can be deposited by atomic layer deposition [29,56]
into the silicon trenches, preferrably in-situ with silver deposition. Growth of silver layer
seems to be rough on tungsten (W) with native oxide, and W should be deposited by ALD
or MOCVD in-situ together with silver plasma-assisted ALD, in order to possibly obtain
smooth growth of silver on tungsten surface.

(a) 1500 PALD cycles (approx. 47 nm film thickness,
9.4 Ω . cm)

(b) 3068 PALD cycles (approx. 97 nm film thickness,
5.7 µΩ . cm)

Figure 5.38: SEM images of conducting PALD Ag film on silicon oxide: (a) 1500 PALD
cycles (approx. 47 nm film thickness, 9.4 Ω . cm) (b) 3068 PALD cycles
(approx. 97 nm film thickness, 5.7 µΩ . cm)

Resistivities were determined from sheet resistance measurements and thicknesses of Ag
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morphorlogy of approximately 45 - 50 nm evaporated PVD film

films deposited on SiO2 using the relation:

ρ = Rs × t (5.2)

Where ρ is the resistivity in Ω . cm, Rs is the measured sheet resistance in Ω . sqr–1 and t
is the film thickness in cm.
Resistivity was above 9.4 Ω . cm after 1500 cycles (about 47 nm Ag film). After 3068

PALD cycles, the film resistivity decreased sharply. A resistivity of 5.7 µΩ . cm was
obtained for approximately 97 nm thick PALD Ag film. The morphology of conducting
PALD Ag films are shown in Figure 5.38. The thick 97 nm Ag layer had larger grains and
therefore will have lower electron scattering at the surface as well as lower grain boundary
scattering compared to 47 nm Ag layer. In other words, interconnected and large island
size film will give better conductivity.

Resistivity of evaporated PVD Ag were measured for comparison which gave much lower
resistivity with low thickness (Figure 5.39). The reason could be attributed to the fact
that PVD layers were smoother as measured by AFM (Figure 5.39b) and contain even
less film contamination.

Comparison of the resistivity obtained in this work with the previous Ag PALD reported
is given in Table 5.7. The best resistivity of the deposited PALD Ag films in this work
was obtained after thicker Ag films (5.7 µΩ . cm for 97 nm) compared with the work of
Kariniemi et al. (6 - 8 µΩ . cm for 20 nm Ag films [13]). A higher plasma power (100
W) used in the work of Kariniemi could have produced denser hydrogen plasma which
may have improved the resistivity compared to 50 W plasma power used in this work.
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Table 5.7: Comparing the resistivity obtained with the previous Ag PALD reported
Ag prec. other prec. Dep. temp. GPC ρ (µΩ . cm), Substrates, Ref.

or gases (°C) film thickness and year

Ag(fod)(PEt3) H2 plasma 70 - 200 0.03 nm/cycle 5.7, 97 nm SiO2, TiN, Ti,
1 cycle=15 s, Co, Ni, W surfaces
0.12 nm/min this work, 2016

Ag(fod)(PEt3) H2 plasma 100 - 120 0.8 nm/min 18, 50 nm SiO2(native)/Si
[12],2015

Ag(fod)(PEt3) H2 plasma 120 - 150 0.03 nm/cycle 6 - 8, 20 nm Si, glass
[13], 2011

(hfac)Ag(1,5−COD) propanol 110 - 150 - - glass, SiN
in toluene [88], 2010

Ag(O2CtBu)(PEt3) H radicals 140 0.12 nm/cycle 6, 40 nm Si, glass
[89], 2007

Besides, the film thickness in the work of Kariniemi was calculated from the bulk density
of Ag, and it is believed that the actual Ag film thickness could be more than the Ag film
thickness calculated from bulk density [13]. The resistivity obtained in this work is better
than the one reported in a more recent work of van den Bruele et al. (18 µΩ . cm for 50
nm Ag films [12]) using the same Ag precursor, but the Ag PALD process reported in the
work of Bruele et al. was faster due to spatial-ALD configuration used [12]. Niskanen et
al. [89] reported a resistivity of 6 µΩ . cm for 40 nm Ag film using a different Ag precursor
(Ag(O2CtBu)(PEt3)) with a higher growth per cycle of 0.12 nm, however this precursor is
not commercially available and may as well be less stable than the Ag precursor used in
this work (Ag(fod)(PEt3)).
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5.3 Plasma-assisted ALD of dielectric oxide and dopant
layers

5.3.1 PALD of antimony oxide (Sb2O5) film
Antimony oxide deposition was carried out with the ‘HFO’ chamber using the prototype
CCP plasma source. The antimony precursor used was triethylantimony ((C2H5)3Sb),
which belongs to metal alkyl of organometallic precursor class (refer to Figure 2.3a). The
vapor pressure equation for triethylantimony can be extracted from the vapor pressure
curve [166,195] as :

log
[
PTESb
mbar

]
= 8.0249− 2183 K

T
(5.3)

where PTESb is the vapor pressure measured in mbar and T is the temperature measured
in K (Kelvin). Triethylantimony vapor pressure was stabilized at about 50 mbar by
heating the precursor container to 70 °C. Precursor lines are usually maintained at 120
°C to prevent condensation in the lines. Oxygen radicals generated by the CCP plasma
source are used as the oxidizing source.
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Figure 5.40: Investigation of Sb precursor saturation for Sb2O5 PALD growth.
Parameters: 50 cycles, 100 °C deposition temperature, Sb Precursor (ini-
tial/pulse/exposure): 3 s / varied / 5 s, O2 plasma (initial/pulse/exposure):
1 s / 10 s / 1 s, N2 purge (Sb precursor and plasma purge): 1 s / 40 s,
100 sccm / 100 sccm / 100 sccm.

Depositions were carried out at 100 °C on Si samples (2 cm by 2 cm coupons) in order to
investigate the self limiting behaviour of the process. All samples had native silicon oxide
of about 2 to 2.5 nm as measured with spectroscopic ellipsometry. Sb precursor saturation
(5.40) was observed between 20 ms to 30 ms pulse time and O2 plasma saturation (Figure
5.41) between 5 s to 7 s. Variation of purge times (Figure 5.42) also shows that 5 s purge
is sufficient during both Sb precursor and O2 plasma subcycle step.
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Figure 5.41: Investigation of O2 plasma saturation for Sb2O5 PALD growth.
Parameters: 50 cycles, 100 °C deposition temperature, Sb Precursor (ini-
tial/pulse/exposure): 3 s / 20 ms / 5 s, O2 plasma (initial/pulse/exposure):
1 s / varied / 1 s, N2 purge (Sb precursor and plasma purge): 1 s / 5 s,
100 sccm / 100 sccm / 100 sccm.
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Figure 5.42: Variation of total purge times for Sb precursor and O2 plasma.
The same purge time each is used during Sb precursor and O2 plasma subcy-
cle.
Parameters: 50 cycles, 100 °C deposition temperature, Sb Precursor (ini-
tial/pulse/exposure): 3 s / 20 ms / 5 s, O2 plasma (initial/pulse/exposure):
1 s / 10 s / 1 s, N2 purge (Sb precursor and plasma purge): 1 s / varied,
100 sccm / 100 sccm / 100 sccm.
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Figure 5.43: Variation of PALD cycles (a) and repeatability of the process (b) for Sb2O5
PALD growth.
Parameters: 100 °C deposition temperature, Sb Precursor (ini-
tial/pulse/exposure): 3 s / 30 ms / 5 s, O2 plasma (initial/pulse/exposure):
1 s / 7 s / 1 s, N2 purge (Sb precursor and plasma purge): 1 s / 5 s,
100 sccm / 100 sccm / 100 sccm.

Figure 5.44: Variation of deposition temperatures for Sb2O5 PALD growth.
Other process parameters same as in Figure 5.43
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The antimony oxide film thickness also increases as the number of PALD cycles is
increased with no incubation cycles (Figure 5.43a). A growth per cycle of approximately
0.07 nm was obtained at 100 °C deposition temperature. Processes were reproducible with
maximum variation of ± 0.5 nm for a 50 cycle process (Figure 5.43b). Differences in Sb2O5

thickness measured could be from ellipsometer measurement error and uncertainty in the
SiO2 interfacial layer. Variation in deposition temperatures (Figure 5.44) shows a trend of
increase in antimony oxide film thickness with deposition temperature. However, the hi-lo
variation increases (uniformity decreases) as the deposition temperature is increased. The
wafer map shows higher increase in film thickness in the region around the inlet of the
plasma radicals on the wafer. Typical ALD process should have hi-lo variation less than 2
%. Elers et al. identified some possible sources of non-uniformity as overlapping precursor
pulses, non-uniform precursor distribution, film reaction with gaseous by-products and
thermal decomposition of precursor [196]. (C2H5)3Sb will only decompose at a temperature
above 600 °C [197]. It is very unlikely that the Sb2O5 film reacts with by-products because
increasing Sb precursor and O2 plasma pulse times during saturation investigation did not
lead to remarkably increased film thickness, since more by-products should be produced
with more precursors. The best uniformity obtained for Sb2O5 deposition on 150 mm Si
wafer was approximately with hi-lo variation of 6 % at 100 °C, which could have been
limited by the hardware design possibly due to some Sb precursor traps in the chamber
present during the O2 plasma subcycle, leading to CVD type growth in the middle of
the wafer. A source of precursor traps may be the cold chamber walls where precursors
can likely condense. A higher deposition temperature should in principle promote better
purge which should even improve the uniformity. But a plausible explanation for the
opposite trend of uniformity with temperature may be possibly non-uniformity in substrate
temperature, which may have resulted in lower film thickness at the wafer edges since the
film thickness is also temperature dependent.
TEM and SEM results after antimony oxide PALD deposition on patterned Si high

aspect ratio structures of approximately 6:1 and 4:1 are shown in Figures 5.45a and 5.45b.
A step coverage of 100 % was obtained on these test structures. It can also be observed
(figure 5.45a) that the PALD Sb2O5 film could completely fill and block the narrow spaces
in trenches when the film thickness is more than half of the width of the space.
Surface roughness measured by AFM of about 73 nm PALD Sb2O5 film deposited at 100
°C substrate temperature is shown in Figure 5.45c. The rms roughness obtained was 1.213
nm measured on 2 by 2 µm2 area. Smoother antimony oxide films were grown by thermal
atomic layer deposition at 250 °C using (C2H5)3Sb and O3 with roughness of 0.159 nm
on 2 by 2 µm2 area [33]. PALD Sb2O5 film optical properties were determined using the
cauchy model for refractive index and extinction coefficient given as:

n(λ) = n0 + 102 × n1

λ2 + 107 × n2

λ4 (5.4)
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(a) TEM after 100 cycles Sb2O5 PALD deposition on
high aspect ratio structure of approx. 6:1

(b) SEM after 100 cycles Sb2O5 PALD deposition on
high aspect ratio structure of approx. 4:1

(c) AFM measurement result of 1000 PALD cycles (73
nm) Sb2O5 film

Figure 5.45: TEM (a) and SEM (b) after Sb2O5 PALD deposition on high aspect ratio
structures and AFM measurements of 73 nm Sb2O5 film (c)

k(λ) = k0 + 102 × k1

λ2 + 107 × k2

λ4 (5.5)

Table 5.8: Cauchy dispersion coefficients of PALD Sb2O5 film deposited at 100 °C temper-
ature

n0 n1 n2 k0 k1 k2

1.892 99.2 179.3 -0.035 212.38 -265.02

where n, k, and λ are refractive index, extinction coefficient and wavelength (in nm),
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respectively. The coefficients n0, n1, n2, k0, k1 and k2 given in Table 5.8 (page 114) were
determined from the ellipsometric fit of Ψ and ∆ in the wavelength range 300 nm to
800 nm obtained from 73 nm PALD Sb2O5 film deposited at 100 °C temperature. The
refractive index of Sb2O5 film deposited at 100 °C was 1.928 at 633 nm wavelength. Sb2O5

has refractive index of 2.087 in the cubic crystalline form and 2.35 in the orthorhombic
form [198], therefore the Sb2O5 film deposited at 100 °C might be armorphous.
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Figure 5.46: Stability of Sb2O5 film: 1000 cycles plasma ALD of Sb2O5 at 100 °C deposition
temperature

Results of Sb2O5 film thickness measurement depending on time exposed in air (Figure
5.46) shows that the film is quite stable in air. The film thickness only increased by 0.1
nm after approximately 500 minutes in air due to adsorption of air-borne molecules on the
surface. Sb2O5 film can, therefore, serve as a suitable dielectric material for passivating
the Si surface as well as protecting other moisture sensitive material. Its high refractive
index also makes it suitable as an optical coating.
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5.3.2 PALD of boron oxide film
Boron oxide films were also deposited with ‘HFO’ chamber using the prototype CCP
plasma source. The boron precursor used was tris(dimethylamino)borane (TDMAB or
B(N(CH3)2)3) which belongs to the metal alkylamides class (Figure 2.5) of the metal-
organic precursors. The vapor pressure of TDMAB is given as [199]:

log
[
PTDMAB

mbar

]
= 5.94393− 2476 K

T
+ 1.75 log

[
T

K

]
− 0.0039086 T

K
(5.6)

where PTDMAB is the vapor pressure measured in mbar and T is the temperature
measured in K (Kelvin). TDMAB vapor pressure was stabilized at about 65 mbar by
heating the precursor container to 70 °C. Ozone and oxygen radicals can be used as
oxidizing source for B2O3 deposition. Results of B2O3 deposition using TDMAB with O
radicals for the case of plasma ALD as well as TDMAB with ozone for the case of thermal
ALD are shown in Figure 5.47.
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Figure 5.47: Investigation of B2O3 deposition and film stability in air from tris-dimethyl-
amido borane (TDMAB or B(N(CH3)2)3 ) with O2 plasma and O3 as oxidizing
source

Time dependent ellipsometric measurements shows immediate evaporation of B2O3 film
in ambient air. This behaviour has been reported in literature [106,200] and the reason
was attributed to moisture in the ambient air which transforms B2O3 film into a volatile
boric acid at room temperature [200]. One will reason that degradation of B2O3 film
due to its reaction with moisture may be much faster and noticable under atmospheric
pressure at room temperature than under vacuum at room temperature, because B2O3

film appears to be stable in vacuum at room temperature. In addition, TDMAB does
not react with oxygen gas alone (without plasma activation) at temperature from room
temperature up to 100 °C. B2O3 film thickness degradation is approximately linear with
time and as a result extrapolation of linear fit of the data from first few measurements
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Figure 5.48: Investigation of saturation for TDMAB and O radicals at room temperature
and 100 °C deposition: process parameters are given in Tables 5.9 and 5.10

(black lines in Figure 5.47) is done in order to determine starting B2O3 film thickness.

Table 5.9: Deposition parameters for TDMAB saturation investigation
Deposition TDMAB O radicals Purge for both
Temp. (°C) (initial/pulse/exposure) (initial/pulse/exposure) TDMAB and O

100 3 s / varied / 5 s 1 s / 10 s / 1 s 1 s / 5 s
20 3 s /varied / 5 s 1 s / 10 s / 1 s 1 s / 15 s

100 sccm / 100 sccm /
100 sccm

Table 5.10: Deposition parameters for O radicals saturation investigation
Deposition TDMAB O radicals Purge for both
Temp. (°C) (initial/pulse/exposure) (initial/pulse/exposure) TDMAB and O

100 3 s / 30 ms / 5 s 1 s / varied / 1 s 1 s / 5s
20 3 s / 25 ms / 5 s 1 s / varied / 1 s 1 s / 15 s

100 sccm / 100 sccm /
100 sccm

Besides, B2O3 film deposited with O2 plasma may be more stable in ambient air than
B2O3 film deposited with O3 in the experiments as also observed in [106]. Linear fits
(black lines) in both graph in Figure 5.47 are y = −0.07594x+ 3.98268 for B2O3 deposition
with O2 plasma in Figure 5.47a and y = −0.1832x+ 4.91899 for B2O3 deposition with O3

in Figure 5.47b. Thus initial vaporization rate in ambient air may be about 2 times faster
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for B2O3 film deposited with O3 than with O2 plasma, however the ambient conditions
could not be controlled in the experiments.
Investigation of TDMAB saturation as well as O radicals saturation were carried out at
20 °C and 100 °C (Figure 5.48). Clear saturation was reached between 20 ms to 30 ms
TDMAB pulse at 20 °C deposition temperature with B2O3 film thickness remaining almost
constant at saturation. However, film thickness decreased slightly as the TDMAB pulse is
increased above 20 ms for deposition carried out at 100 °C substrate temperature. Also,
saturation was reached at 15 s O radical exposure time with film thickness remaining
fairly constant at saturation for deposition carried out at 20 °C substrate temperature,
but the film thickness was higher with shorter O2 plasma exposure time for deposition
carried out at 100 °C substrate temperature. This may be an indication that reaction
by-products such as water may actually react with B2O3 film at 100 °C thereby decreasing
the film thickness (etching). Water is one of the reaction by-product observed with the
in-situ mass spectrometer (Figure 5.49), and more TDMAB precursor and plasma time
would mean more by-products produced (water). Thus, B2O3 film thickness decreased
with increase in TDMAB precursor and O plasma time at 100 °C deposition temperature.
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Figure 5.49: In-situ process monitoring with Quadrupole Mass Spectrometry using MID
(multiple ion detection) scan of some specific masses

In addition, B2O3 film thickness also decreased as the deposition temperature is increased
(Figure 5.50), possibly due to increased precursor desorption at higher temperature or
vaporization of B2O3 film after reacting with water by-products and moisture traces in
the chamber at higher temperatures.
Variation of PALD cycles at 20 °C and 100 °C deposition temperature (Figure 5.51)

shows ALD type growth with no incubation cycles at both temperatures. An estimated
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Figure 5.50: Investigation of B2O3 growth depending on deposition temperature
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Figure 5.51: Variation of PALD cycles for B2O3 PALD deposition at 20 °C and 100 °C
deposition temperature.
20 °C deposition temperature parameters: TDMAB (initial/pulse/exposure):
3 s / 25 ms / 5 s, O2 plasma (initial/pulse/exposure): 1 s / 10 s / 1 s, N2
purge (TDMAB and plasma purge): 1 s / 15 s, 100 sccm / 100 sccm / 100
sccm.
100 °C deposition temperature parameters: TDMAB (initial/pulse/exposure):
3 s / 30 ms / 5 s, O2 plasma (initial/pulse/exposure): 1 s / 10 s / 1 s, N2
purge (TDMAB purge and plasma purge): 1 s / 5 s, 100 sccm / 100 sccm /
100 sccm.

growth per cycle of 0.13 nm was obtained at 20 °C deposition temperature. Growth per
cycle varies between 0.02 - 0.05 nm depending on the O2 plasma time for depositions made
at 100 °C. Deposition parameters are given in Figure 5.51. B2O3 film is quite unstable in
air as earlier shown, and as a result, it should be protected with a stable film in order to

119



prevent it from vaporization. Stable films such as Al2O3 or Sb2O5 of sufficient thickness
can be used as capping layers for B2O3 to prevent it from evaporation.
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Figure 5.52: Stabilizing B2O3 films with Sb2O5 capping: Plasma ALD of B2O3 at 100 °C
(50 cycles of TDMAB and O2 plasma) followed by different in-situ plasma
ALD cycles of TESb (Sb(C2H5)3) and O2 plasma at 100 °C
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Figure 5.53: Stabilizing B2O3 films with Al2O3 capping: Thermal ALD of B2O3 at 50 °C
(50 cycles of TDMAB and ozone) followed by different in-situ ALD cycles of
TMA and ozone at 50 °C

From Figure 5.52, one can observe a rapid decrease in film thickness of B2O3 layer
without Sb2O5 capping until 5 cycle Sb2O5 capping (Figure 5.52), when the capping
starts to protect the film. Furthermore, an initial swelling up before film degradation was
observed for layers with 10 cycles and 12 cycles Sb2O5 capping. B2O3 film seems to be
stable at least within one hour in air, beyond 15 cycle Sb2O5 capping. Similarly, stability
of B2O3 layer capped with Al2O3 film is shown in Figure 5.53.
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Figure 5.54: B2O3 film (50 cycles) capped with in-situ Sb2O5 film (50 cycles) at 100 °C
on BHF cleaned patterned Si high aspect ratio structure. (a) TEM image (b)
EDX showing Si, O and Sb (c) EDX showing O (d) EDX showing Sb

Deposition of B2O3 film capped with in-situ Sb2O5 film at 100 °C on BHF cleaned
patterned Si high aspect ratio structure is shown in Figure 5.54. Highly conformal
deposition was obtained on aspect ratio 6:1. EDX signals reveals Si, O and Sb but not
boron. The Sb2O5 capping might have been destroyed during TEM preparation which
could have resulted in evaporation of B2O3 film starting from the edges. Film delamination
was also observed in the TEM images (Figure 5.54) which could be due to electron beam
bombardment.
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5.3.3 PALD of silion oxide film
Silicon oxide deposition was carried out on the ‘SENTECH’ PALD system using the
prototype ICP plasma source. The silicon precursor used was tris(dimethylamino)silane
(TDMAS or HSi(N(CH3)2)3), which also belongs to the metal alkylamides class (Figure
2.5) of the metal-organic precursors. Its vapor pressure is given as [201]:

log
[
PTDMAS

mbar

]
= 8.3449− 2210 K

T
(5.7)

where PTDMAS is the vapor pressure measured in mbar and T is the temperature
measured in K (Kelvin).
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Figure 5.55: Investigation of saturation for TDMAS pulse:
TDMAS (pulse/purge): varied / 10 s, O2 plasma (pulse/purge): 15 s / 10 s,
O2 flow into plasma head: 250 sccm, Number of PALD cycle: 100, Substrate
temperature: 150 °C, N2Purge: 100 sccm, TDMAS bottle: room temp (heated
up to 33 °C from lines), TDMAS line and chamber walls: 120 °C.

The precursor is pyrophoric with vapor pressure of about 13 mbar at 33 °C. As a
result precursor bottle was kept at room temperature, while the precursor lines were
maintained at 120 °C. Usually the precursor bottle can be heated up to 33 °C when the
line temperature is maintained at 120 °C. For SiO2 deposition, oxygen radicals generated
by the ICP plasma source are used as the oxidizing source.
SiO2 film was successfully deposited on 150 mm Si wafer at 150 °C substrate temperature.

Investigation of saturation for TDMAS precursor (Figure 5.55) was carried out at 150 °C
substrate temperature by varying TDMAS pulse time from 30 ms to 100 ms. This gives
an increase in SiO2 mean film thickness with TDMAS pulse times until saturation at 80
ms TDMAS pulse time. In addition, the wafer non-uniformity decreases as TDMAS pulse
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(a) 30 ms TDMAS, 100 cycles (b) 40 ms TDMAS, 100 cycles

(c) 50 ms TDMAS, 100 cycles (d) 70 ms TDMAS, 100 cycles

(e) 80 ms TDMAS, 100 cycles (f) 100 ms TDMAS, 100 cycles

Figure 5.56: Wafer maps of PALD SiO2 for varying TDMAS pulse times:
TDMAS pulse variation with 15 s O2 plasma at 150 °C deposition temperature

times increases until 80 ms pulse. Depositions were highly conformal with non-uniformity
of less than 1 % at saturation. Wafer maps of different TDMAS precursor pulses are shown
in Figure 5.56. Uniformity may also be improved with a longer purge of 10 s.
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Figure 5.57: Investigation of O2 plasma saturation for PALD SiO2 growth:
O2 flow into plasma head: 250 sccm, TDMAS (pulse/purge): 80 ms / 5 s,
O2 plasma (pulse/purge): varied/2s, Number of PALD cycle: 100, Substrate
temperature: 150 °C, N2 purge: 100sccm, TDMAS bottle: room temp (heated
up to 33 °C from lines), TDMAS line and chamber walls: 120 °C

Similarly, investigation of saturation for O radicals (Figure 5.57) was carried out at 150
°C substrate temperature by varying O2 plasma time from 1 s to 20 s. Mean film thickness
also increases as the plasma time is increased. However the non-uniformity increases with
increase in plasma time. 5 s to 7 s plasma time will be sufficient for saturation on 150 mm
wafer. Wafer map for 20 s plasma time (Figure 5.58) shows two peaks in the middle which
indicates the outlet of the plasma tubes. Long plasma time might cause increased CVD
deposition around the outlet of the plasma tubes on the wafer.

PALD cycle variation (Figure 5.59) gives linear SiO2 film growth with number of PALD
cycles and without incubation cycles. An average growth per cycle of 0.074 nm was
obtained on Si wafer (native oxide approx. 1.7 nm) at 150 °C.

124



(a) 1 s O2 plasma, 100 cycles (b) 5 s O2 plasma, 100 cycles

(c) 7 s O2 plasma, 100 cycles (d) 10 s O2 plasma, 100 cycles

(e) 15 s O2 plasma, 100 cycles (f) 20 s O2 plasma, 100 cycles

Figure 5.58: Wafer maps of PALD SiO2 for varying O2 plasma pulse times:
Oxygen plasma variation with 80 ms TDMAS pulse at 150 °C deposition
temperature
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Figure 5.59: Investigation of PALD cycle variation for SiO2 PALD deposition at 150 °C:
TDMAS (pulse/purge): 80 ms / 5 s, O2 plasma (pulse/purge): 5 s / 2 s, O2
flow into plasma head: 250 sccm, Substrate temperature: 150 °C, N2Purge:
100 sccm, TDMAS bottle: room temp (heated up to 33 °C from lines),
TDMAS line and chamber walls: 120 °C.

5.3.4 PALD of phosphorus containing oxide film
Oxide of phosphorus, POx was deposited from triethyl phosphite (TEOP) and O radicals.
Triethyl phosphite (TEOP) belongs to metal-alkoxide group of metal-organic precursors
class (Figure 2.4). Depositions were also carried out on the ‘SENTECH’ PALD system.
The vapor pressure of triethyl phosphite (TEOP or C6H15O3P) was determined from

the vapor pressure equation given as [202]:

log
[
PTEOP
mbar

]
= 7.324− 1683 K

T − 43 (5.8)

where PTEOP is the vapor pressure measured in mbar and T is the temperature measured
in K (Kelvin). As a result, the TEOP bottle temperature was maintained at 50 °C in order
to obtain a vapor pressure of about 20 mbar. Usually, line temperatures were maintained
at 120 °C. The POx depositions were carried out on prepared samples of about 2 cm by 2
cm placed at different positions on a carrier wafer (Figure 5.60a) from 100 °C to 200 °C
substrate temperature. Poor uniformity with exceptionally thick POx layers were obtained
at low temperature (Figure 5.60b). The deposited POx film will not vaporize in ambient
air at room temperature but the film thickness fluctuates in air due to moisture sensitivity
of phosphorus as seen from the time dependent ellipsometric measurements in Figure 5.60c.
XPS results of PALD POx film in Figure 5.60d indicates the presence of phosphorus with
carbon and nitrogen in the as-deposited film. The deposited phosphorus would be in form
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Figure 5.60: POx PALD deposition from TEOP and O2 plasma at different temperatures

of metaphosphate or some phosphorous acid corresponding to actual binding energy of
134 eV for P-2p.

Table 5.11: PALD cycle variarion for POx deposition at 200 °C
PALD cycle Maximum film thickness

50 cycles 1.82 nm
400 cycles 5.47 nm

For 50 cycle processes, POx growth and range decreases with temperature (Figure 5.60b).
Maximum growth is always in the middle until 200 °C when maximum is at the sides.
This suggests that there may be condensation and or redeposition of byproducts at low

127



temperature and using higher deposition temperature may improve the uniformity of
POx PALD film. However, POx PALD film deposition carried out at 200 °C (Table 5.12)
shows that the growth per cycle may be quite low at this temperature because the film
(phosphorous acid) decomposes and boils at 200 °C [203]. As a result, POx deposition did
not appear to scale up properly with the number of cycles at 200 °C. One can conclude that
optimal deposition temperature for conformal PALD POx film using triethyl phosphite
and O2 plasma would be above 100 °C but less than 200 °C. One solution to increase the
phosphorus concentration and film thickness with PALD cycles will be to mix SiO2 film
and POx film in super cycles (Figure 5.61).

POx

TEOP O

M cycle

SiO2

O

N cycle

TDMAS

1 supercycle = M,N

Figure 5.61: Illustration of PALD POx/SiO2 mixed oxide deposition

As a result, mixed POx/SiO2 oxide were deposited from super cycle of POx and SiO2

at 150 °C. Results of POx/SiO2 mixed oxide deposition on 150 mm Si wafer for 10 super
cycles with M = 5 and N = 1 (see Figure 5.61) is shown in Figure 5.62. Wafer maps were
taken by fitting the deposited film and SiO2 interface as a single layer.
Normally, pure SiO2 deposition would give about 0.74 nm film thickness for 10 cycles.

The total film thickness obtained for POx/SiO2 mixed oxide and SiO2 native oxide was
about 3.5 nm for 10 super cycles. Which means, POx/SiO2 mixed oxide thickness will be
approximetely 1.8 nm assuming 1.7 nm native SiO2. Therefore, phosphorus was indeed
incorporated into the SiO2 layer since the total POx/SiO2 mixed oxide thickness for 10
super cycles was greater than pure SiO2 film thickness for 10 cycles. POx/SiO2 mixed
oxide deposition non-uniformity on 150 mm Si wafer was about 3 %. The ellipsometric
measurements of uncapped and SiO2 capped POx/SiO2 mixed oxide film is shown in Figure
5.63. Increase and fluctuation of film thickness in air was observed for both capped and
uncapped POx/SiO2 layer. In addition, one can also observe a fluctuation in mean squared
error for the fit together with the film thickness, which shows that the film properties
might also be changing in air. The capped film shows a slow and delayed thickness increase
compared to the uncapped layer. The POx/SiO2 layer seems very senstitive to moisture
even under thick SiO2 capping. The POx/SiO2 film itself did not evaporate in air but
shows a rapid senstivity to moisture. Moisture senstivity may not be a limiting factor for
the application of POx/SiO2 layer as a dopant source since the P dopant itself did not
evaporate in air. In addition, results of ellipsometric measurements for layers in Figure
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Figure 5.62: Deposition of POx/SiO2 mixed oxide by PALD:
O2 flow into plasma head: 250 sccm, TEOP (pulse/purge): 50 ms / 10 s,
TDMAS (pulse/purge): 80 ms / 10 s, O2 plasma (pulse/purge): 15 /10 s,
Number of PALD super cycles: 10 with (M=5,N=1), Substrate temperature:
150 °C, N2 purge: 100 sccm, TDMAS bottle: room temp (heated up to 33
°C from lines), TEOP bottle: 50 °C, TDMAS line, TEOP line and chamber
walls: 120 °C

5.64 shows that POx/SiO2 layer capped with Sb2O5 layer of about 7 nm could possibly
stabilize the POx/SiO2 layer for about 1 day. The Sb2O5 capping were prepared ex-situ
after POx/SiO2 layer deposition. Sb2O5 capping of POx/SiO2 layer (Figure 5.64) seems
to be quite effective in comparison to SiO2 capping (Figure 5.63). Therefore, Sb2O5 layer
may be used to protect POx/SiO2 layer for long time handling in air. In addition, Sb and
P will give doping of the same type (n) in Si or Ge, which may additionally increase the
n-type doping level.
The variation of PALD super cycles for POx/SiO2 deposition is shown in Table 5.12.
Clearly, the film thickness increases as the number of PALD super cycles is increased. One
can also increase the phosphorus contents by increasing the number of POx sub-cycles,
that is increasing M, (see Figure 5.61).
Figure 5.65 shows the cross section of a film stack after the deposition of POx/SiO2

mixed oxide film capped with in-situ SiO2 film at 150 °C on BHF cleaned patterned Si high
aspect ratio structure. Highly conformal film deposition was obtained on the structures
with aspect ratio of 6. EDX signals reveals conformal P deposition inside the trenches
with no carbon contamination in the film. Carbon was only found on the surface of the Si
trenches which could be from organic absorption during TEM preparation. Conformal
deposition of P in the trenches will allow uniform n-type doping of Si from P diffusion.
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Figure 5.63: Stability of uncapped POx/SiO2 mixed oxide film compared with POx/SiO2
capped with SiO2 layer in-situ
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Figure 5.64: Stability of uncapped POx/SiO2 mixed oxide film compared with POx/SiO2
capped with Sb2O5 layer ex-situ

Results of TEM cross section of a film stack after the deposition of POx/SiO2 mixed oxide
film at 150 °C capped ex-situ with 100 cycles PALD Sb2O5 film at 100 °C on BHF cleaned
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Table 5.12: PALD super cycle variarion for POx/SiO2 (M=5,N=1) mixed oxide deposition
at 150 °C

Sample number Super cycle Total film thickness SiO2 interface Estimated POx/SiO2
(M=5, N=1) + SiO2 interface thickness

1504211-W13 10 super cycles 3.5 nm 1.7 nm 1.8 nm
MLY146-20-s48 40 super cycles 9.95 nm 2 nm 7.95 nm
MLY146-20-s50 80 super cycles 15.69 nm 2 nm 13.69 nm
MLY146-20-s52 120 super cycles 20.1 nm 2 nm 18.1 nm

(M=10, N=1)
SLZ007-1-s35 40 super cycles 19.2 nm 2 nm 17.2 nm

Figure 5.65: TEM / EDX results after deposition of POx/SiO2 mixed oxide film (20 super
cycles, (M=5,N=1)) capped with in-situ SiO2 film (100 cycles) at 150 °C on
BHF cleaned patterned Si high aspect ratio structure. (a) TEM image (b)
EDX showing Si, O, P and C (c) EDX showing P (d) EDX showing C

patterned Si high aspect ratio structure are shown in Figure 5.66. A dark film region
(Figure 5.66a) can be seen on top of bright film region in the stack, which indicate Sb2O5

film on top of POx/SiO2 mixed oxide film. Si, O, P, C, N and Sb can be detected from
the EDX signal (Figure 5.66b). C contamination was mostly found on the surface. Little
N contamination detected could be from the unremoved silicon precursor ligand in this
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Figure 5.66: TEM / EDX results after deposition of POx/SiO2 mixed oxide film (40 super
cycles, (M=5,N=1)) at 150 °C capped ex-situ with Sb2O5 film (100 cycles) at
100 °C on BHF cleaned patterned Si high aspect ratio structure. (a) TEM
image (b) EDX showing Si, O, P, C, N and Sb (c) EDX showing Si, P and
Sb (d) EDX showing P

case. In addition, EDX signal (Figure 5.66c) reveals Sb on top of P. The film can be easily
damaged by electron beam bombardment and the image quality degrades after repeated
TEM measurements on same spot. P deposition in the trench structure (Figure 5.66d)
(aspect ratio of approximately 6) was also conformal.
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5.4 Doping from PALD source layer
Doping of silicon and germanium can be achieved through diffusion of dopants from solid
phase atomic layer pre-deposited source layer. As illustrated in Figure 5.67, dopant layers
such as oxides of boron, antimony and phosphorus are deposited on top of silicon or
germanium substrates and, then, these dopants can diffuse into the crystal lattice through
thermal processing techniques such as rapid thermal annealing (RTA), flash lamp annealing
(FLA) or laser annealing (LA).

Figure 5.67: Illustration of diffusion doping process from PALD source layers
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Figure 5.68: SIMS measured boron concentration profiles in silicon of different samples with
PALD B2O3 source layers after rapid thermal annealing (RTA) treatments

Figure 5.68 shows result of boron diffusion into silicon lattice from PALD B2O3 source
layer deposited at room temperature after rapid thermal annealing process. In this case,
the RTA system and PALD system were in a cluster tool, hence the samples were directly
transferred from PALD system to RTA system, that is the B2O3 layers were not exposed to
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ambient air. There is an increase in diffusion of boron in Si samples with same B2O3 source
layer thickness, as the maximum annealing temperature is increased (Figure 5.68a with
ramp rate of 10 K/s and hold time 5 s). Diffusion of boron into silicon also increases as the
B2O3 source layer thickness increases up to about saturation at same annealing conditions
(Figure 5.68b with 14 K/s ramp, 0.1s hold time and 850 °C maximum temperature).
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Figure 5.69: Comparison of SIMS measured B and Sb profiles in silicon for rapid thermal
annealed and unannealed samples with same thickness of PALD B2O3 capped
with Sb2O5 source layers

Figure 5.69 shows result of boron (B) and antimony (Sb) diffusion into silicon (Si) lattice
from PALD B2O3 deposited at room temperature capped with 50 cycles Sb2O5 deposited
at 200 °C. The RTA system was not in a cluster tool with the PALD system in this case,
and the samples were shipped to the location of the annealing experiments. The SIMS
profile (Figure 5.69) of B and Sb in Si for annealed and unannealed samples shows that,
both B and Sb, diffused inside Si after RTA treatments. Sb diffusion may have been
promoted by B diffusion after RTA. Comparison of SIMS profiles (Figure 5.70) of samples
with only PALD Sb2O5 source layer with samples of PALD B2O3 capped with Sb2O5

after the same flash annealing treatment shows that Sb diffusion is lower with pure Sb2O5

source, which implies that Sb diffusion may be enhanced when co-doped with another
dopant. The B signal found in the SIMS profile (Figure 5.70) for pure Sb2O5 source layer
is the background (p-type) B doping. In addition, the B signal is lower than Sb signal in
the SIMS profile, after flash annealing of samples with 100 cycles B2O3 capped with 50
cycles Sb2O5 in Figure 5.70 because of low B2O3 deposition at high temperature (100 °C).
It may be beneficial to grow B2O3 layer and Sb2O5 capping at the same temperature,

however it is necessary to grow B2O3 at room temperature to obtain the highest growth per
cycle and possibly deposit the capping material at room temperature. SiNx was reported
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Figure 5.70: Comparison of SIMS measured B and Sb profiles in silicon for sample with
only PALD Sb2O5 source layer and sample with PALD B2O3 capped with
Sb2O5 source layer after same flash annealing conditions

to grow at room temperature by plasma-assisted ALD [204], which can as well be used for
PALD B2O3 capping in future work.
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Figure 5.71: Comparison of SIMS measured B and Sb profiles in silicon for samples with
same PALD B2O3 thickness but different PALD Sb2O5 capping (50 cycles
and 100 cycles capping) after same rapid thermal annealing conditions

SIMS profiles of B and Sb in Si after rapid thermal annealing of samples of about same
B2O3 source thickness but different Sb2O5 capping cycles (Figure 5.71) show that there
was slightly higher B2O3 source left close to the Si surface under thicker (100 cycles)
Sb2O5 capping. However, diffusion of B was slightly deeper for samples with thinner (50
cycles) Sb2O5 capping. The junction depth in Figure 5.71 at the level of 5× 1018 cm−3 is
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approximately 40 nm for 100 cycles capping and 50 nm for 50 cycles capping.
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Figure 5.72: Comparison of SIMS measured B and Sb profiles in silicon for samples with
different types of annealing treatment

The B dopant profile in Si for samples with different types of annealing treatment
(RTA, flash and laser annealing) (Figure 5.72) is approximately identical (less than 20
nm junction depth), possibly because B2O3 source is too low due to higher deposition
temperature (100 °C) of B2O3. It can be observed that the Sb level was higher for samples
that were treated with laser anneal or flash anneal which could possibly mean that Sb
diffusion is also enhanced by ultra-short high-temperature annealing.
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Figure 5.73: Comparison of SIMS measured P and Sb profiles in Si for uncapped POx/SiO2
source layers after varying flash anneal treatment time
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SIMS profiles of phosphorus (P) diffusion into Si from uncapped POx/SiO2 source layer
after several flash annealing variations are shown in Figures 5.73, 5.74 and 5.75. It can be
observed that there was also Sb diffusion in all the annealed samples without Sb source
which is due to cross contamination in the flash tool. The SIMS results appear to be
almost the same for diffusion of P from uncapped POx/SiO2 source after variation in
flash time (Figure 5.73), flash energy density (Figure 5.74) and flash pre-heat temperature
(Figure 5.75).
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Figure 5.74: Comparison of SIMS measured P and Sb profiles in Si for uncapped POx/SiO2
source layer after varying flash anneal energy density
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Figure 5.75: Comparison of SIMS measured P and Sb profiles in Si for uncapped POx/SiO2
source layer after varying flash anneal pre-heat temperature

All the samples were packaged and shipped to the location of the flash experiments,
however the uncapped POx/SiO2 source is still quite sensitive to moisture as already shown
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in Figure 5.64. As a result, the POx/SiO2 source may not be reproducible for long time
handling in air and will need Sb2O5 capping to keep the phosphorus source constant for
the flash variations. This gives an explanation to almost the same SIMS profiles obtained
for all the flash variations for diffusion from uncapped POx/SiO2 sources.
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Figure 5.76: Comparison of SIMS measured P and Sb profiles in Si for uncapped POx/SiO2
and SiO2 capped POx/SiO2 source layer after increasing flash anneal runs

There was always Sb contamination detected in the SIMS profile even without Sb source,
and one would notice a remarkable increase in Sb level (Figure 5.76) as the number of flash
runs increases. There were annealings of some other samples with Sb2O5 layer which are
considered to be the source of Sb contamination in the flash tool. Therefore, Sb diffusion
level in Si increased as the number of flash runs was increased for the uncapped POx/SiO2

source layer.
Moreover, SIMS profile result after same the flash annealing condition of Si samples

having POx/SiO2 source layer capped with different material layers is shown in Figure 5.77.
It can be observed that SiO2 capping for POx/SiO2 source is also ineffective, since the
diffusion profile of P in Si appears close to that of the uncapped POx/SiO2 source. However,
there is a higher P concentration in the bulk of Si as well as close to the Si surface for
POx/SiO2 source capped with a Sb2O5 layer, which means Sb2O5 capping for POx/SiO2

is the most effective; this also correlates to the result of ellipsometric measurements shown
in Figure 5.64.
SIMS results after flash anneal of Si having POx/SiO2 (40 super cycles) capped with

Sb2O5 (100 cycles) source layer are shown in Figure 5.78. One would strikingly observe
the possibility of co-diffusion of Sb and P in Si, especially with 20 ms flash time as it was
also obtained earlier with B promoting Sb diffusion in Si. It can possibly be concluded
here that P promotes Sb diffusion in Si and vice versa, which means they may actually
be co-diffusing and promoting each other. Sb and P belong to the same n-type dopant
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Figure 5.77: Comparison of SIMS measured P and Sb profiles in Si for POx/SiO2 source
layer capped with different material layers after similar flash anneal treatment
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Figure 5.78: Comparison of SIMS measured P and Sb profiles in Si for POx/SiO2 capped
with Sb2O5 source layer after 10 ms and 20 ms flash times

class and this can possibly boost n-type doping suppose both P and Sb are activated in
Si. However, investigation of Sb and P dopants activation in Si will be required in future
work. Moreover, one can clearly see a decreased diffusion of P and Sb with shorter (10 ms)
flash time in this case (Figure 5.78) and with the possibility to tune the junction depth
below 10 nm.
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5.4.2 Germanium (Ge) doping
Phosphorus containing source layer
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Figure 5.79: SIMS profile in epitaxial Ge (1µm) for uncapped POx/SiO2 source layer after
flash anneal

The P depth close to the surface in the diffusion profile (Figure 5.79) of P in Ge from
uncapped POx/SiO2 source layer is similar to P diffusion in Si from uncapped POx/SiO2

source layer. POx/SiO2 may also be suitable as source layer for P doping in Ge.
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Figure 5.80: SIMS profile in epitaxial Ge (1µm) for POx/SiO2 capped with Sb2O5 source
layer after flash anneal

Besides, there is deep diffusion of P and Sb in Ge (Figure 5.80) after flash anneal
from POx/SiO2 capped with Sb2O5 source layer. Sb could also diffuse in Ge which might
have enhanced P diffusion in Ge. The flash parameters were same for the SIMS profiles
in Figures 5.79, 5.80 and, 5.81. N-type doping level may be increased from Sb and P
co-diffusion in Ge when both Sb and P are activated after diffusion in Ge. A shorter flash
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time can be used to obtain a shallow junction when POx/SiO2 capped with Sb2O5 is used
as source layer for Ge.

Sb2O5 source layer
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Figure 5.81: SIMS profile in epitaxial Ge (1µm) for Sb2O5 source layer after flash anneal

Diffusion of Sb in Ge seems feasible after flash anneal of Sb2O5 source layer (Figure
5.81). There is also a phosphorus cross contamination in the SIMS profile (Figure 5.81),
but Sb diffusion profile appears gaussian-like and less deep in Ge compared to Sb and P
co-diffusion with higher phosphorus content (Figure 5.80) in the source layer. Sb2O5 film
alone may be suitable as source layer for Ge.

5.4.3 Silicon-Germanium (Si-Ge) doping
Phosphorus containing source layer

Diffusion of P in SiGe matrix from uncapped POx/SiO2 source layer was obtained after
flash anneal (Figure 5.82). POx/SiO2 source layer can be used for SiGe doping.
Co-diffusion of P and Sb and deep profile (Figure 5.83) was obtained in SiGe after

flash anneal of POx/SiO2 capped with Sb2O5 source layer. POx/SiO2 capped with Sb2O5

source layer may also be used for SiGe n-type doping, but the flash conditions should be
controlled to obtain shallow junctions.

Sb2O5 source layer

There is limited diffusion of Sb in SiGe from Sb2O5 source layer after flash anneal (Figure
5.84).
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Figure 5.82: SIMS profile in epitaxial SiGe (50 nm) for uncapped POx/SiO2 source layer
after flash anneal
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Figure 5.83: SIMS profile in epitaxial SiGe (50 nm) for POx/SiO2 capped with Sb2O5
source layer after flash anneal
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Figure 5.84: SIMS profile in epitaxial SiGe (50 nm) for Sb2O5 source layer after flash
anneal
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Conclusion and Future Prospects

6.1 Summary and conclusion
Plasma-assisted atomic layer deposition is a viable method for highly conformal thin
film deposition especially on three-dimensional structures. Silver is a future interconnect
material in integrated circuits. In addition, fabrication of oxide dopants by atomic layer
deposition can help to produce ultra-shallow junctions which will pave way to production
of advanced transistors such as FinFETs. The following conclusions can be made from
various sections of the experiments:

6.1.1 Plasma monitoring
Silver coated wafer can be used to monitor distribution of plasma radicals which may help
in hardware optimization of the plasma source. A valve between the plasma source and
the chamber may be required for metal ALD process to prevent contamination of the
plasma source.

6.1.2 Silver layers plasma-assisted ALD
Pure silver films were obtained with low carbon and oxygen contamination at 120 °C
and 200 °C using the improved inductively coupled plasma (ICP) source. The deposited
Ag PALD layers were polycrystalline cubic. The Ag precursor and its reaction products
were less volatile and needed higher wall temperatures for efficient purge. For better Ag
conductivity, deposition temperature should be high enough that the hydrogen plasma
completely removes the Ag precursor ligand. More than 3000 PALD cycles were needed to
obtain a resistivity of 5.7 µΩ . cm for 97 nm Ag layer at 120 °C deposition temperature. In
this work, high surface energies metal substrates such as nickel, cobalt and titanium have
been shown to be good adhesion layers for the deposition of Ag films by plasma-assisted
ALD. Tungsten substrate on the other hand appears to be a poor adhesion layer for Ag
deposition by plasma-assisted ALD, possibly due to low surface energy of native oxide
of tungsten. Besides, Ag PVD layers were more conductive and smoother in comparison
to the Ag PALD layers. The choice of deposition method may depend on some factors
such as the required film thickness, the topography and surface area of the substrate, Ag
deposition by plasma-assisted ALD method is preferred on high aspect ratio structures.
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6.1.3 Oxide dopant layers plasma-assisted ALD
• Stable antimony oxide layers (Sb2O5) were deposited by plasma-assisted atomic

layer deposition technique on flat and patterned silicon substrates from triethyl
antimony and oxygen radicals at 100 °C growth temperature. Depositions were
carried out on the HFO PALD system. Saturation behaviour was observed at 30
ms pulse time for antimony precursor, and from 5s to 7 s pulse time for oxygen
radicals. A growth per cycle of approximately 0.071 nm was obtained at 100 °C
deposition temperature. Uniformity of Sb2O5 films deposited on 150 mm silicon
wafer degraded as the deposition temperature was increased. In addition, Sb2O5

film thickness increased as the growth temperature was increased. Almost 100 %
step coverage was obtained for depositions of Sb2O5 films at 100 °C on patterned
silicon substrates with an aspect ratio of approximately 6:1.

• Plasma-assisted atomic layer deposition of boron oxide (B2O3) films was carried
out on the HFO system using tris(dimethylamino)borane as precursor and oxygen
radicals as the oxidizing source. Depositions were carried out at room temperature
up to 100 °C growth temperature. The deposited B2O3 film was highly volatile in
ambient air as shown in the ellipsometric measurements, and could be protected by
depositing a stable film such as Sb2O5 or Al2O3 on top of it. Sb2O5 or Al2O3 film of
sufficient thickness can protect volatile B2O3 layers in ambient air. Clear saturation
behaviour was observed at room growth temperature for boron precursor at 30 ms
pulse time, as well as between 10 s to 15 s pulse time for oxygen radicals. However,
at 100 °C growth temperature, the film thickness decreased slightly as the boron
precursor pulse and oxygen radical pulse times were increased. In addition, B2O3

film thickness decreased as the deposition temperature was increased. An estimated
growth per cycle of 0.13 nm was obtained at room temperature while the growth per
cycle was between 0.02 nm to 0.05 nm at 100 °C growth temperature. Depositions of
B2O3 film capped with in-situ Sb2O5 film on patterned silicon samples with a high
aspect ratio of 6:1 was also conformal, but shows delamination of the underneath
B2O3 film in the SEM/TEM images.

• Plasma-assisted atomic layer deposition of silicon oxide (SiO2) films were carried
out on the SENTECH system. The depositions were carried out at 150 °C growth
temperature using tris(dimethylamino)silane as precursor and oxygen radical as the
oxidizing source. Highly conformal silicon oxide (less than 1 % uniformity) was
obtained on 150 mm wafer. In addition, the PALD process shows saturation at 80
ms pulse time for the silicon precursor and 10 s pulse time for oxygen radicals. An
average growth per cycle of approximately 0.074 nm was obtained on 150 mm wafer
at 150 °C deposition temperature.

144



• Oxide of phosphorus (POx) was grown using triethyl phosphite and oxygen radicals.
The depositions were carried out on the SENTECH system. The phosphorus oxide
(POx) film thickness decreased as deposition temperature was increased, while the
uniformity improved with increased deposition temperature. Depositions were carried
out at 150 °C growth temperature to improve the uniformity but gave low film growth.
In order to increase the film thickness, a novel plasma-assisted atomic layer deposition
process of phosphorus containing films from mixing of POx/SiO2 in supercycles
was designed. Mixed oxide of POx/SiO2 grown on 150 mm silicon substrate gave
approximately 3 % non-uniformity. In addition, the growth of POx/SiO2 mixed
oxide on silicon high aspect ratio of about 6:1 gave almost 100 % step coverage as
revealed in the TEM images. Ellipsometric measurement revealed that POx/SiO2

mixed oxide were sensitive to ambient air but the phosphorus content might not
be lowered. Besides, POx/SiO2 film capped with an approximately 40 nm thick
SiO2 film could be protected from ambient air only for a short time (typically for 1
hour) while capping of POx/SiO2 was more effective using a Sb2O5 film. About 7
nm thick Sb2O5 film could protect a POx/SiO2 layer from ambient air for at least 1
day. Sensitivity of POx/SiO2 film to ambient air might not be a limiting factor to
its application as a dopant layer because the phosphorus content was not volatile at
room temperature.

6.1.4 Doping from plasma-assisted ALD source layer
• Less than 20 nm ultra-shallow junctions could be produced on silicon substrate from

PALD source layer of B2O3 and POx/SiO2 using appropriate flash annealing, laser
annealing or rapid thermal annealing conditions.

• B2O3 source layer could be used for p-type doping on silicon substrate.

• POx/SiO2 film could be used as source layer for n-type doping on silicon, germanium
and silicon-germanium substrates.

• Sb2O5 could be used as source layer for n-type doping on silicon-germanium and
germanium substrates.

6.2 Future work and recommendation

6.2.1 Silver layers plasma-assisted ALD
• In-situ ellipsometric monitoring can help in faster process optimization and should

be integrated into the existing PALD systems.
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• In-situ plasma-assisted atomic layer deposition of high surface energy metals such as
nickel and cobalt as substrates together with silver layers may be investigated to
check whether unoxidized high surface energy substrates promote smooth thin silver
layer growth.

• Plasma-assisted atomic layer deposition of silver layers on wet chemical cleaned
tungsten surface as substrate should be investigated to check whether complete
removal of native tungsten oxide promote smooth silver growth.

6.2.2 Oxide dopant layers plasma-assisted ALD
• It would be useful to grow boron oxide and suitable capping at the same deposition

temperature. Boron oxide is best grown at room temperature and it would be
interesting to grow a suitable capping also at room temperature. Protective cappings
for boron oxide such as antimony oxide, aluminum oxide and silicon nitride may be
grown by PALD preferrably at room temperature.

• Phosphorus oxide may also be grown using other suitable precursors for example
phosphorus precursor of alkylamide type. In addition, it may be useful to grow
mixed oxides of POx/SbOx by plasma-assisted ALD.

6.2.3 Doping from plasma-assisted ALD source layer
Diffusion doping from plasma-assisted atomic layer deposited dopant sources on different
substrates using several annealing conditions needs to be further investigated. Specifically,
measurement of sheet resistances and determination of activated dopant levels (dose) from
sheet resistances and SIMS profiles are necessary.
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Appendices

A.1 Snell’s law
Snell’s law,

ni sin θi = n sin θt (7.9)

where n is the complex index of refraction of the sample to be measured and ni is the
index of refraction of the surrounding medium, in general case, ni = 1, if the surrounding
medium is air. Therefore,

sin θi = n sin θt (7.10)

But,

sin2 θt + cos2 θt = 1 cos2 θt = 1− sin2 θt cos θt =
√

1− sin2 θt (7.11)

By substituting for sin θt from snell’s law, we obtain cos θt in terms of θi as:

cos θt =
√

1− 1
n2 sin2 θi (7.12)

A.2 Figure of merit for ellipsometric fit
There are two figures of merit that defines the goodness of the spectroscopic ellipsometric
fit; the mean squared error (MSE) and the reduced chi squared error (χ2). The mean
squared error and the reduced chi squared error are defined by [164]:

MSE = 1
N −m− 1

N∑
j=1

[ρexp(λj)− ρcalc(λj, z)]2 (7.13)

χ2 = 1
N −m− 1

N∑
j=1

[ρexp(λj)− ρcalc(λj, z)]2
σ(λj)2 (7.14)

where ρexp and ρcalc are experimental and calculated values of the quantities to be
fitted, in this case Ψ and ∆. N is the number of wavelength points, z is a vector of the
fitted parameters in the model and m is the dimensionality of z. One could notice that
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χ2 expression has an extra term σ, which is the pointwise experimental errors of the
measurement itself. MSE assummed that all experimental error are immeasureable and
equal for all points. In general, χ2 figure of merit is more accurate.

A.3 Calculation of sheet resistance in four point probe
measurement

B A 0 Samplet

I

V+ I - I

d d d

Figure A.1: Four point probe measurement.

Assuming a uniform probe spacing,
Change in resistance

dR = ρdx

S
(7.15)

. where R is the resistance and S is the surface area, x is the length.

R =
∫ B

A

ρdx

S
(7.16)

.
For bulk sample, t� d, surface area S = 2πx2

R =
∫ 2d

d

ρdx

2πx2 (7.17)

R =
[

ρ

−2πx

]2d

d
(7.18)

R = ρ

2π

[1
d
− 1

2d

]
(7.19)

R = ρ

4πd (7.20)

Due to current superposition from the two outer tips, resistance R = V
2I , this implies,

R = ρ

4πd = V

2I (7.21)

148



ρ = 2πd
(
V

I

)
(7.22)

Sheet resistance,
Rs = ρ

t
(7.23)

Therefore, for bulk material t� d, sheet resistance is given as;

Rs = 2πd
t

(
V

I

)
(Ω/square) (7.24)

where d is the adjacent probe separation and t is the sample thickness
On the other hand, for thin layers, t� d, surface area S = 2πxt

R =
∫ 2d

d

ρdx

2πxt (7.25)

R =
[
ρ

2πtlnx
]2d

d
(7.26)

R = ρ

2πt (ln (2d)− ln (d)) = ρ

2πtln
(

2d
d

)
= ρ

2πtln (2) (7.27)

R = ρ

2πtln (2) = V

2I (7.28)

Rs = ρ

t
= π

ln2

(
V

I

)
(Ω/square) (7.29)

Therefore, for thin layers t� d, sheet resistance is given as;

Rs = 4.534
(
V

I

)
(Ω/square) (7.30)
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A.4 Periodic table of the elements
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