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Abstract

Atomic layer deposition (ALD) is a thin film deposition method. Typically, an
ALD thin film is deposited on a substrate in a heated reaction chamber in
vacuum by exposing the substrate to ALD precursors. Commonly a metal
precursor and a co-reactant, either an oxidizing or a reducing agent, are used.
The film growth in ALD is self-limiting. Thickness of the film can be precisely
controlled. ALD thin films are also conformal meaning that the films mimic
the structures of the substrates. Plasma-enhanced ALD (PEALD) is an energy
enhanced version of thermal ALD. The use of highly reactive radicals instead
of the thermal co-reactant is the main difference between the thermal and
plasma-enhanced ALD processes. The main drawback of PEALD is issued to
be poor conformality of the PEALD thin films caused by the recombination of
the radicals on the walls of the nanostructures.

Potential applications of silver and gold thin films deposited by ALD include
photonics, catalysis and electronics among others. In these applications
conformal thin films with precisely controlled thickness are wanted. The main
aim of this study was to develop thermal or plasma-enhanced ALD processes
for these metals. Literature survey showed that there exist only a few ALD
processes of silver and one PEALD study of gold. The main reason for the small
number of processes has been the lack of thermally stable metal precursors. In
ALD it is essential to have a thermally stable precursor to ensure the self-
limiting growth. During this study several silver and gold compounds were
evaluated for ALD. One silver, gold(l) and gold(l11l) precursor were chosen for
the ALD experiments. The silver precursor was applied with plasma-activated
hydrogen in a PEALD process and with a reducing agent in a thermal process.
It exhibited self-limiting growth in both processes. An ALD gold process was
developed with the gold(l11) precursor applied with an oxidizing agent. The
gold(l) precursor applied with a reducing agent produced pure gold thin films,
but no self-limiting ALD process was established.



The other aim of the study was to apply the silver PEALD process to two
potential applications as case studies. Surface enhanced Raman scattering
(SERS) substrates were coated with silver. Raman intensity of the adsorbed
molecules on the silver surface was studied. Significant enhancement in the
Raman response of the molecules on the SERS substrates was shown when
compared to a neat solution. In the second study, the Ag process was applied
to coat titanium dioxide nanotubes and nanoneedles on titanium implants.
The silver nanoparticles on implants created an antimicrobial response. In
both studies the main advantage of applying ALD was that the amount of silver

deposited was precisely controlled.
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Introduction

1 Introduction

This thesis is about atomic layer deposition (ALD) of Ag and Au thin films. A
thin film consists of layers of atoms on a substrate surface.[1] Typical
thicknesses of thin films are in the range of nano- and micrometers. ALD is a
thin film deposition technique which relies on thermally stabile metal
precursors. The metal precursor is evaporated and transported to the reaction
chamber. It reacts with reactive groups on the surface in a self-limiting
manner. One ALD cycle is finalized by supplying the other precursor, a co-
reactant, to the chamber. Temperature of the deposition is a critical factor in
an ALD process. The metal precursor should not decompose thermally in the
gas phase or on the surface. The self-limiting growth is lost if the metal
precursor decomposes. Still the temperature should be high enough to
produce as pure thin films as possible with a high growth rate. Conformality is
a unique feature of an ALD thin film. It means that the thin film follows the
substrate surface exactly. Also in ALD, the film thickness can be precisely
controlled in a nanometer level because of the self-limiting growth.[2-5] The
basic concepts of ALD are introduced in Chapter 2.1. In the end of the Chapter,
general requirements for a good ALD metal precursor are listed.

Plasma-enhanced atomic layer deposition (PEALD) is an energy enhanced
version of thermal ALD.[5] One main advantage of PEALD is in general lower
deposition temperatures as compared to thermal ALD. PEALD can accomplish
processes at temperatures where the thermal reaction is not favored.[5] This
is an important advantage especially with relatively unstable metal precursors.
Considering the topic of this thesis, many ALD processes of Ag and Au are
PEALD processes.[1,6-10] The major drawback of PEALD is stated to be the
limited conformality of the thin films.[5] Literature surveys of PEALD and its
advantages and drawbacks are introduced in Chapter 2.2.

Interest towards ALD of Au and Ag has risen during the last years. Potential
applications are mostly in the field of photonics, electronics, catalysis and
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biology.[11-13] In these applications substrates with complex structures are
common and the required amounts of Ag and Au are small. ALD could enable
conformal application of Ag and Au to these structures. With ALD the amount
of the metal can be precisely controlled. Potential applications of Au and Ag
thin films are briefly discussed in Chapter 2.3. The focus is kept on applications
which were studied during this work.

In Chapter 2.4.1 general routes for depositing Ag and Au thin films by ALD are
introduced as a background for the processes presented in Chapters 2.4.2 and
2.4.3. The existing Ag and Au processes can be categorized to thermal and
plasma-enhanced ALD processes. Thermal Au processes can be further
divided into processes where a true reducing agent has been applied or into
combustion-type reactions where Oz has been applied. In all thermal ALD
processes of Ag, a reducing agent has been applied. However, there is no
universal reducing agent for ALD and thus there is room for new reducing
agents. In a general level, some selected reducing agents applied in ALD
processes are presented in Chapter 2.4.1. Overall, ALD of Ag and Au thin films
have been a challenge because of the low thermal stability of Ag and Au
compounds. The silver compounds have often also low volatility.

The focus in this thesis was greatly on precursor chemistry and on finding
more stable Ag and Au precursors for either thermal ALD or PEALD. In the
experimental part (Chapter 4), the developed Ag and Au processes are
presented and compared to literature. Chapter 4.1 focuses on Ag. One PEALD
process of Ag was developed and the same Ag precursor was applied with a
reducing agent in a thermal process to produce particulate Ag thin films.[1,111]
In Chapter 4.2 a thermal ALD process of Au thin films by applying an Au(l11)
precursor and ozone is introduced.[I1V] Also a chemical route for Au thin films
by applying an Au(l) precursor and a reducing agent is discussed although this
process was not self-limiting.[V] Properties of the deposited metal thin films
are also presented. Crystallinity and microstructure of the thin films were
characterized by X-ray diffraction (XRD) and field emission scanning electron
microscope (FESEM). Electrical properties of the thin films deposited on an
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Introduction

insulator were evaluated with four-point probe measurements. Chemical
composition of the Ag and Au thin films were analyzed by time-of-flight elastic
recoil detection analysis (ToF-ERDA). More specific information of the
processes and thin film properties are found in the publications.

Finally, in Chapter 4.3 two case studies of applying Ag to interesting
applications are presented. In the first one, surface-enhanced Raman
spectroscopy (SERS) substrates were coated with PEALD Ag. This led to
significant improvements in Raman measurements.[VI] In the second study,
titanium dioxide nanotubes and nanoneedles on titanium implants were
coated with PEALD Ag. Antimicrobial activity was successfully gained.[VII] In
the end Chapter 5 sums up the literature survey and the experimental work.
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2 Background

2.1 Atomic layer deposition

ALD is a technique where a thin film is deposited in a heated ALD reactor
typically in low pressure. In an ALD process two or more gaseous precursors
are alternately fed into a reaction chamber. A term ALD cycle is used to
describe the basic deposition unit of an ALD process. The first half-cycle starts
when the first precursor, typically a vaporized metal precursor, is fed into the
reaction chamber where the substrate is placed (Figurel(la)). A typical
substrate is a silicon wafer. Precursor molecules react with reactive surface
groups of the substrate to form a layer which follows the texture of the surface.
[2] Reaction byproducts and excess precursor molecules are purged away from
the chamber after sufficient exposure time (Figurel(1b)). The second half-
cycle starts when the other precursor, gaseous or vaporized co-reactant, is fed
into the chamber. These molecules react with the reactive surface sites of the
growing film to form a mono- or submonolayer of the desired thin film
material (Figurel(2a)).[2] Again, after proper exposure time the excess co-
reactant molecules and reaction byproducts are purged away (Figure 1(2b)). It
is also possible that there are no reactive sites on the surface after the purge
period (like in some metal ALD processes), still the growth of a thin film is
possible through chemisorption. The metal precursor (or co-reactant) adsorbs
on the surface and reacts during the next pulse with the other precursor.[14]
The two half-cycles of an ALD cycle are repeated to increase the thin film
thickness.[2]
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Figure 1. One ALD cycle divided to steps. The lowest image shows the substrate surface prior the
deposition. The reactive groups are shown with circles. 1a) The metal precursor (Reactant A) is
fed into the reaction chamber. 1b) Purge with an inert gas. 2a) The co-reactant (Reactant B) is fed
into the reaction chamber. 2b) Purge with an inert gas. Reprinted from Journal of Applied Physics,
vol. 113, pages 021301: 1-101, V. Miikkulainen et al.: “Crystallinity of inorganic films grown by
atomic layer deposition: Overview and general trends”, Copyright (2013), reproduced with
permission from AIP Publishing LLC, http://aip.scitation.org/doi/citedby/10.1063/1.4757907

Typically, no complete monolayer of the thin film material is formed during
one ALD cycle. This is prevented by steric hindrances between the ligands of
the precursor molecules. Despite possible hindrances, ALD is still self-limiting
meaning that the precursor molecules saturatively cover the surface.[2-5]

Deposition temperature plays a critical role in ALD. In general, five different
temperature dependences can be considered when studying an ALD process
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(Figure 2a). The most important temperature region is where the growth rate
of the material is constant as a function of temperature (Figure 2a(1)). At these
temperatures surface reactions are self-limiting and the film growth is ALD
like. At lower temperatures reactions are not complete because of the limited
reaction Kkinetics (Figure 2a(2)). The growth can still be self-limiting but the
growth rate has not reached the saturated level. At low temperatures, it is also
possible that the precursor molecules condensate physically and
uncontrollably on the substrate if the deposition temperature is too low to keep
the metal precursor in the gas phase (Figure 2a(3)). At temperatures above the
ALD region, the precursor may decompose uncontrollably on the surface
which results in higher growth rate than the saturated growth rate (Figure
2a(4)).[2-5] Alternatively, the growth rate may decrease if the precursor
desorbs or a sticking constant of the precursor decreases (Figure 2a(5)).[15]
When studying an ALD process, the effect of the deposition temperature to the
growth is studied to find out the temperature limits of the self-limiting
growth.[2-5]

The self-limiting ALD like growth is confirmed by changing the pulse length of
aprecursor at one specific deposition temperature. When the surface reactions
are saturative, the growth rate of the film is constant as a function of the
precursor pulse length (Figure 2b). Likewise, the purge length has no effect on
the growth rate when the purge is long enough. If the growth rate increases as
a function of the pulse length, the precursor decomposes thermally. It is also
possible that the growth rate decreases with longer precursor pulses if the
precursor or the reaction by-products are etching the film. In ALD the growth
rate of the material is constant for every cycle because of the self-limiting
growth. The film thickness increases linearly as a function of the cycles and the
film thickness can be very precisely controlled by the number of the deposition

cycles (Figure 2c).[2]
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Figure 2. a) The possible temperature regions of an ALD process. 1) constant growth rate of the
material as a function of temperature 2) temperature limits reactions 3) physical condensation 4)
precursor decomposition and 5) desorption. b) Saturative growth of the material as a function of

the precursor pulse length. c) Film thickness increases linearly as a function of the ALD cycles.

It has been noticed that when noble metal thin films are deposited by ALD by applying
noble metal precursors and oxidizing agents, the growth rate may not stabilize as a
function of the deposition temperature. This means that the growth rate increases as a
function of the deposition temperature although the growth can be proven self-limiting
by changing the precursors pulse lengths. This has been noticed e.g. in ALD processes
of ruthenium thin films from bis(cyclopentadienyl)ruthenium and oxygen[16] and
from tris(2,2,6,6-tetramethyl-3,5-heptanedionato)ruthenium and oxygen[17]. A
constant growth rate as a function of the deposition temperature was neither noticed
in a process where tris(2,4-pentanedionato)iridium and oxygen were applied to deposit
iridium thin films.[18] These observations have been explained by active oxygen
staying on the metal surface after the oxidizing agent pulse and the purge period. The
active oxygen combusts part of the ligands of the metal precursor already during the
metal precursor pulse.[14] The amount of active oxygen staying on the surface is
dependent on temperature. Also in noble metal thin film ALD processes, the film
thickness does not always increase linearly as a function of the cycles. Instead, a
nucleation delay is often noticed in the beginning of a noble metal thin film
growth.[19]

Binary materials are deposited by ALD by applying two precursors. Binary materials
include many metal oxides, nitrides and sulphides. However, also ternary materials

with three different kinds of ions, like SrTiOs and BaTiOs, and elemental thin films,
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metals and non-metals, can be deposited by ALD. Miikkulainen et al.[2] give a
comprehensive list of the materials deposited by ALD.

The self-limiting surface reactions ensure the unique features of ALD thin films. The
films are uniform in thickness over the substrate area. The films also cover the
substrates conformally meaning that the films follow the structures of the substrates
precisely. By ALD very complex three-dimensional, high aspect ratio substrates can
be coated.[2-5] Other thin film techniques, and most of all, physical vapor deposition
(PVD) techniques like sputtering and evaporation, do not produce as conformal thin
films as ALD.[20] The most relevant limitation of ALD compared to other thin film
deposition techniques is its slowness. Less than a monolayer of the desired material is
deposited in one cycle. However, in many ALD applications very thin films are

desired and slowness is therefore not that much of an issue.[3]

Industrial applications of ALD started from fabrication of electroluminescent (EL)
displays.[21] Figure 3 shows an example of a multilayer stack prepared by ALD used
in an EL display.[22] Outstanding industrial applications of ALD are in
microelectronics where ALD is for instance used to deposit high quality thin films in
the fabrication of memory components. These applications require pinhole free thin
films with precise thickness control. Also, the device structures used in
microelectronics are often very complex with high aspect ratios which ALD can coat
conformally.[20,21] ALD thin films are also applied e.g. to photovoltaics and
protective coatings.[20,23]
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Figure 3. A cross sectional image of a multilayer stack used in an EL display. Materials deposited
by ALD are marked. Image by Beneq Oy, ©Beneq.[22]

For a working ALD process it is essential to have good chemistry. The main
requirements for a good ALD precursor are collected to Table 1. Firstly, the
precursor must be volatile enough to ensure sufficient precursor flux to the
reaction chamber. It is desirable that the metal precursor is a liquid or a low
melting point solid compound. To ensure sufficient precursor flow to the
reaction chamber, the precursor can be heated. It is also possible to use a
bubbler source where carrier gas is mixed to a liquid precursor to raise the
pressure in the source. Secondly the precursor should not self-decompose at
the selected deposition temperature. Also, a good ALD metal precursor should
endure continuous heating and pulsing. It has been estimated that the
precursor should be stable up to 200 °C to be effectively used in ALD.[24] It is
desirable that the precursor is highly reactive towards the surface groups. This
ensures growth also at low deposition temperatures with complete reactions
and produces pure thin films.[25] Low deposition temperatures (<150 °C) are
favored e.g. in production of metal thin films because the films deposited at
lower temperatures are often smoother than the films deposited at higher
temperatures.[24] High reactivity should be combined with high growth rate
of the thin film. The high growth rate is secured by choosing precursors with
ligands causing low steric hindrances. In addition to the above-mentioned
criteria, a good ALD precursor is cheap, easy to use (easy to load into a reactor,

22



stabile in storage) and non-hazardous to the user and to the environment.[25]
The last criteria involve also the precursor synthesis.

Table 1. General requirements for a good ALD precursor.

volatile (low evaporation temperature)

high thermal budget

reactive

cheap

easy to use (loading and storing)

non-hazardous (includes also precursor synthesis)

Often primary evaluation of thermal properties of a metal compound
considered for ALD is carried out with thermogravimetric analysis (TGA). In
TGA a small amount of the precursor is slowly heated under an inert
atmosphere. The mass of the sample is weighed as a function of temperature
and mass loss reveals the evaporation behavior of the compound. TGA shows
whether the precursor evaporates without decomposition in a single step as
desired from a good ALD precursor. From a TGA curve one can also evaluate
proper evaporation temperature of the precursor inside an ALD reactor under
reduced pressure.[26]

2.2 Plasma-enhanced atomic layer deposition

PEALD is an energy enhanced version of thermal ALD with the same
operational principles as in thermal ALD. A PEALD cycle consists of pulses of
a metal precursor and a co-reactant and purges in between with an inert gas.
In PEALD the co-reactant is activated with plasma (Figure 4). A plasma source
locates in the reaction chamber or very close to it. There is also a special
modification of PEALD called radical enhanced atomic layer deposition
(REALD). In a REALD reactor plasma is created further away from the
chamber and only the reactive species of plasma are transported to the
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reaction chamber.[6,27-31] Typical co-reactants in PEALD are gases (O2 and
H>), but vapors like H20 can also be applied.[5]

1" half-cycle 030 0
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Starting surface Precursor adsorption After purge step

2" half-cycle
@

oo 9 20 o °
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Figure 4. One PEALD cycle. During the 1% half-cycle the metal precursor is fed into the reaction
chamber. During the 2" half-cycle the co-reactant is activated with plasma. Figure modified from
Journal of Vacuum Science and Technology A: Vacuum, Surfaces, and Films, vol. 29, pages
050801-26, H. B. Profijt et al.: “Plasma-assisted atomic layer deposition: basics, opportunities, and
challenges”,  Copyright (2011) with  permission from AIP  Publishing LLC.
http://avs.scitation.org/doi/abs/10.1116/1.3609974

Plasma can be defined as ionized gas which consists of neutral molecules and
atoms, ions (cations and anions) and electrons. Plasma can be fully or partially
ionized.[32] When thin films are deposited by PEALD, plasma is formed using
an electric field.[5] To be precise, in thin film manufacturing gas discharges
are generated. PEALD plasma or a gas discharge is partially ionized and in
non-thermal equilibrium meaning that temperatures of the plasma species are
different from each other. This is because of the low pressure of the gas. In low
pressure gases there are few collisions only in the plasma which results in
different temperatures of the plasma species. Still, there can be localized areas
where the temperatures of the plasma species are the same. In general, non-
thermal equilibrium gas discharges are used in applications where heating is
not wanted including etching and thin film deposition.[32]
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In a PEALD process plasma is created by manipulating the free electrons of a
gas by external electric field. The electrons of the gas collide inelastically with
the gas atoms and molecules which results in excitation and ionization of the
gas atoms and molecules. When the excited atom or molecule returns to its
ground state, energy is released as radiation.[32] Excitation of the gas atoms
and molecules results also in formation of radicals, which are very reactive
atomic and molecular neutrals.[5] The radicals are the reactive species in the
thin film growth in a PEALD process. lonization of the gas atoms and
molecules results in new electrons and ions. All the possible reactions in the

plasma make the plasma self-sustaining.[32]

The two main types of plasma discharges used in PEALD reactors are
capacitively coupled radiofrequency (rf) discharges and inductively coupled
plasmas (ICP) (Figure 5). ICP is also created by applying rf currents (i.e.
alternating voltages).[32] In the capacitively coupled rf discharge there are two
electrodes in the reaction chamber where is also the plasma gas (like argon)
and the substrate (Figure 5a). The plasma gas can be fed to the chamber from
the side or through the top electrode with small holes making it a showerhead
electrode. The other electrode is typically grounded, and the substrate is
placed on the grounded electrode. It is also possible that between the top
electrode and the grounded substrate holder there is a grounded grid (a mesh)
which confines the plasma between the top electrode and the mesh.[5] ICP
system is different from the capacitively coupled discharge. It is an
electrodeless discharge. The plasma tube is surrounded by a coil where a rf
current is running (Figure 5b). The rf current generates a rf magnetic flux in
the coil which creates a rf electric field to the gas. The electric field accelerates
free electrons of the gas and creates the plasma. Alternating electric field
sustains the plasma.[32] The benefit of using the ICP system as shown in
Figure 5b is that the plasma is generated far away from the substrate which
makes optimization of the plasma easy and may also simplify process
characterization e.g. temperature of the plasma is not changed when
temperature of the substrate is varied when temperature ranges of an ALD

precursor are studied.[5]
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Figure 5. a) Schematics showing the reaction chamber with a capacitively coupled rf discharge
system. The other electrode is grounded. b) Schematics showing the inductively coupled plasma
(ICP) source. Images reprinted from Journal of Vacuum Science and Technology A: Vacuum,
Surfaces, and Films, vol. 29, pages 050801-26, H. B. Profijt et al.: “Plasma-assisted atomic layer
deposition: basics, opportunities, and challenges”, Copyright (2011) with permission from AIP
Publishing LLC. http://avs.scitation.org/doi/abs/10.1116/1.3609974

In the alternating electric field, the electrons which are much lighter in mass
compared to the heavy ions follow the alternating field. The ions, especially
the heavy ones, are able to track only time-averaged electric fields.[32] This
creates so called self-bias of the plasma. The voltage over the plasma has a
positive value whereas the rf-powered electrode, if any, and all the other
surfaces in the reaction chamber have a negative voltage.[32] The intrinsic
self-bias of the plasma causes acceleration of positive ions towards the surfaces
(including the substrate).[5]

In PEALD processes the degree of ionized particles compared to neutral
species in the plasma is low. In general, the substrate faces mostly radicals.
These radicals ensure thin film growth also at low temperatures where thermal
reactions are kinetically limited. Only a small fraction of the electrons and ions
reach the substrate. However, energy of the ions bombarding the substrate can
be high because of the potential difference between the positive plasma and
the negatively charged surfaces. In a PEALD process the energetic ions
bombarding the surface can be beneficial by enhancing the surface reaction
rates and e.g. surface diffusion. Because the substrate is typically grounded in
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a PEALD process, the ion energies are often too small to cause damage but
there are some examples of ion induced damage to the growing film.[5] For
example degraded electrical properties were noticed in very thin HfO thin
films deposited by PEALD.[5,33,34]

The main types of gas discharges used in PEALD reactors were introduced
above. One special notification should still be made. Beneq TFS 200 ALD
reactor, used in this thesis work, is an ALD reactor with a capacitively coupled
plasma source. In the reaction chamber there is a grid between the top
electrode and the grounded substrate. The grounded grid confines the plasma
between itself and the upper electrode. The hole size of the grid is critical: a
diameter of a hole in the grid should be small enough to prevent electron and
ion flow to the substrate.[35] Still the holes should be large enough to ensure
sufficient and uniform radical flux to the substrate, if the reactive plasma gases
are fed through the showerhead electrode to the reaction chamber. It is also
possible to feed the reactive plasma gas from the side of the chamber to the
substrates. The inert plasma gas like nitrogen or argon is still fed through the
showerhead and plasma is ignited between the showerhead electrode and the
grounded grid. The activation of the reactive plasma gas to radicals and other
plasma species is possible because some amount of the reactive gas diffuses to
the plasma region. Diffusion through the grid is possible because of pressure
differences and prolonged exposure time. It is also possible in some cases that
photoemission can activate the reactive plasma gas on the substrates.[36] This
specific reactor can also be operated in a direct mode without the grid. Without
the grid the flux of the ions to the substrate is larger.

As briefly mentioned above, in a PEALD reactor a gas discharge emits
electromagnetic radiation because the accelerated electrons excite the gas
atoms and molecules. The bound electrons of a gas atom are excited to higher
electronic states. Molecules in turn are excited to higher electronic, vibrational
and rotational states. When the excited electron returns to its ground state,
energy is released by photon emission. Energies of the emitted photons are in
the range of vacuum ultraviolet (100 — 200 nm) to visible (390 — 700
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nm).[5,32] This radiation can be beneficial in the thin film deposition.[5]
Actually, there is another energy enhanced version of ALD called photo-
assisted ALD where the deposition is purely based on radiation. For instance,
Lee et al.[37] reported self-limiting growth of ZrO: thin films by applying
zirconium(tetra-tert-butoxide) (Zr[OC(CHs)3]s) and water at room
temperature (20 °C). During the water pulse the reaction chamber was
irradiated by ultraviolet light. Without radiation, no growth was noticed. On
the contrary it is also possible that plasma radiation causes damage to the thin
film like in the study by Profijt et al.[38] who reported that vacuum ultraviolet
radiation caused defect states to an Al2Os thin film deposited by PEALD
degrading the electrical properties of the film. The extent of the radiation
induced damage could be affected by controlling the plasma pressure and the
plasma power. When the pressure was higher, there was less damage and when
the plasma power was higher, more damage was noticed.[38]

Materials deposited by PEALD have been reviewed by Profijt et al.[5] and
include e.g. oxides, nitrides, carbides and metals. When industrial applications
are considered, the 2012 Plasma Roadmap recognized PEALD as an
interesting technique for depositing materials such as ZnO and TiO: at low
temperatures for flexible devices.[39] Actually, a major advantage of PEALD
compared to thermal ALD is in general lower deposition temperatures. The
highest possible deposition temperature is often favored in thermal ALD
processes to get the purest thin films. At low deposition temperatures in
thermal ALD long purges are also often required to purge away excess
precursor and co-reactant molecules from the reaction chamber. The polar
water molecules are especially troublesome and time consuming to purge out
at low temperatures in thermal ALD whereas in PEALD of oxides O2 is much
faster to purge out. PEALD thin films deposited at low temperatures can have
equal properties as the corresponding thin films deposited by thermal ALD at
higher temperatures because of the high reactivity of the radicals, extra-energy
provided by the ions bombarding the surface, the recombination energy of the
species at the surface and the plasma radiation.[5] By PEALD the temperature

range of ALD processes can be widened to lower deposition temperatures if
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the evaporation temperature of the metal precursor allows this and a proper
plasma activated co-reactant is found.

In some cases, application of PEALD has resulted in higher growth rates
compared to thermal ALD processes. It is assumed that plasma can create a
higher density of reactive surface sites which leads to a high growth rate.[5]
One advantage of PEALD especially at low deposition temperatures noted is
that a PEALD cycle can be made shorter than the corresponding thermal ALD
cycle which increases the productivity of a PEALD process. In PEALD the co-
reactant can be in the reaction chamber at the same time as the metal
precursor if they are not thermally reactive to each other at that specific
deposition temperature. The purge after the plasma-activation can therefore
be omitted to shorten the cycle time.[5]

The major drawback of PEALD is the limited conformality of the films. In
thermal ALD conformality is limited only by diffusion of the precursor
molecules from the main gas flow to the structures on the substrate. Long
diffusion paths can be compensated by using long enough precursor
pulses.[40] In PEALD in addition to precursor diffusion, radical
recombination limits the growth. Close to a surface the radicals can either
reflect from it or diffuse on the surface and recombine to non-reactive
molecules.[5] Especially with polyatomic co-reactants (like NHa3)
recombination can also take place in the gas phase.[27] In complex 3D
structures the radicals collide with the surfaces several times before reaching
the bottom of the structure. In general, recombination loss probability
depends on the material. It is higher on metals than on oxides. Also, the co-
reactants have different loss probabilities e.g. hydrogen radicals recombine
more likely than nitrogen or oxygen radicals. [41] It is known that plasma
parameters, such as plasma pulse length and plasma power, affect the
conformality. Optimization of the processes is required. The plasma pulse
length should be made long enough and plasma power high enough.[41,42]
Also, when developing PEALD processes conformality of the thin film can be
dependent on pressure and temperature in the reactor.[5,43] As a conclusion,
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conformal thin films can be deposited by PEALD to complex structures with
at least moderate aspect ratios.[5] There are also examples of conformal SiO>
and HfO; thin films deposited by PEALD to very high aspect ratio structures
by careful processes optimization. In this study the cylindrical trenches had an
opening of about 115 nm and the height was about 6.75 um resulting into an
aspect ratio of 1:60.[11] As speculated in the paper, it is possible that a small
secondary thermal ALD reaction pathway was present in these processes.
Indeed, it has been proposed that a thermal pathway is always potentially
present in a PEALD process when an oxide thin film is deposited from a metal
organic precursor and oxygen radicals because of the water formed as a
byproduct.[44] However, if the deposition temperature is low enough the
thermal reaction pathway is not likely. The precursor should also be reactive
with water. If the precursor is not reactive with water like the
tris(dimethylamino)silane used for the SiO2 deposition, formation of water
should not result in thin film growth. It can still increase the amount of surface
OH-groups which may have a role in the growth.[II] In addition, ozone is
formed in oxygen plasma discharges through ion-neutral collisions.[45] It can
improve conformality of the coating.

Another drawback of PEALD is that it is difficult to exploit in a batch mode.
To gain sufficient growth rates and thin film uniformity, plasma should be
generated close to the substrate and the whole substrate should face the radical
source. To overcome this drawback, a specific PEALD type has been
developed: spatial plasma-enhanced ALD. There are spatial plasma-enhanced
ALD reactors where e.g. ten wafers can be coated at a time. Figure 6a shows
the operating principle of one of the commercial spatial plasma-enhanced ALD
reactors. The wafers rotate under the inlet of the metal precursor and the
plasma zone. In between the precursor inlet and plasma zone there are zones
of an inert gas. The number of rotations determines the film thickness.[46]
There are also other kinds of spatial plasma-enhanced ALD reactors like the
one where the substrate is moving linearly under the precursor feeding area
and under the plasma discharge (Figure 6b).[47] The advantage of the spatial
plasma-enhanced ALD compared to conventional PEALD is a high throughput
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and a reduced cycle time because there is no need of purging the reaction
chamber from the precursors.[7,46,47] Otherwise the advantages of spatial
plasma-enhanced ALD are the same as the advantages of PEALD: the purge of
the substrate after the plasma exposure can be shorter than after exposing the
substrate to a co-reactant in a thermal ALD process (especially when
comparing O plasma and H>O at low temperatures) and growth rates of the
thin film materials can be higher compared to thermal ALD.[46]
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Figure 6. Schematic illustrations of spatial plasma-enhanced ALD reactors. a) rotary spatial
plasma-enhanced ALD system b) linear spatial plasma-enhanced ALD system. a) Reprinted from
IEEE Xplore Digital Library, S. Sneck et al.: “Rotary Spatial Plasma Enhanced Atomic Layer
Deposition- An enabling manufacturing technology for pm-thick ALD films” ©2017 IEEE.
http://ieeexplore.ieee.org/document/7919810/# b) Reprinted from Journal of Vacuum Science and

Technology A: Vacuum, Surfaces, and Films, vol. 33. pages 01A131-(1-6), F. J. van der Bruele et
al.: “Atmospheric pressure plasma enhanced spatial ALD of silver”. Copyright (2015), reproduced
with permission from AIP Publishing LLC. http://avs.scitation.org/doi/10.1116/1.4902561

2.3 Potential applications of silver and gold thin films
deposited by ALD

During this thesis work, Ag thin films were deposited by PEALD for substrates
designed for two applications, i.e. surface-enhanced Raman spectroscopy
(SERS) and dental implants. Results from these experiments are presented in
Chapter 4.3 while here these two applications are explained in more detail.
Some other applications are also briefly mentioned.

Generally, Au and Ag are preferred materials in nanotechnology because of
their high chemical and physical stability.[48] Both metals are highly
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conducting. The bulk resistivity of Au is 2.44 pQcm and that of Ag 1.59 pQcm
which is the lowest resistivity of all the elements.[49] High conductivity is
desirable in electronics but is also the reason for the usage of these metals in
photonics.[11] Photonics is a field of science where photons are controlled or
manipulated in free space or in matter to gain new optics.[50] Ag and Au
coatings can also be used in catalysis and in biological applications including
e.g. biomedicine.[11,13,51] Because of the nature of these applications, it
should be emphasized that although ALD often targets to continuous, pinhole
free thin films, in the case of Ag and Au it can also be considered as an
advantage that these metals grow first as islands in ALD. When the ALD
growth starts the first nuclei appear on the substrate surface. When the growth
proceeds, the first nuclei grow to nanoparticles while also new nuclei appear.
After pulsing enough many cycles, the nanoparticles coalescence to larger
islands which merge together and form a continuous thin film. Growth
continues on the film. In the case of the noble metals, a nucleation delay is
often noticed. This means that an effective nucleation starts only after tens or
even hundreds of ALD cycles.[19] There are numerous ways to shorten the
nucleation delay including use of precursors which have active adsorption
properties toward the surface, feeding the metal precursor twice and using
longer co-reactant pulses.[19] Hamaldinen et al.[19] gave a comprehensive
report of nucleation in noble metal ALD.

For photonics Ag and Au are suitable materials because of their high
conductivity and low refractive index in the visible wavelength region.[11,52]
Free conduction band electrons of Ag and Au interact with an electric field of
light and form either propagating surface plasmon polaritons in the case of
continuous Ag or Au coatings, or localized surface plasmons in the case of
metal nanoparticles.[11] A plasmon is defined as “a negatively charged
electron cloud coherently displaced from its equilibrium position around a
lattice made of positively charged ions”.[48] Figure 7 illustrates a simple case
where light interacts with two spherical coinage metal (Cu, Au, AgQ)
nanoparticles.[12] The electric field of light is considered polarized and it is
assumed that the electric field is uniform around the nanoparticle. The electric
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field of light causes separation i.e. polarization of the charged particles of
atoms. There is a net charge difference on the surface of the nanoparticle and
this charge difference is the restoring force of the system. The restoring force
tries to bring the system back to equilibrium and thus a dipolar oscillation of
the free conduction electrons is created.[11,12,53] It should be highlighted that
plasmons are created only in the depth of nanometers below the metal
surface.[53] Another highlighted observation is that the electric field of the
light at the surface is different from the electric field of the incoming light.
When plasmons are created the electromagnetic fields are amplified.[12]

Electric
field

Metal

sphere

Figure 7. A scheme illustrating the interaction of the electric field of light with two coinage metal
nanopatrticles. Image reprinted from Annual Review of Analytical Chemistry, vol. 1, pages 601—
626, P. L. Stiles et al. “Surface-Enhanced Raman Spectroscopy”, Copyright (2008), reproduced
with permission from Annual Reviews,
http://www.annualreviews.org/doi/full/10.1146/annurev.anchem.1.031207.112814

This interaction of light and nanoparticles is observed as color by eye. An
example of this is a colloidal solution of spherical gold nanoparticles which has
ared color.[11]

Surface-enhanced Raman spectroscopy (SERS) is a specific photonic
application. It is a spectroscopy technique like conventional Raman
spectroscopy and it is used to detect and identify chemicals. Extremely small
guantities of molecules attached on a metal surface can be detected with SERS.
The phenomenon exploited in SERS is called surface-enhanced Raman
scattering (also abbreviated as SERS). Enhanced Raman scattering is noticed
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for many specific molecules which are attached on a metal surface. The
mechanism that produces enhanced Raman signals from the adsorbed
molecules on the metal surface is a sum of many factors and includes an
electromagnetic enhancement mechanism and a chemical enhancement
mechanism. However, the basic idea is that the electric field of light excites
surface plasmons on a rough metal surface. When there is a molecule attached
on the surface, the electric field at the metal surface can induce an oscillating
dipole in the molecule. This dipole can radiate light which is shifted by the
vibrational frequency of the molecule.[12] By detecting these Raman scattered
photons one gets information of the molecule attached on the surface. When
the incident electric field and the scattered fields are resonant Raman
scattering intensity is larger.[12] The largest enhancements are noticed for a
metal surface which is rough on the nanoscale (10 — 100 nm).[55] Hence,
SERS substrates are often designed to have e.g. needles and spherical shapes
to maximize the Raman signal of the analyte molecules. It is also desired that
the metallic nanostructures and nanoparticles are separated from each other
by only nanoscale gaps. In the gaps, junction plasmons are created which
effectively enhance the Raman signal of the analyte molecules.[55] Because of
the complexity of the SERS substrates, ALD would be an ideal method to
deposit either particulate or continuous Ag or Au thin films conformally on
these substrates. Both metals are equally interesting for SERS but Ag shows
the lowest losses of surface plasmons in the visible spectrum.[56] However, Ag
is oxidized and reacts with sulfur compounds in air which is a concern.[57]
Figure 8 shows an example of a Raman spectrum measured from a neat
benzenethiol liquid compared to a normalized SERS spectrum measured from
benzenethiol attached on a gold nanosphere monolayer. The intensity of the
SERS spectrum is clearly higher than the Raman signal from the liquid.[58]
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Figure 8. Left: Black line shows the Raman spectrum of a neat benzenethiol liquid. Red line shows
the normalized SERS spectrum of a benzenethiol attached on an Au SERS substrate. Right: A
SEM image of the Au SERS substrate consisting of a monolayer of spherical Au nanopatrticles.
Reprinted from Applied Physics Letters, vol. 102, pages 201606(-1-6), J. Fontana et al.: “Large
surface-enhanced Raman scattering from self-assembled gold nanosphere monolayers”,
Copyright ~ (2013), reproduced with  permission from  AIP  Publishing LLC.
http://aip.scitation.org/doi/full/10.1063/1.4807659

For medical applications, Ag is considered as an excellent biomaterial because
it has low toxicological effect on human body. In these applications an
antimicrobial effect of Ag is pursued.[59,60] The antimicrobial effect is based
on the release of Ag*ions. Silver ions bind to the S, O or N containing biological
groups of the foreign biomaterial.[59,61] However, Ag* ions bind also to other
chemical species containing S, Cl, O, C or N occurring naturally in the body
and form products such as Ag>S which are toxic to cells.[59,62] Thus, the
release of Ag* ions should be controlled in the biomaterial.[59] Examples of
Ag biomaterials are wound dressings[59,63] and filling materials for dental
applications.[59,64]
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2.4 Atomic layer deposition processes of silver and

gold thin films

Ag and Au thin films have been deposited either by thermal ALD or PEALD.
In total, there are only ten processes for Ag and three for Au thin films. Two of
the Ag and two of the Au processes were developed in this thesis work. The
following chapters focus in precursor properties instead of the thin film
properties. Mainly thermal properties of the Ag and Au precursors are
compared. In the experimental part (Chapter 4) the results of the developed
Ag and Au processes are discussed in detail and compared with the literature.

2.4.1 Possible pathways to atomic layer deposition of silver and gold

thin films

The existing ALD processes of Ag and Au can be categorized to thermal and
PEALD processes. The thermal ALD processes can be further categorized to
processes where a reducing agent has been applied, and in case of Au, also to
processes which are called combustion-type processes. These combustion-
type processes are common in noble metal ALD and rely on that the
corresponding oxides are not stable at the deposition temperatures.[14] In the
noble metal processes of Ru, Os, Rh, Ir and Pt thin films, the metal precursors
have been applied with O, at temperatures above 200 °C. At lower
temperatures Ru, Rh, Ir and Pt oxides have been deposited with O3.[19] Metal
precursors like RuCpz, MeCpPtMes, Ru(thd)s and Ir(acac)s which are
thermally very stable have been used in the combustion-type processes.[16-
18,65] Au thin films can also be deposited by combustion reaction by applying
an oxygen source with a thermally stabile Au precursor. 170 °C is the
temperature where AuOs is expected to decompose to a possible Au0
intermediate and further to Au.[66] However, in an ALD process
decomposition can happen already at lower temperatures because the
chemical potential of a deposited monolayer is higher than the chemical
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potential of bulk material.[10] The oxide can also react with the organic
ligands of the metal precursor. The mechanism of the growth in the
combustion-type noble metal ALD processes has been studied.[14] It is still
unclear, however, how the growth starts on an oxide surface. It has been
speculated that the precursor must slightly decompose to initiate the
growth.[2] In practice combustion-type processes are easily carried out,
because the most evident reactants being O> and Oz are gases and routinely
used in ALD processes.

Application of a true reducing agent to an ALD process is another option to
obtain Ag and Au thin films. Requirements for a good reducing agent are the
same as for a metal precursor listed in Chapter 2.1. The most relevant are that
the reducing agent does not decompose to non-volatile species and forms
volatile byproducts with the ligands of the metal precursor. The reducing agent
should not leave impurities to the film, e.g. oxygen containing reducing agents
are not good choices for transition metal processes because of the high
probability of transition metal oxide formation. To date there are not that
many ALD processes with true reducing agents.[2] However, the number of
processes is increasing. Some examples of the reducing agents used in the ALD
processes are briefly discussed here.

Another noble metal thin films, Pd thin films, have been deposited by applying
reducing agents including Hz, formalin and glyoxylic acid.[19,67-71] In
general, reducing gases are easily delivered to the reaction chamber but safety
issues with e.g. Hz, SioHe and B2He are important to consider. SioHes and B2He
are pyrophoric gases.[72,73] Molecular H» is often not reactive enough to
reduce the metal precursors at least at low deposition temperatures. Hydrides
containing e.g. B-H, Al-H or Si-H bonds can transfer hydrogen to a metal
center resulting in metal hydrides which are unstable. H; is eliminated and
metal center is reduced.[24] Recently, new selective reducing agents have been
introduced. 2-methyl-1,4-bis(trimethylsilyl)-2,5-cyclohexadiene and 1,4-
bis(trimethylsilyl)-1,4-dihydropyrazine were applied with TiCls to deposit Ti
thin films.[74] The reaction was most likely based on an interaction of
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electron-deficient Ti and electron-rich cyclic ring.[74,75] Also a formation of
trimethylsilyl chloride as a byproduct could be a driving force in the
reaction.[74] Another example of the reduction selectivity are transition metal
processes based on BH3(NHMe2).[76,77] In these metal processes for Cu, Ni,
Co, Fe, Mn and Cr thin films the reduction took place only on a catalytic Ru
surface, that most likely converted BH3(NHMe2) to more reducing species.
Even on the catalytic substrate, a nucleation period was required to get the
growth started. The nucleation period resembled normal ALD cycling (50
cycles of 20 s pulse of a metal precursor, 5 s purge, 1 s pulse of BHz(NHMe>)
and 10 s purge). The processes wherein BH3z(NHMe>) has been applied show
that partial decomposition of a precursor is not always detrimental to ALD.
Saturation of the growth rate of the metal as a function of BH3(NHMe) was
shown.[76,77] Reduction selectivity in respect to the substrate can be
beneficial in some applications where selective ALD is looked for.

2.4.2 Silver ALD processes

Overlooks of the PEALD and thermal ALD processes of Ag are collected to
Tables 2 and 3. Among the PEALD processes there is also a spatial plasma-
enhanced ALD processes. This technique was in more detail introduced in the
end of Chapter 2.2 (Plasma Enhanced Atomic Layer Deposition). Thermal
ALD processes include also liquid injection ALD (LIALD) processes where the
metal precursor is dissolved to a solution to assist vaporization of the
precursor. Lower evaporation temperature can accomplish depositions at
lower temperatures which can be beneficial with thermally relatively unstable
metal precursors.[78] Schematics of the Ag precursors mentioned in Tables

are shown in Figure 9.
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Table 2. PEALD processes of Ag thin films. The spatial plasma-enhanced ALD processes are
highlighted with a grey color.

Ag precursor source reducing | ALD window growth rate ref.
temperature | agent (°C)
of the Ag
precursor
°C)
Ag(O.CBU)(PEts) 125 Ha/Ar 140 1.2 Alcycle [6]
Ag(O.C'Bu)(PBus) Ha/Ar [6]
Ag(fod)(PEts) 106 Ha/Ar 120 - 140 0.3 Alcycle I
(0.15
nm/min)
Ag(fod)(PEts) 100, 120 H2/N2 depositions at | 0.8 nm/min [7]
100, 120
Ag(fod)(PEts) 110 Ha/Ar depositions at | 0.3 A/cycle [8]
70, 120, 200
Ag(fod)(PEts) 95 NH3 130 2.4 Alcycle [9]
Ag(fod)(PEts) 95 H. 130 0.4 Alcycle [9]
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Table 3. Thermal ALD processes of Ag thin films. LIALD processes are highlighted with a grey

color.
Ag precursor source reducing source ALD growth | ref.
temperature | agent temperatu- | window | rate
of the Ag re of the (°C) (A1
precursor reducing cycle)
(°C) agent (°C)
Ag(hfac)(1,5- 50 propan-1-ol | RT” 110-150 [79]
COD)
(dissolved in
toluene)
Ag(hfac)(1,5- 130* propan-1-ol | 20 123-128 | 0.16 [80]
COD)
(dissolved in
toluene)
Ag(hfac)(1,5- 130 tBUHNNH, | 20 105-128 | 0.18 [81]
COD)
(dissolved in
toluene)
Ag(hfac)(PMes) | ~63 — 66 formalin (i.e. | RT” at 200 0.07 [82]
formaldehy- (2-10
de, 37w % ng/cm?
in H,O with /
10 % cycle)
methanol in
H.0)
Ag(hfac)(PMes) | ~63 — 66 AlMe; and RT” 170 - 1-2 [82]
H,O 200 ng/cm?
/cycle
Ag(fod)(PEts) 95 BHa. 32 110 0.33 1
(NHMe5)

*carrier flow through the source enhanced vaporization, “RT = room temperature

40



HiC/ i He” TP
T~CH,4 . CH, o

HC— CH, HC L

d ) Va \? e) F HyC

Fe / T\ _CH;

CHy

Figure 9. Schematics of the Ag precursors listed in Tables 2 and 3 showing the existing ALD
processes of Ag thin films. a) Ag(O.C'Bu)(PEts), b) Ag(O.C'Bu)(PBus), c) Ag(fod)(PEts), d)
Ag(hfac)(1,5-COD), e) Ag(hfac)(PMes).

The first Ag study was a REALD process introduced by Niskanen et al.[6] (2,2-
dimethylpropionato)silver(l)triethylphosphine (Ag(O.CtBu)(PEts)) was used
with plasma activated hydrogen. Ag(O:C'Bu)(PEts) showed good ALD
characteristics with a high growth rate of 1.2 A/cycle. However, the
evaporation temperature of Ag(O-CtBu)(PEts) was 125°C and the
decomposition temperature around 160 °C making the ALD temperature
range narrow. In the same study (2,2-
dimethylpropionato)silver(l)tributylphosphine  (Ag(O2C'!Bu)(PBus)) was
briefly studied, but no process could be reported.

(Hexafluoroacetylacetonato)silver(l)(1,5-cyclooctadiene) (Ag(hfac)(1,5-
COD)) has been used in three LIALD studies.[79-81] Application of propan-1-
ol as a co-reactant showed a narrow ALD window at 123 — 128 °C.[80] The
ALD window was widened to lower temperatures by applying a more reactive
co-reactant: tert-butylhydrazine (tBuHNNH>).[81] By applying tBuHNNH>,
the ALD growth was achieved at deposition temperatures of 105 — 128 °C.
Growth rate of Ag was nearly the same with both co-reactants (0.16 and 0.18
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A/cycle), which shows that the adsorption density of Ag(hfac)(1,5-COD) is
mostly determining the growth rate on Si. A clear difference in the results of
these studies was that application of propan-1-ol resulted in particulate Ag
coatings with high texture whereas application of tBuHNNH: resulted in much
smoother Ag thin films on Si. The differences in the thin film textures were
explained with different growth mechanisms. When propan-1-ol was used as
a reducing agent, the reduction reaction of chemisorbed Ag(hfac)(1,5-COD)
was believed to take place only on Ag surface whereas tBUHNNH2 was
supposed to be reactive with the chemisorbed Ag(hfac)(1,5-COD) also directly
on Si.[81] It can be speculated that minor decomposition of Ag(hfac)(1,5-COD)
is required to make propan-1-ol to work as a reducing agent in this process.
The achieved growth rates of Ag (0.16 and 0.18 A/cycle) are clearly lower than
the growth rate of Ag in the REALD process with Ag(O.CtBu)(PBus) and
plasma activated hydrogen (1.2 A/cycle). [6,80,81] The low growth rate is most
likely a result of large ligands causing steric hindrances.

Triethylphosphine(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-

octanedionato)silver(l) (Ag(fod)(PEts)) has been used both in PEALD
processes with plasma activated H> and NH3z and in a thermal process with
BH3(NHMey).[1,111,7-9] Ag(fod)(PEt3) starts to decompose around 120 —
140 °C depending on the reactor type. Again, the ALD temperature range is
narrow because the evaporation temperature of Ag(fod)(PEtz) has been 91 —
106 °C.[1,111] Growth rates of Ag achieved within the ALD regime were 0.3 —
0.4 A/cycle on Si when either plasma-activated H, or BH3(NHMez) were
applied.[1,111,9] However, with plasma-activated NH3 the growth rate of Ag
was significantly higher, 2.4 A/cycle.[9] It is likely that the growth of Ag is
always restricted by the steric hindrances of relatively large ligands of
Ag(fod)(PEts).[1,111,9] The difference in the growth rates of Ag in the processes
was explained with the different reactive groups of the surface after the plasma
exposure. It was believed that after the NH3 plasma exposure the Ag surface
was saturated with stable and reactive NHy surface groups. When the surface
was again exposed to Ag(fod)(PEts), the first Ag(fod)(PEtz) molecules reacted
with the NHy surface groups losing their ligands and after these reactions were
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completed further Ag(fod)(PEts) molecules could still chemisorb on the
surface. By contrast, after the Hz plasma exposure the surface was believed to
be saturated with Ag-H surface groups which are not stable. When the surface
was again exposed to Ag(fod)(PEtzs), it only chemisorbed to the Ag(0) surface.
This difference in reaction of Ag(fod)(PEts) with the surface resulted in
different growth rates. It should be mentioned that without plasma activation
NH3 gas was not able to reduce chemisorbed Ag(fod)(PEts) at the studied
temperature.[9]

(Hexafluoroacetylacetonato)silver(l)trimethylphosphine  (Ag(hfac)(PMe3))
has also been studied for ALD of Ag.[82] Two processes were tested to coat
silica gel samples. In the first process Ag(hfac)(PMes) was applied with
formalin. The growth rate was low, 0.07 A/cycle, at 200 °C. In the other
process Ag(hfac)(PMes) was applied with trimethylaluminium and water. This
process produced Ag coatings already at 110 °C but the growth rate was even
lower, only 12 or 1/10 of that with formalin.[82]

As a conclusion, all the Ag precursors are thermally quite unstable and ALD
temperature ranges are very narrow. The decomposition temperatures
reported for the Ag precursors are 170 °C for Ag(O2CBu)(PEts), 128 °C for
Ag(hfac)(1,5-COD), 140°C for Ag(fod)(PEts), and around 200 °C for
Ag(hfac)(PMez). These are low temperatures for ALD precursors. The large
ligands make the precursors heavy and evaporation temperatures high which
is not beneficial in ALD. Ag(fod)(PEts) and Ag(hfac)(1,5-COD) have ligands
that contain fluorine to make the precursors more volatile. Fluorine has also
strong electron affinity which stabilizes the precursor. The neutral tertiary
phosphine ligands in Ag(fod)(PEts), Ag(O2CtBu)(PEts) and Ag(hfac)(PMez)
are supposed to stabilize the precursor through st bonding.[83] In general,
neutral ligands like phosphines are not preferred choices to ALD precursors
because the dissociation of the neutral ligand provides a decomposition
pathway to less volatile metal complexes already at low temperatures.[24]
Clearly the challenge with Ag has been in finding enough volatile and

thermally stabile Ag precursor for ALD.
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2.4.3 Gold ALD processes

The existing processes for Au thin films are collected to Table 4. The last

process is not entirely true ALD process because no self-limiting growth was

confirmed. However, the process still produced pure Au thin films when a

metal precursor and a co-reactant were pulsed alternately in an ALD process

manner. This process is relevant to mention here because several Au(l)

precursors were evaluated for ALD in the paper. Schematics of the Au

precursors of Table 4 are shown in Figure 10.

Table 4. ALD processes of Au thin films. The PEALD process is highlighted with a grey color.

Au precursor source reducing ALD growth | growth ref.
temperature | agent confirmed rate
of the Au (°0) (A/cycle)
precursor
§®)
MesAu(PMes) 85 02 plasma 120 0.5 [10]
and H20
Mez2Au(S2CNEt2) 99 Os 180 0.9 [v]
Au(N(SiMes)2)(PEts) | 61 BH3(NHMe>) [V]
a) b) c)
CH, HC,
A HC \Sl/CH3
I j 7 \ ‘
N S\ /N—Sx—CH3
H-;C_‘P _'CH C CH‘-
| HC— \<‘"’_._.u\"’ - AU ‘
CH, - CHs By

Figure 10. Schematics of the Au precursors listed to Table 4 showing the existing Au processes
of the Au thin films. a) Me;Au(PMes) b) Me Au(S2CNEt,) ¢) Au(N(SiMes),)(PEts)
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The first Au process was a PEALD process where
trimethylphosphinetrimethylgold(l11) (MesAu(PMes)) was applied with
plasma-activated oxygen and water.[10] Au thin films were obtained at 120 ©C
and the process showed self-limiting growth when the MesAu(PMes) pulse
length was varied. Thermal route to Au thin films by using either O3, H20 or
molecular O2 was also tried but no growth was obtained. Application of water
after the O pulse was crucial to obtain high quality Au thin films. When water
was not applied the process produced discolored films with excessive amounts
of impurities. The impurities were attributed to be a result of
trimethylphosphine reacting with oxygen to phosphorous(V) oxide. When a
water pulse was added to the cycle, hydrolysis of the phosphorous oxide
impurities to phosphorous acid happened. Phosphorous acid is volatile at the
studied growth temperatures. In general, MesAu(PMes) was concluded to be a
liquid precursor with great volatility and sufficient thermal stability. Thermal
decomposition was observed at 130 °C.[10]

The first thermal ALD process of gold was developed during this thesis work.
In the process, continuous and conductive Au thin films were deposited by
applying dimethylgold(l11)diethyldithiocarbamato (Me2Au(S2CNEt;)) and Os.
Me2Au(S2CNEt2) seemed to be an excellent ALD precursor. It is a solid but
melted to liquid at the evaporation temperature used. It clearly decomposed
only at 250 °C. Au thin films were deposited at 120 — 200 °C and self-limiting
growth was confirmed at 180 °C with a growth rate of 0.9 A/cycle. The main
issue of Me2Au(S2CNEt.) was the low synthesis yield. The overall yield of the
synthesis was only 10 % although the literature yield was expected to be over
50 %.[111,84,85]

Seven Au(l) compounds were evaluated for ALD of gold thin films.[V]
(Bis(trimethylsilyl)amido)(triethylphosphine)gold(l) (Au(N(SiMes3)2)(PEts))
was chosen for the deposition experiments based on the evaluation of the
thermal properties of the compounds. It was pulsed alternately with
BH3(NHMey) to deposit Au thin films. Severe decomposition was noticed only
at 160 °C but no self-limiting growth was confirmed either at lower deposition
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temperatures. Growth rate of Au was very low, only 0.05 — 0.06 A/cycle at 80
— 140 °C. At 100 °C the growth rate was noticed to decrease when more cycles
were applied i.e. when the film was supposed to grow on itself instead of a Si
surface. The reason for this remained unclear but it was proposed that PEts
passivated the Au surface after some Au metal had been deposited.[V]

Overall, the two Au(l11) precursor were found thermally more stabile than any
of the Au(l) compounds studied. Thermally the most stabile Au precursor was
Me2Au(S2CNEt2). Both MesAu(PMes) and Au(N(SiMes)2)(PEts) contained a
phosphine ligand which can stabilize the precursor through mt-bonding but can
provide a decomposition pathway to less volatile metal complexes already at
low temperatures.[24,83] In both processes the phosphine ligand was
speculated to remain on the Au surface and cause passivation of the surface or
phosphine impurities to the Au thin films.[V,10]
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3 EXPERIMENTAL

In this chapter, the experimental details of the thin film deposition and
characterization are described. The detailed information of the processes can
be found from the publications I-VII. Also, information of the precursor
synthesis and characterization are presented in the publications. Here are
shown only the results from thermogravimetric analysis which were used to

evaluate thermal and evaporation properties of the precursors.

3.1 Precursor characterization

Thermal properties of the synthesized precursors were evaluated by
performing thermogravimetric analysis using a Mettler Toledo Stare system
equipped with TGA850 thermobalance. The measurements were done at
atmospheric pressure using N2 as the purge gas. Heating rate was 10 °C/min
and the sample size was 10 — 11 mg. Melting point was taken from the single
differential thermal analysis (SDTA) data measured by the
thermobalance.[1,111,1V,V]

3.2 Thin film deposition

The PEALD process of Ag thin films was developed in a Beneq TFS 200 ALD
reactor. It is a cross-flow reactor which can be operated in both thermal and
plasma-enhanced ALD modes. In these studies, only the plasma mode was
used. Ag(fod)(PEts) was loaded to an open boat and inserted to a hot source.
Evaporation temperature was 106 °C. A carrier gas was Ar (AGA, 99.999 %)
and plasma-activated Hz (AGA, 99.999 %) was used as a reducing agent. Both
Ar and Hz were purified on site with Aeronex GateKeeper and Entergris
Gatekeeper purifiers. The plasma discharge was generated by capacitive
coupling with a 13.56 MHz rf power source. The reactor had a remote
configuration where a metallic mesh (a grid) was placed between the rf
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coupled upper electrode and the wafer holder (Figure 11).[1] Plasma power was
typically 100 W. Ag thin films were deposited on Si(100) and glass substrates.
The pressure in the reactor during the depositions was 5 — 10 mbar. To study
the conformality of the PEALD Ag thin films, Ag was deposited on 3D
structures consisting of cylindrical trenches whose height was about 6.75 pm
and opening about 115 nm leading to an aspect ratio of about 60:1. In this
deposition the Ag(fod)(PEts) pulse length was 5 s and the hydrogen plasma
exposure time was 7 s.[11]

Matching .
unit @ '”

Plasma
gases inlet dielectric
h head tube which
[ ——— Shgwerhea separates top
| | |— topelectrode  ,actrode
from the
PLASMA d
groun
metal | Grid
recursor |
p_) 4cm| sybstrate \
Exhaust
topump

Figure 11. Schematic illustration of the reaction chamber in a Beneq TFS 200 ALD reactor. Image
modified from Chemistry of Materials, vol. 23, pages 2901-2907, M. Kariniemi et al.: “Plasma-
Enhanced Atomic Layer Deposition of Silver Thin Films”, Copyright (2011), reproduced with
permission from American Chemical Society. http://pubs.acs.org/doi/10.1021/cm200402j

SERS substrates and titanium implants with titanium dioxide nanotubes and
nanoneedles on top were coated with PEALD Ag as described above. On the
SERS substrates a thiophenol monolayer was prepared right after the Ag
deposition and then used as the analyte molecule in the Raman spectroscopy.

Au and Ag thin films were deposited by thermal ALD in an ASM
Microchemistry F120 ALD reactor which is a cross-flow cassette reactor and
relies on inert gas valving.[86] The inert gas in the reactor was N2> (AGA,
99.999 %). Two 5x5 cm? substrates, usually Si(100) and glass, were inserted
to a reaction chamber. In some experiments, also catalytic substrates like Ru
were used. Pressure in the reactor was 5 — 10 mbar during depositions. All the
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metal precursors and solid co-reactants were loaded to glass boats either in a
fume hood or in a glove box and inserted to the reactor. The metal precursors
and co-reactants studied are listed in Table 5. One of the co-reactants
considered as a potential reducing agent, EtzSiH is a high vapor pressure liquid
and it was supplied from an external source. Gases, O> (AGA, 99.999 %) and
H> (AGA, 99.999 %) were also used. Ozone was produced from O using an O3
generator (Wedeco Ozomatic Modular 4 HC Lab). The Oz concentration was
about 100 g/Nms3, and the total flow rate of O2/03 mixture was set to ~75 sccm
with a needle valve. In the experiments where H>S was used the flow rate of
H>S was about 6 sccm. In some experiments, catalytic material being pieces of
sputtered Ru on a Si wafer was inserted to the reactor. This was done to
activate BH3(NHMe2) which was used as a reducing agent. In these
experiments Ru was inserted to the source tube of BH3z(NHMe?) so that only
BH3(NHMe2) was in contact with Ru before reaching the reaction chamber
and the substrates.

Table 5: The studied metal precursors and co-reactants which are highlighted with a grey color.
F120 refers to the ASM Microchemistry F120 ALD reactor and TFS 200 to the Beneq TFS 200 ALD
reactor.

Compound Evaporation temperature Origin of the compound
°C)
Ag(fod)(PEts) F120: 95 Strem Chemicals, Inc.
TFS 200: 106 Home synthesized
Me,Au(S2CNEt,) F120: 99 Home synthesized
Au(N(SiMes))(PEts) F120: 61 Home synthesized
BH3(NHMe,) F120: 32 Sigma-Aldrich
BH3(NMes3) F120: 20 Sigma-Aldrich
CesHsO2 (benzene-1,4-diol, F120: 118 Sigma-Aldrich
hydroquinone)
Et;SiH F120: 22 Sigma-Aldrich (99 %)
H,S Aldrich (99.5 %)
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3.3 Thin film characterization

Thicknesses of the Ag and Au thin films deposited on Si(100) were measured
with energy dispersive X-ray spectroscopy (EDS) (Oxford INCA 350 Energy
spectrometer) in a Hitachi S-4800 field emission scanning electron
microscope (FESEM). Bulk densities of Ag (10.49 g/cm3) and Au (19.3 g/cm?3)
were used to calculate the film thicknesses from the k ratios measured for Ag
La-lines and Au Ma-lines using a program GMRfilm.[87] FESEM was used to
study microstructure of the deposited thin films. Crystal structures of the films
were analyzed with a PANalytical X" Pert PRO MPD X-ray diffractometer. The
measurements were performed in parallel beam geometry with copper Ka
radiation (A = 1.5406 A). The incident angle was 1°. Four point probe
measurements (Keithley 2400 SourceMeter with a Cascade Microtech four-
point probe) were done for electrical characterization. Chemical composition
of the films was analyzed with time-of-flight elastic recoil detection analysis
(ToF-ERDA).[88]

Cross-sections of the Ag samples were prepared by Focused lon Beam milling
using a FEI Quanta 3D 200i DualBeam instrument. Images were taken with
the Hitachi S-4800 FESEM. Thicknesses of the films were evaluated from the

cross-section images.
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4 Results and discussion

This chapter is based on references I-VII. Subchapters 4.1 and 4.2 summarize
the results of the developed processes of Ag and Au thin films. In all the studies
several metal compounds were first preliminarily evaluated for ALD by
studying their thermal properties. The most promising compounds, one in
each study, were chosen for the ALD experiments. Thickness, crystal structure,
microstructure and composition were analyzed from the deposited thin films.
There are also some non-published results considering mostly
Au(N(SiMe3)2)(PEt3) applied with O3.

In Chapter 4.3 results from the two potential applications of Ag deposited by
PEALD are discussed. The most important findings of these studies are
presented.

4.1 Silver

Precursor characterization.

Six silver compounds being (2,2,6,6-tetramethylheptane-3,5-dionato)-
(triethylphosphine)silver(l) (Ag(thd)(PEts)), (6,6,7,7,8,8,8-heptafluoro-2,2-
dimethyl-3,5-octanedionato)silver(l) (Ag(fod)), (2,2-
dimethylpropionato)silver(l) (Ag(piv)), (2,2-
dimethylpropionato)(triethylphopshine)silver(l)  (Ag(piv)(PEts)), (hexa-
fluoroacetylacetonate)(trimethylphosphine)silver(l) (Ag(hfac)(PMes)), and
Ag(fod)(PEts) (Figure 12) were evaluated for ALD. TGA curve proved
Ag(fod)(PEts) as the most potential for ALD (Figure 13). TGA curve of
Ag(fod)(PEts) showed a single step evaporation with 6 % residue while the Ag
content of the compound is 22.7 %. Weight loss started at 110 °C and was
complete at approximately 270 °C. The other compounds, including also
Ag(hfac)(PMez) which has been used in thermal ALD of Ag thin films at
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200 °C[82], left residues that were larger or equal to the content of Ag in the
compound, thereby showing thermal decomposition.[I]

CH,
HaC
CH,

-
Ag

Figure 12. Molecular structures of the Ag compounds considered for PEALD of Ag thin films.
a) Ag(thd)(PEts), b) Ag(fod), c) Ag(piv), d) Ag(hfac)(PMes) e) Ag(fod)(PEts).
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Figure 13. TGA curves of the studied Ag compounds. Reprinted from Chemistry of Materials, vol
23, pages 2901-2907, M. Kariniemi et al.: “Plasma-enhanced atomic layer deposition of Ag thin
films”, Copyright (2011), American Chemical Society. http://pubs.acs.org/doi/10.1021/cm200402j

52



Film deposition.

In the PEALD process plasma activated hydrogen was used as a reducing
agent. It was concluded that the growth of Ag was well enough self-limiting at
120 — 140 °C to be called as ALD (Figure 14a). At 120 °C the growth rate was
0.3 A/cycle. At 140°C there were already slight signs of thermal
decomposition of Ag(fod)(PEtz): uniformity of the films decreased, and the
growth rate increased especially with the longer Ag(fod)(PEts) pulses. The
effect of the plasma pulse length to the growth rate of Ag was also studied. The
growth rate was slightly lower (0.27 A/cycle) with 3 s pulses compared to the
growth rate of 0.33 A/cycle with 5 s plasma pulses.[I]

In the thermal ALD process of Ag thin films, BH3(NHMe) was applied as a
reducing agent. The effect of the Ag(fod)(PEts) pulse length to the growth rate
was studied at 110 °C proving the growth self-limiting in respect to the silver
precursor pulse length (Figure 14b). The growth rate was 0.30 A/cycle. At
130 °C the growth rate of Ag was already higher, 0.35 A/cycle, maybe showing
thermal decomposition but the effect of the Ag(fod)(PEts) pulse length to the
growth rate of Ag was not studied at 130 °C or higher temperatures. The ALD
temperature ranges determined for PEALD and thermal ALD are quite similar
as expected and differences can be explained by the reactor design differences.
Surface density of chemisorbed Ag(fod)(PEts) was most likely limiting the
growth rate of Ag.[111]
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Figure 14. Growth rate of Ag as a function of Ag(fod)(PEts) pulse length in the studied processes.
a) At temperatures 120 and 140 °C in the PEALD process. 500 cycles were applied with a 5 plasma
pulses. b) At 110 °C in the thermal ALD process. 1000 cycles were applied with 1 s BH3(NHMey)
pulses. Images modified and reprinted from Chemistry of Materials, vol. 23, pages 2901-2907, M.
Kariniemi et al.: “Plasma-enhanced atomic layer deposition of Ag thin films”, Copyright (2011),
American Chemical Society, http://pubs.acs.org/doi/10.1021/cm200402j; and from Chemistry of
Materials, vol. 29, pages 2040-2045, M. Makela et al.: “Studies on thermal atomic layer deposition
of silver thin films”, Copyright (2017), American Chemical Society,
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b04029

The results showed that Ag(fod)(PEts) started to decompose already around
130 — 140 °C even though TGA showed that it could be thermally stable up to
240 °C. It was proposed that the stability of Ag(fod)(PEts) as a liquid is
different compared to the stability in gas phase and adsorbed on a surface.[1]

The ALD temperature ranges of the developed Ag processes are narrow,
because the evaporation temperature of Ag(fod)(PEtz) was 106 °C in the
reactor used for the PEALD process and 95 °C in the thermal ALD reactor.
Still, the processes were well controllable and Ag(fod)(PEt3) was found at least
as good Ag precursor for ALD as the other Ag precursors studied so far
(Chapter 2.4.2).[6,79-82]

In the thermal ALD process of Ag(fod)(PEts) and BH3(NHMey) it was noticed
that the amount of Ag deposited on the substrate surface affected the growth.
At first, with 100 and 300 cycles, the growth rate of Ag was 0.18 A/cycle on a
Si(100) substrate. With more cycles, the growth rate started to increase until
it stabilized to around 0.36 A/cycle with 1500 or more cycles (Figure 15). In
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addition, it was noticed that when a Ag thin film was deposited on a previously
deposited Ag thin film the growth rate was clearly higher compared to a case
where the same number of cycles were applied on a bare Si(100) substrate. The
growth rate of Ag on a 73 nm thick Ag coating was 0.34 A/cycle whereas on
the bare Si(100) the growth rate was 0.29 A/cycle (1000 cycles). On the
previously deposited Ag the growth rate was thus very similar to the growth
rate of Ag on Si when 1500 or more cycles were applied (0.36 A/cycle) (Figure
15).[111]
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Figure 15. The effect of the cycle number on the growth rate of Ag in the thermal process of
Ag(fod)(PEts) and BH3(NHMe,). Depositions were performed at 110 °C with 1 s precursor pulses
and purges. Reprinted from Chemistry of Materials, vol. 29, pages 2040-2045, M. Méakela et al.:
“Studies on thermal atomic layer deposition of silver thin films”, Copyright (2017), American
Chemical Society, http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b04029

The effect of the Ag surface to the Ag growth was explained by the reduction
mechanism of BH3(NHMe). It was proposed that BH3(NHMe,) reacted
catalytically on Ag to [Me2N-BH:z]2 and H.. This kind of dehydrogenation of
BH3(NHMe2) is common in solutions when there is a metal catalyst
present.[89] It is also known that BH3(NHMey) is unlikely to dehydrogenate
in vacuum irrespective of temperature when there is no metal catalyst present.
[87] This is the case in an ALD reactor without any catalytic material like Ag.
Kalutarage et al.[76,77] who used BH3(NHMe>) as a reducing agent in ALD
deposition of transition metal thin films including Cu, Ni, Co, Fe, Mn and Cr,
proposed that at least at temperatures of 150 and 180 °C BH3(NHMe2) adsorbs
on a catalytic Ru and decomposes to reactive surface groups which are strong
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reducing agents. In that study there was no growth of transition metals on bare
Si substrates. Growth was observed only on Ru substrates. Like Ru, Ag is
known for its catalytic properties.[90]

When depositing Ag thin films from Ag(fod)(PEts) and BH3(NHMey) it was
noticed that not only reductive surface species were formed on catalytic
surfaces from BH3(NHMe2) but also desorbing species were formed. When
catalytic Ru substrates were placed in the reaction chamber in front of the bare
Si substrate the growth rate of Ag was clearly higher on Si compared to a study
where there was no Ru in the chamber. This led to a conclusion that also
species which desorbed from Ru were created from BH3(NHMez). To study
this observation in more detail, Ru pieces were placed into the source tube of
BH3(NHMe). This is possible in the ASM F120 ALD reactor where
BH3(NHMe2) was held in a glass boat inside its own source tube. By inserting
Ru to the source tube of BH3(NHMe>) the effect of Ru to Ag(fod)(PEtz) was
excluded. In these experiments the growth rate of Ag was clearly higher on Si
compared to a case where no Ru catalyst was present in the reactor (Figure
16). At 110 °C the growth rate of Ag on Si was 0.29 A/cycle when 1000 cycles
were applied without Ru whereas it was 0.33 A/cycle when Ru pieces were in
the source tube of BH3(NHMe2). At deposition temperature of 130 °C
differences in the growth rates are non-distinguishable, most likely because of
the onset of the thermal decomposition of Ag(fod)(PEts). These tests proved
that on Ru more reductive or reactive species were formed from
BH3(NHMey).[111]
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Figure 16. The growth rate of Ag as a function of the deposition temperature without a Ru catalyst
(closed circles) and with a Ru catalyst in the source tube of BH3(NHMe;) (open circles). 1000 cycles
were applied with 1 s precursor pulses and purges. Reprinted from Chemistry of Materials, vol. 29,
pages 2040-2045, M. Makela et al.: “Studies on thermal atomic layer deposition of silver thin films”,
Copyright (2017), American Chemical Society.
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b04029

It was also studied wether the possibly forming H> can reduce chemisorbed
Ag(fod)(PEts). At 110 °C 1500 cycles of 1s Ag(fod)(PEts) pulses and 4s H>
pulses were applied. This resulted in a Ag thin film with a nominal thickness
of only 1 nm as analyzed by EDS. This showed that H> is not reactive enough
for the reduction of chemisorbed Ag(fod)(PEts).

It remained as an open question, how the growth started on Si(100) when
Ag(fod)(PEt3) and BH3(NHMe2) were applied. It can be proposed that
BH3(NHMe2) reduced chemisorbed Ag(fod)(PEt3) at first but then, after
formation of small nanoparticles of Ag on Si, the activation of BH3(NHMe>) to
more reactive species started and reductive species changed. It can also be
proposed that Ag(fod)(PEts) decomposed slightly to Ag and launched the
activation of BH3z(NHMey). If this is true, the actual reduction power of
BH3(NHMey) itself stays unclear. It has been speculated that minor
decomposition of metal precursors is required also for the nucleation of noble
metal thin films when these are deposited with oxygen as a co-reactant in
ALD.[2]
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It was unclear what happened to BH3(NHMe2) when its pulse length was
varied because the growth rate did not stay constant as a function of the
BH3(NHMe?>) pulse length at 110 °C (Figure 17). Instead it increased from 0.29
A/cycle to a level of 0.40 A/cycle with 2 and 3 s pulses, but again dropped to
0.34 A/cycle with 4 s pulse. The maximum non-uniformity of these films was
10 % when the film thickness was 38 nm. If one wants to propose something,
it can be proposed that when BH3(NHMe2) accompanied with its derivatives
was pulsed to the chamber, it first reacted with the ligands of the chemisorbed
Ag(fod)(PEts) and produced metallic Ag surface. If the exposure time was long
enough (over 2 s), the metallic Ag surface was saturated with stable and
reactive surface groups formed by BH3(NHMez). After the purge, these surface
groups reacted with the next pulse of Ag(fod)(PEts) and reduced it to Ag.
Ag(fod)(PEts) also chemisorbed to Ag surface if the exposure time was long
enough. Again, after the purge period, BH3(NHMe?) reacted with the ligands
of the chemisorbed Ag(fod)(PEt3). When the exposure time of BH3(NHMe>)
was less than 2 s, BH3(NHMe,) did not have enough time to saturate the
surface with the stable surface groups. It only had time to react with the ligands
of the chemisorbed Ag(fod)(PEts) leading to a lower growth rate compared to
a case when the stable surface groups were created. Similar arguments were
proposed when the growth rates of Ag deposited from Ag(fod)(PEts) and
plasma-activated H> or NHz were compared. Application of plasma-activated
NHS3 resulted in clearly higher growth rates of Ag than application of plasma-
activated H2.[9,91] The presented theory does not explain why the growth rate
decreased when even longer 4 s BH3(NHMe>) pulses were used. To be sure
about the results, these depositions should be done again. It should still be
mentioned that in the ALD papers considering BH3(NHMe>) as a reducing
agent the self-limiting growth has been shown on catalytic surfaces at 150 and
180 °C in respect to BH3(NHMe>) pulse length when non-catalytic metals were
deposited.[76,77]
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Figure 17. The growth rate of Ag as a function of BH3(NHMe;) pulse length at 110 °C. The
Ag(fod)(PEts) pulse length was 1 s. Reprinted from Chemistry of Materials, vol. 29, pages 2040-
2045, M. Mékela et al.: “Studies on thermal atomic layer deposition of silver thin films”, Copyright
(2017), American Chemical Society. http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b04029

As a conclusion, in the studied thermal ALD Ag process the growth was self-
limiting in respect to the Ag(fod) (PEtz) pulse but not quite to the BH3(NHMey)
pulse. To be called true ALD the process should show self-limiting growth in

respect to both precursors.

Film properties.

The developed two Ag processes produced Ag thin films with different
properties. The PEALD process resulted in mirror like thin films on Si and
glass whereas the thermal process produced coatings which had matte
appearance on Si and glass.

It was concluded that in the PEALD process the film growth started by
formation of nanoclusters which then grew in size and finally coalesced to a
continuous thin film (Figure 18a). Films thinner than 10 nm were non-
continuous.[I] The same nucleation behavior was noticed by Minjauw et al.[9]
when Ag thin films were deposited from Ag(fod)(PEt3) and plasma activated
Ho.
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The thermally deposited Ag thin films were found to consist of particles and
were non-continuous even after 2500 cycles were applied and the nominal film
thickness was close to 100 nm. In the thicker films, there were smaller particles
between the large particles which was a result of coalescence and continued
nucleation (Figure 18b).[111] Itis possible that when BH3(NHMey) is used as a
reducing agent, the true reduction reaction is catalytic and more probable on
Ag surface. However, also volatile reducing species are formed as proved by
placing Ru pieces to the source tube of BH3(NHMez). These species could be
expected to reduce chemisorbed Ag(fod)(PEts) also on Si.
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Figure 18. Microstructure of the Ag thin films deposited from Ag(fod)(PEts) a) using the PEALD
process with plasma activated H; b) using the thermal process with BH3(NHMe,) as a reducing
agent. The nominal film thicknesses are marked to the images. Images modified and reprinted from
Chemistry of Materials, vol. 23, pages 2901-2907, M. Kariniemi et al.: “Plasma-enhanced atomic
layer deposition of Ag thin films”, Copyright (2011), American Chemical Society,
http://pubs.acs.org/doi/10.1021/cm200402j; and from Chemistry of Materials, vol. 29, pages 2040-
2045, M. Mékela et al.: “Studies on thermal atomic layer deposition of silver thin films”, Copyright
(2017), American Chemical Society. http://pubs.acs.org/doi/fabs/10.1021/acs.chemmater.6b04029

All the Ag thin films deposited by both thermal and plasma-enhanced ALD
were polycrystalline and exhibited a cubic Ag structure (Figure 19). Chemical
composition of the Ag thin films deposited at 120 °C by PEALD and at 110 °C
by thermal ALD were analyzed by ToF-ERDA. A 17 nm thick Ag thin film
deposited by PEALD from Ag(fod)(PEts) and plasma activated H> contained
85 at.% Ag, 7 at.% H, 3 at.% C, 3 at.% O, 0.9 at.% P, O.5 at.% F and 0.7 at.%
N.[1] A 55 nm thick Ag thin film deposited by thermal ALD from Ag(fod)(PEt3)
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and BH3(NHMe>) contained 97 at.% Ag, 1.6 at.% O, H 0.8 at.%, C 0.7 at.%.[111]
The latter sample was stored in a desiccator before the measurement whereas
the sample deposited by PEALD was stored in air. This can explain the
differences in composition to some extent. The measurements were also
performed with different ToF-ERD telescopes and ions. The PEALD sample
was measured with 7.5 MeV 37Cl4+ and the thermal ALD sample with 35 MeV
79Br6+ jons. In both cases the surface roughness of the film was high compared
to its thickness which spread the elemental distributions in the ToF-ERDA
depth profiles.[I] The impurity contents analyzed for the PEALD Ag thin film
are the upper limits.[I] Compared to the values reported for the other Ag ALD
processes, the impurity levels of the films deposited by the two new Ag
processes are very moderate.[6-9,80-82]
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Figure 19. X-ray diffraction patterns of the Ag thin films deposited by a) PEALD process and b)
thermal process. Thickness of the PEALD Ag thin film was 17 nm. In figure b) the thin film
thicknesses are shown. All the thin films were deposited on Si(100) substrates. Images modified
and reprinted from Chemistry of Materials, vol. 23, pages 2901-2907, M. Kariniemi et al.: “Plasma-
enhanced atomic layer deposition of Ag thin films”, Copyright (2011), American Chemical Society,
http://pubs.acs.org/doi/10.1021/cm200402j; and from Chemistry of Materials, vol. 29, pages 2040-
2045, M. Mékela et al.: “Studies on thermal atomic layer deposition of silver thin films”, Copyright
(2017), American Chemical Society, http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b04029

Continuous Ag thin films deposited by PEALD were conductive. A 22 nm thick
film exhibited resistivities of 6 — 8 pQ-cm. This is a low resistivity for a
chemically deposited thin film and can be compared to the resistivity of Ag
achieved in a REALD study where a 40 nm thick film had a resistivity of 6
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uQ-cm.[6] Ag(fod)(PEts) has also been used in chemical vapor deposition
(CVD) where the resistivities of the deposited Ag thin films have been 1.9 — 3
uQ-cm.[92,93] Yuan et al.[92] reported resistivities of 2.5 — 3.0 pQ-cm for 2
pm thick Ag films deposited at 230 and 320 °C using moist H» carrier gas. Gao
et al.[93] reported resistivities of 1.9 — 3 pQ-cm for Ag films deposited at
220 and 350 °C using H2 carrier gas. In comparison to these other results the
resistivity values achieved with the developed PEALD Ag process are good.
When comparing the resistivity values reported for thin films, the effect of the
film thickness should be considered. When the polycrystalline thin film is very
thin the resistivity is always higher than in thicker film or in bulk because of
increased interface and grain boundary scattering.[94,95]

Conformality of the Ag thin films deposited by PEALD was studied. As
discussed in Chapter 2.2, in PEALD processes conformality is often limited
because of the radical recombination on the walls of 3D structures. Factors
affecting the probability of radical recombination include the substrate
material and the reactive gas. The recombination loss probability is higher on
metals than on oxides, and hydrogen radicals recombine more likely than
oxygen or nitrogen radicals.[41] In the experiment Ag was deposited on deep
trenches whose length was 6.75 pm and the opening 115 nm giving an aspect
ratio of about 60:1. The trenches had either SiO2 or TiN coating on the surface.
All the deposition parameters were the same. No perfect conformality was
achieved (Figure 20). First, deposition of a metal using plasma-activated H as
a reducing agent is difficult because of the high probability of hydrogen
radicals to recombine especially on a growing metal surface. Secondly, the
material on the trench affected the conformality. The film deposited on
trenches with a SiO; surface had better conformality than the film deposited
on trenches with a TIN surface. It is indeed expected that the radicals
recombine faster on conductive TiN than on insulating SiO2.[11]
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Figure 20. Ag thin films deposited onto porous trench structures by applying Ag(fod)(PEts) and
plasma activated H,. The length of a trench was 6.75 pm and the opening was 115 nm. Images
are showing trenches with either a SiO, or TiN coating in the trench. Ag(fod)(PEts) pulse length
was 5 s and the hydrogen plasma exposure time was 7 s. Reprinted from Journal of Vacuum
Science and Technology A, vol. 30, page 01A115, M. Kariniemi et al.: “Conformality of remote
plasma-enhanced atomic layer deposition processes: An experimental study”, Copyright (2012),
reproduced with permission from AIP Publishing LLC (American Vacuum Society).
http://avs.scitation.org/doi/abs/10.1116/1.3659699?journalCode=jva

All the Ag thin films deposited on Si could be destroyed by scratching with
tweezers or gloves. Scotch tape tests were performed and only the PEALD thin
films thinner than 30 nm passed the test.[I] All the thermally deposited Ag
thin films failed the tests.[II1] For better adhesion a proper adhesion layer
should be used. It was also noticed that all the deposited Ag thin films turned
yellow over time in air. In the case of the thermally deposited Ag thin films also

delamination was noticed unless the films were stored in a desiccator.
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4.2 Gold

Precursor characterization.

Both Au(l) and Au(l1l) compounds were considered for ALD. In total seven
Au(l) compounds were synthesized and preliminary evaluated for thermal
ALD. These compounds were chloro(dimethylsulfide)gold (AuCl(SMez2)),
chloro(tetrahydrothiophene)gold (AuCI(SCsHs)), methyl(triethylphosphine)-
gold (MeAu(PEts)), (diethyl-dithiocarbamate)(triethylphosphine)gold
(Au(S2CNEty) (PELt3)), (2,2-dimethyl-6,6,7,7,8,8,8-heptafluorooctane-3,5-
dionato)(triethylphosphine)gold (Au(fod)(PEt3)), (bis(trimethylsilyl)-
amido(triethylphosphine)gold  (Au(N(SiMe3z)2)(PEt3)) and  chloro(tri-
ethylphosphine)gold (AuCI(PEts)) (Figure 21).[V]

a) CH,
S. Cl
H3C/ “av”
d) /\N/\CH3
HC
>\s
HS"‘\ / CHj3
Au
\ J
.
H,C \\CH3
g)

/—CH3
H 30/\9
;

Au
VA
Figure 21. Schematic pictures of the Au(l) compounds studied. a) AuCI(SMez), b) AuCI(SC4Hs), ¢)

MeAu(PEts), d) Au(S:CNEL)(PEts), €) Au(fod)(PEts), f) Au(N(SiMes))(PEts) and g) AUCI(PEts).
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TGA showed that most of the Au(l) compounds decomposed when heated
(Figure 22). Only three of the compounds showed some potential for ALD.
Au(N(SiMes).)(PEt3) left a residue of 26.5 % while the theoretical Au content
was 41.4 %. Au(fod)(PEts) left a residue of 23.8 % while the theoretical Au
content was 32.2 %. AuCI(PEtzs) left a residue of 30.6 % while the theoretical
Au content was 56.2 %. None of the precursors was truly promising for ALD
where a single step evaporation with zero residual mass is desired. However,
Au(N(SiMes)2)(PEts) was chosen for the deposition experiments because of
the low evaporation temperature (61 °C) combined with reasonably good
thermal properties.[V]
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Figure 22. TGA curves of the studied Au(l) compounds. Reprinted from Journal of Vacuum Science
and Technology A, vol. 35, page 01B112, M. Méakela et al.: “Potential gold(l) precursors evaluated

for atomic layer deposition”, Copyright (2012), reproduced with permission from AIP Publishing
LLC (American Vacuum Society).

http://avs.scitation.org/doi/abs/10.1116/1.4968193?journalCode=jva

Five Au(lll) compounds were evaluated for ALD. The studied compounds
were gold chloride (AuCls), (dichloro)(diethylthiocarbamato)gold
(AuCI>(S2CNEt2)),  dimethylacetatogold  (Me2Au(OAc)),  dimethyl(4-
(methylimino)pent-2-en-2-olato)gold (Me2Au(Nacac) and
dimethyl(diethylthiocarbamato)gold (Me>Au(S2CNEt>)) (Figure 23).[1V]
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Figure 23. Schematic pictures of the Au(lll) compounds studied. a) AuCls, b) AuCIl:(S.CNEt,) c)
Me,Au(OAc), d) Me.Au(Nacac) and e) Me,Au(S.CNEt,). Reprinted from Chemistry of Materials,
vol. 29, pages 6130-6136, M. Méakela et al.: “Thermal atomic layer deposition of continuous and
highly conducting gold thin films”, Copyright (2017), reproduced with permission from American
Chemical Society. http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b02167

TGA of the compounds showed that Me2Au(S.CNEt2) was clearly different
from all the other Au(l11) compunds studied. It was also different from all the
Au(l) compounds studied. As wanted in ALD, Me>Au(S2CNEt,) evaporated in
a single step leaving almost zero residual mass (Figure 24).[1V]
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Figure 24. TGA curves of the studied Au(lll) compounds. Reprinted from Chemistry of Materials,
vol. 29, pages 6130-6136, M. Makela et al.: “Thermal atomic layer deposition of continuous and
highly conducting gold thin films”, Copyright (2017), reproduced with permission from American
Chemical Society. http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b02167
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Film deposition and properties.

Both Au compounds selected for the growth experiments were combined with
0Os. Noble metal thin films are often deposited by application of Oz or Oz as a
co-reactant as introduced in Chapter 2.4.1. These processes are combustion
type and produce noble metal thin films typically at temperatures above
200 °C where the corresponding noble metal oxides are not stable.[14,19]
Au203 is expected to decompose around 170 °C with a possible Au.O
intermediate.[IV,66] Similar approach was also tried by combining
Au(N(SiMes)2)(PEts) with H2S. This could result in formation of Au sulfides
(AuzS and Au,S3). Decomposition temperature of Au,Sz precipitate is around
200 °C[V,96] and of AuxS precipitate 147 — 220 °C.[V,97] The benefit of
applying Oz or H>S with the Au precursor is that these are common co-
reactants in ALD processes and easily-implemented to any reactor. However,
it should be noticed that H»S is harmful and in excessive amounts very toxic.

4.2.1 Me,Au(S,CNEt,) as a precursor

Me2Au(S2.CNEt2) was tested with Oz at 120 — 250 °C to study its thermal
stability. At 250 °C it clearly decomposed already in the source tube before
reaching the reaction chamber but at lower temperatures there were no signs
of thermal decomposition. Instead the Au thin films deposited were shiny and
very uniform in thickness over the 5 x 5 cm? area. However, at 120 and 150 °C
there were some circular marks in the thin films (Figure 25). These were
interpreted as a sign of ineffective decomposition of gold oxide.
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Figure 25. FESEM images of the Au thin films deposited from Me,Au(S.CNEt;) and O3 at a) 120 °C
and b) 200 °C with the same deposition parameters. The film deposited at 120 °C was 21 nm thick
and the film deposited at 200 °C was 56 nm thick.

The growth rate of Au increased from 0.4 to 1.1 A/cycle as a function of
deposition temperature from 120 to 200 °C (Figure 26a). Often the increase of
the growth rate with temperature is a sign of precursor decomposition but in
the case of noble metals and noble metal oxides this is common and still the
growth can be self-limiting as characteristic to ALD. Active oxygen staying on
noble metal surfaces can affect the growth rate at different temperatures
(Chapter 2.1).[14,16-18,65] The self-limiting growth of Au was confirmed at
180 °C by varying the Me>Au(S2CNEt2) pulse length from 0.5 to 2 s. The
growth rate was 0.9 A/cycle (Figure 26b).[1V]
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Figure 26. a) The growth rate of Au at deposition temperatures 120 — 200 °C. The Me,Au(S2CNEt,)
and O3 pulse lengths were 1 s. b) Growth rate of Au as a function of Me,Au(S,CNEt;) pulse length
at 180 °C. Reprinted from Chemistry of Materials, vol. 29, pages 6130-6136, M. Méakela et al.:
“Thermal atomic layer deposition of continuous and highly conducting gold thin films”, Copyright
(2017), reproduced with permission from American Chemical Society.
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b02167

The achieved growth rate of Au thin films can be compared to the only one
previously published ALD process of Au.[10] When MeszAu(PMes) and plasma
activated O, and water were used the growth rate of Au was 0.5 A/cycle at
130 °C. Around 130 °C the growth rates are thus similar in both processes.
Above 130 °C MeszAu(PMe3) decomposed. Thermal routes to Au thin films
were also tried with MezAu(PMez). There was no growth when either Oz, H20
or molecular Oz were applied at temperatures below 130 °C showing
Me2Au(S2CNEt?) to be more reactive than MesAu(PMes).
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All the deposited Au thin films were polycrystalline and showed the cubic
phase of gold (Figure 27a). FESEM studies showed that the films were
continuous although there were some gaps between the grains (Figure 27b).
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Figure 27. a) XRD patterns of the Au thin films deposited at 120 — 200 °C from Me Au(S2:CNEt;)
and O3 with 1 s pulse lengths. 500 cycles were applied. Film thicknesses are marked to the image.
b) FESEM image of the Au thin film deposited with Me,Au(S.CNEt;) and O3 at 180 °C. The nominal
film thickness was 47 nm. Reprinted from Chemistry of Materials, vol. 29, pages 6130-6136, M.
Makela et al.: “Thermal atomic layer deposition of continuous and highly conducting gold thin films”,
Copyright (2017), reproduced with permission from American Chemical Society.
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b02167

Compositions of the Au thin films were analyzed by TOF-ERDA. A film
deposited at 120 °C was first analyzed. This 20 nm thick Au thin film consisted
of Au (91.2 at.%), O (5.3 at.%), H (2.2 at.%), C (0.9 at.%) and N (0.5 at.%).
Slightly lower impurity contents (O 2.9 at.%, H 0.9 at.%, C 0.2 at.% and N 0.2
at.%) were analyzed from a film which was 47 nm thick and was deposited at
180 °C. These two analyzed Au thin films were otherwise deposited with the
same parameters and with the precursor pulses of 1 s. TOF-ERD analysis
showed that most likely the circular marks noticed by eye in the films
deposited at 120 and 150 °C were oxide impurities. No sulfur was found from
the Au thin films even if the S,CNEt ligand is bonded to gold through sulfur
donor atoms. The impurity levels of the analyzed Au thin films were typical for
noble metal thin films deposited by ALD using Oz or Oz as a reactant.[1V,19]
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The Au thin films were electrically conductive and showed low resistivity on
glass. The resistivity values were in the range of 4.5 — 17 pQ-cm for the Au films
deposited at 180 °C and having thicknesses of 40 — 47 nm. The literature value
for the Au resistivity is 2.44 p-Qcm. These films can also be compared to a 200
nm thick Au film deposited by CVD from trifluorophosphine gold(l) chloride
and H: at 110 °C which had a resistivity of 9.6 pQ-cm.[1V,98] An 80 nm Au
film deposited by plasma-CVD had a resistivity of 4.6 pQ-cm.[1V,99] These
examples show that the resistivity values achieved with Me>Au(S2CNEt>)
compare well with the resistivity values reported for other chemically
deposited Au thin films.[I1V]

4.2.2 Au(N(SiMes)2)(PEts3) as a precursor

Application of Au(N(SiMe3)2)(PEtz) and Oz at 120 ©C resulted in Au thin films
with a growth rate of 0.02 A/cycle which is too low for a reasonable ALD
process. Neither application of H2S with Au(N(SiMes)2)(PEts) at 150 — 160 °C
was successful. Only minimal Au particles were gained on Si(100) and glass
when 1000 cycles of Au(N(SiMe3)2)(PEtz) and H2S were pulsed.[V]

In addition to Oz and H2S, Au(N(SiMes)2)(PEts) was also tested with true
reducing agents being triethylsilane (EtsSiH), hydroquinone (benezene-1,4-
diol), trimethylamine borane BH3(NMes) and BH3(NHMe,). EtsSiH was
considered because of its Si-H group which could be reducing. It still safer to
apply to ALD processes than pure silanes which are pyrophoric in air.
Hydroguinone can oxidize to benzoquinone in redox reactions.[V] It has been
used in determination of Au from solutions,[101] in nanoparticle synthesis in
solutions and in electroless thin film growth.[V,101,102] Depositions with the
reducing agents were performed at 150 — 160 °C. Application of BH3(NHMey)
and hydroquinone resulted in shiny Au thin films on Si(100) and glass, but
with BH3(NMes) and EtsSiH there was almost no growth on these substrates.
The growth rates of Au achieved with BH3z(NHMe2) and hydroquinone were
quite similar and low (around 0.06 A/cycle) at 150 °C but deposition were
continued with BH3(NHMe>).[V]
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In the processes where Au(N(SiMes)2)(PEts) and BH3(NHMe2) were
alternately pulsed, the growth rate of Au was around 0.05 — 0.06 A/cycle at
temperatures of 80 — 140 °C. At 160 °C the growth rate increased considerably
to 0.11 A/cycle (Figure 28a).[V]

The effect of the Au(N(SiMes)2)(PEts) pulse length was studied at 100 °C. It
was noticed that the growth rate increased as a function of the
Au(N(SiMes)2)(PEts) pulse length (Figure 28b). However, it was confirmed
that even at 150 °C there was no growth when Au(N(SiMe3)2)(PEt3) was pulsed
alone without any reactant on Si, glass, Ru and Au substrates. This shows that
the possible decomposition of Au(N(SiMe3s)2)(PEtz) was very moderate. It can
also be assumed that no constant growth rate was achieved due to slow surface
reactions. The effect of the BH3(NHMe2) pulse length to the growth rate of Au
was studied at 100 °C. The growth rate was constant and around 0.07
Ascycle.[V]
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Figure 28. a) Growth rate of Au at 80 — 160 °C. b) Growth rate of Au as a function of the
Au(N(SiMes)2)(PEts) pulse length at 100 °C. In all the depositions the BH3(NHMe,) pulse length
was 1 s. Reprinted from Journal of Vacuum Science and Technology A, vol. 35, page 01B112, M.
Makela et al.: “Potential gold(l) precursors evaluated for atomic layer deposition”, Copyright (2012),
reproduced with permission from AIP Publishing LLC (American Vacuum Society).
http://avs.scitation.org/doi/abs/10.1116/1.4968193?journalCode=jva
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Major difficulty in the developed process with Au(N(SiMes)2)(PEts) and
BH3(NHMe>) was that the growth was very slow. It was also noticed that at
100 °C the growth rate of Au decreased as a function of applied cycles after a
certain film thickness. The growth rate was 0.075 A/cycle with 500 and 1000
cycles whereas 2408 cycles resulted in a growth rate of 0.06 A/cycle. This
phenomenon was also noticed at 120 °C when Au was deposited on itself as
compared to starting with a bare Si substrate. On Si the growth rate was 0.055
A/cycle but on Au particles only 0.03 A/cycle. But then, at 160 °C the growth
rate increased with increasing number of deposition cycles after a certain Au
film thickness (Figure 29). It was evaluated that at 160 °C the growth rate was
at first 0.11 A/cycle but increased up to 0.75 A/cycle between the 3000 and
4000 cycles. This increase of the growth rate was explained by the catalytic
activity of Au in the same manner as when BH3(NHMez) was applied to the
thermal Ag process (Chapter 4.1).[V]
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Figure 29. The Au thin film thickness as a function of the number of the deposition cycles. These
Au thin films were deposited at 160 °C. Reprinted from Journal of Vacuum Science and Technology
A, vol. 35, page 01B112, M. Méakela et al.: “Potential gold(l) precursors evaluated for atomic layer
deposition”, Copyright (2012), reproduced with permission from AIP Publishing LLC (American
Vacuum Society).

http://avs.scitation.org/doi/abs/10.1116/1.4968193?journalCode=jva

The observed decrease in the growth rate of Au at 100 and 120 °C when
applying increasing number of cycles was finally explained by a passivation of
the Au surface with PEts. This was also supported by the fact that all the tested
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co-reactants including Oz resulted in very low growth rates. Another
explanation considered was the passivation of the surface with
hexamethyldisilazane, HN(SiMes)2, which is a possible byproduct of the
reactions. On oxide surfaces HN(SiMe3z)2 can react with the isolated OH-
groups and form -OSiMes groups which block chemisorption sites from the
precursors. However, it is believed that HN(SiMes). should not passivate
metallic Au particles.[103] Hence, the growth should proceed faster on Au
than on Si after a nucleation period. Also, when O3z was applied, Oz would have
combusted the passivating -OSiMes groups. To study possible -PEts (and -
OSiMes) impurities on Au surface, one particulate Au thin film deposited on
Ru at 120 °C was analyzed by TOF-ERDA. Analysis showed that there were no
signs of Si or P on Au. TOF-ERDA thus did not prove the hypothesis of
passivating groups on the surface. It can be proposed that some other
characterization method (like X-ray photoelectron spectroscopy) would be
more sensitive to detect a monolayer of the impurities.

Similar to the experiments performed while developing the thermal Ag ALD
process, the effect of Ru to BH3(NHMe>) was studied in this gold process too.
When Ru pieces were placed in the substrate holder in front of the Si(100)
substrate, the growth rate increased from 0.055 A/cycle to 0.082 A/cycle on
Si when equal number of cycles were applied at 120 °C. When Ru was inserted
to the source tube of BH3z(NHMez), the growth rate increased further to 0.10
A/cycles. In the chamber Ru became at least partly covered with Au whereas
in the source tube it remained uncoated as it was in contact with only
BH3(NHMey). It was concluded that at 120 °C Ru is catalytically more active
than Au. Interestingly it was also noticed that pulsing of H>S as a third
precursor lowered the growth rate of Au in the process of Au(N(SiMe3)2)(PEt3)
and BH3(NHMez2). H2S was pulsed before the other precursors with the idea to
derivatize the Au surface with SH-groups that would attract
Au(N(SiMes)2)(PEts). By contrast the growth rate of Au decreased from 0.10
A/cycles to 0.03 A/cycle at 160 °C when the same number of cycles were
applied. It seems that SH-groups, if forming, poisoned the catalytic Au

surface.[5]
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Apart from the thick films deposited at 160 °C, the deposited Au thin films
consisted of isolated particles (Figure 30a). The Au thin films deposited at
160 °C to nominal thicknesses of 46 and 120 nm were continuous (Figure 30b).
At 160 °C the metal precursor decomposed more extensively which may
explain the difference in the film microstructure. Below 160 °C it is likely that
the particulate appearance of Au originated from the surface selective
reduction mechanism when using BHs(NHMez) as a reducing agent. Like in
the thermal Ag process where BH3(NHMez) was more likely to reduce
chemisorbed metal precursor on Ag particles, BH3(NHMe2) seems to reduce
chemisorbed Au precursor on Au particles more effectively than on bare Si.
Minor decomposition of the Au precursor may be required to start the growth
by offering the catalytic sites. All the deposited thin films were concluded to be
polycrystalline and consisted of the cubic phase of gold.[V]

Figure 30. FESEM images of the Au thin films deposited from Au(N(SiMes).)(PEts) and
BHs(NHMe,) at a) 100 °C with 1000 cycles (film thickness 7.5 nm) b) 160 °C with 4000 cycles (film
thickness 120 nm). Both thin films were deposited with 1 s Au(N(SiMes),)(PEts) and 1 s
BHs(NHMe,) pulses. Image modified from Journal of Vacuum Science and Technology A, vol. 35,
page 01B112, M. Mékela et al.: “Potential gold(l) precursors evaluated for atomic layer deposition”,
Copyright (2012), reproduced with permission from AIP Publishing LLC (American Vacuum
Society).

http://avs.scitation.org/doi/abs/10.1116/1.4968193?journalCode=jva

As a consequence of the particulate structure and large gaps between the
islands, most of the Au thin films were non-conductive. Only the two thickest
films deposited at 160 °C were continuous and conductive. A mean resistivity
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for a film having a mean thickness of 46 nm was 5.3 pQ-cm, and for a film with
amean thickness of 120 nm itwas 3.8 pQ-cm. It must be emphasized that these
films were non-uniform in thickness.[V] As a comparison the resistivities of
the 40 — 47 thick thin films deposited by thermal ALD from Me2Au(S2CNEt>)
and O3z were in the range of 4 — 17 pQ-cm.[1V] This shows that the resistivity
values achieved at 160 °C with the process of Au(N(SiMes)2)(PEts) and
BH3(NHMe;) are on a good low level although Au(N(SiMes).)(PEts)
decomposed to somewhat.

The chemical composition of a Au thin film deposited with 1 s pulses at 160 °C
on Si was analyzed by TOF-ERDA. This continuous Au film was 120 nm thick
and contained 96 at.% Au, 2 at.% O, 1 at.% H, 0.8 at.% C, 0.06 at.% N and 0.3
at.% P. The result showed that the impurity contents were low in the analyzed
Au thin film although Au(N(SiMes)2)(PEts) decomposed thermally to
somewhat at this temperature. It can also be concluded that no B was found
from any of the thin films deposited by using BH3(NHMe>) as a reducing agent.
This is valid also for the Ag(fod)(PEts) and BH3(NHMe2) process.

4.3 Application of the developed Ag PEALD process to

two case studies

4.3.1 Case study 1: Surface Enhanced Raman Spectroscopy

Three-dimensionally structured SERS substrates were coated with PEALD Ag.
The SERS substrates were prepared with electron beam lithography and
reactive-ion etching, and consisted of periodical nanopillars which were 300
nm high. Diameters of the nanopillars varied between 70 — 288 nm and the
interpillar separations were between 85 — 298 nm. The nanopillars covered a
square area with a side length of 20 — 60 um.[VI] These structures were
considered optimal for a SERS substrate because the sample preparation was
easy, there were long-range periodic structures and it was expected that
plasmonic “hot-spots” are created between the nanopillars when coated with
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Ag. These hot-spots are plasmonic effects, which occur when e.g. plasmonic
nanoparticles are close to each other. Only a few nm separations are desired.
In the hot-spots electromagnetic fields are amplified by several orders of
magnitude and single-molecule SERS is possible.[VI] It is desired that the
number of hot-spots on a SERS substrate is as high as possible leading to a
high probability of a single molecule to fall within the hot spot region.[VI,104-
107]

Test structures were successfully coated with PEALD Ag (Figure 31). SERS
measurements were done on thiophenol which was applied on the Ag surface
right after the deposition. Several Raman spectra were measured: from a neat
thiophenol solution, from the self-assembled monolayer (SAM) of thiophenol
on the Ag surface without the nanopillars, and from the SAM of thiophenol on
the Ag surface with the nanopillars. It should be noticed that the Ag surface
deposited by PEALD is inherently suitable for SERS because of the island-like
surface structures. Still the results showed that the strongest Raman spectra
were recorded from the structures where the nanopillar gaps were less than 20

nm. The weakest Raman spectrum was measured from a neat solution.[VI]
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Figure 31. a) Optical reflection image of a single SERS substrate coated with PEALD Ag. On the
x-axes interpillar gaps after the PEALD coating are shown. On the y-axes the diameters of the
pillars after the PEALD coating are shown. b) Tilted-view SEM image of the coated nanopillars. c-
f) top-view images of the interpillars having a diameter of ~196 nm with (c) separation of 196 nm,
(d) 124 nm, (e) 16 nm and (f) < 2 nm g) a closer look on the pillars with < 2 nm separation. h)
measured Raman spectra. Black line: a neat thiophenol solution, green line: SERS spectrum
measured from the SAM of thiophenol on the PEALD Ag surface without the test structures and
red, light blue and dark blue line: three SERS spectra measured from the SAM of thiophenol on
the test structures coated with PEALD Ag. Permission from etc. Reprinted from Optics Express,
vol. 19, pages 26056-26064, J. D. Caldwell et al.: “Large-area plasmonic hot-spot arrays: sub-2
nm interparticle separations with plasma-enhanced atomic layer deposition of Ag on periodic arrays
of Si nanopillars”, Copyright (2011), reproduced with permission from OSA Publishing.
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-19-27-26056

The advantage of applying PEALD (or thermal ALD) to a production of SERS
substrates is that the thickness of a metal coating can be precisely controlled
because of the self-limiting nature of the ALD growth. By tuning the cycle
number, the separations between the structures can be controlled to create
hot-spots. In the paper VI it was concluded that by applying ALD to
preparation of SERS substrates interparticle separations less than 10 nm can
be reproducibly made. Other advantage of applying ALD to the preparation of
SERS substrates is conformality of the ALD coating.
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4.3.2 Case study 2: Titanium implants

For medical implant applications the PEALD process of Ag thin films was
used. Ti implants which had TiO2 nanotubes and nanoneedles on the surface
were coated. TiO2 nanotubes were made on Ti by electrochemical oxidation
with voltages ranging from 3 — 20 V and TiO2 nanoneedles with thermal
oxidation at temperatures of 475 and 500 °C in reduced pressure under.
Structurally these samples resemble implants which are wused in
osteointegration.[VII] Osteointegration is a structural linkage used e.g. in
dentistry when a synthetic dental implant is fixed to the human bone of the
jaw.[108] To this implant a dental prosthesis is connected.[109] The
nanostructures, nanotubes and nanoneedles, on Ti resemble morphology of a
natural extra-cellular matrix and ensured high surface to volume ratio which
is beneficial in implementation.[VII] In this study additional antimicrobial
activity was desired from the implants and that was the reason for the Ag
coating. There is increasing interest towards modifying implants to be
antimicrobial because of the increasing antibiotic resistance.[VII] It is known
that TiO2> nanotubes can be antimicrobial inherently and the nanotube
diameter and the crystal phase affect the antimicrobial response.[110,111] To
secure or to strengthen the antimicrobial activity, these Ti samples were coated
with Ag nanoparticles. In the case of Ag nanoparticles, it has been shown that
their size and shape affect the antibacterial properties. One study showed that
the smaller the Ag nanoparticles, the more effective their antimicrobial
response.[112]

The samples were successfully coated with the PEALD Ag. On every sample
either 25, 50, 100, 150 or 200 cycles of PEALD Ag were applied. It seemed that
the nucleation of Ag was different on the nanoneedle and on the nanotube
samples. On the nanoneedles the Ag nanoparticles were always more
dispersed (Figure 32a) than on the nanotubes where the coverage of the Ag
nanoparticles was larger (Figure 32b). Ag nanoparticles covered completely
the nanotube samples with tube diameters of 10 — 35 nm when 150 and 200
cycles of PEALD Ag were applied i.e. no tube structures were visible under the
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Ag coating. The samples chosen for the biological experiments had a tube
diameter over 35 nm and a Ag coating deposited with 25 cycles (Figure 32c).
The expectation was that the best antimicrobial response should be obtained
with the smallest Ag nanoparticles as introduced above.[VII]

TNN475/50" _ TNN475/200

Figure 32. a) Nanoneedle samples prepared at 475 °C. left: 50 PEALD Ag cycles were applied,
right: 200 PEALD Ag cycles. b) Nanotube samples prepared with a voltage of 20 V. The tube
diameter is 77 — 84 nm. left: 50 PEALD Ag cycles, right: 200 PEALD cycles. c) One of the nanotube
samples chosen for the biological experiments. This sample was prepared with a voltage of 20 V
and 25 PEALD Ag cycles. Image from Nanomaterials, vol. 7, pages 26056-26064, A. Radtke et al.:
“Optimization of the Silver Nanoparticles PEALD Process on the Surface of 1-D Titania Coatings,
Copyright (2017). https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5535259/

80



It was concluded that the Ag nanoparticle size increased when more PEALD
cycles were applied. It also seemed that the nanoparticle size was independent
of the nanotube diameter. Biological experiments showed that all the samples
enhanced fibroblast proliferation as compared to the Ti implants without any
TiO2 structures or PEALD Ag. Fibroblast proliferation is important in wound
healing because the fibroblast cells, which are the main cellular components
of connective tissues, synthesize extracellular matrix.[113] The samples where
the nanotube diameter was smaller showed stronger fibroblast proliferation
compared to the samples where the nanotube diameter was larger. To study
antimicrobial activity of the samples bacteria (Staphylococcus aureus) were
applied on them. The bacteria were applied either by suspension method or
topically. In the suspension method the samples were held for 24 h in a
bacterial suspension. In the topical method 40 pL of bacterial suspension was
topically applied on the samples.[VII] All the implants with nanotube
structures coated with PEALD Ag showed antimicrobial activity when the
bacteria were applied by the suspension method. However, in most cases no
antimicrobial effect was noticed when the bacteria were applied topically on
the implants with TiO2 nanotubes coated with PEALD Ag. In this case
antimicrobial effect was noticed only in the implant with the smallest diameter
nanotubes coated with PEALD. Several reasons for the observed difference
were discussed, e.g. when applied topically the bacteria might have had limited
contact with the Ag nanoparticles.[VII]

8l



Conclusions

5 CONCLUSIONS

During this thesis work, new ALD processes were developed for Ag and Au thin
films. In the literature only a few ALD processes for these metals exist although
there are many potential applications in the field of photonics, electronics,
catalysis and biosciences. The main problem has been the lack of suitable
metal precursors. Silver and gold compounds are often thermally unstable and
hence unsuitable for ALD. During this work several silver and gold compounds
were evaluated for ALD. Most of the compounds showed limited thermal
stability, as expected. One Ag, one Au(l) and one Au(lll) compound were
chosen for the ALD experiments.

A PEALD process was developed for Ag thin films where Ag(fod)(PEt3) and
plasma-activated H> were applied. The ALD temperature range was narrow
between 120 — 140 °C because of the high evaporation temperature (106 °C)
and relatively low thermal stability of the Ag precursor. The Ag thin films were
polycrystalline showing the cubic phase of silver. The resistivity of the
continuous 22 nm thick Ag thin film was 6 — 8 pQ-cm which is a very good
value for an ALD thin film. Ag(fod)(PEtz) was also applied in thermal ALD
with BH3(NHMe>) as a reducing agent to produce particulate Ag thin films.
This process showed self-limiting growth at 110 °C in respect to the
Ag(fod)(PEts) pulse but not in respect to the BH3z(NHMey) pulse.

Two Au precursors were tested for thermal ALD. The Au(lll) compound,
Me2Au(S2CNEt.), showed self-limiting growth at 180 °C when used with Oas.
Thermal decomposition was noticed only at 250 °C. The Au thin films
deposited were continuous and conductive. Resistivities of 40 — 47 nm thick
Au thin films deposited at 180 °C were 4.5 — 17 pQ-cm. The Au thin films were
found pure by TOF-ERDA and consisted of the cubic phase of gold. The
problem of the process was very low synthesis yield of Me2Au(S2CNEt,), but a
clear benefit was the usage of Oz because it is a general co-reactant in ALD.
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The studied Au(l) precursor, Au(N(SiMez)2)(PEtz), was easy to synthesize with
high yields but no true self-limiting growth was confirmed with BH3(NHMey)
which was applied as a reducing agent. Several other potentially reducing co-
reactants were also tested to find new reducing agents to ALD, but
BH3(NHMe>) was still found to be the best choice. Even though no ALD was

confirmed, the process produced pure Au coatings in a controllable way.

During this thesis work it was confirmed that catalytic surfaces like Ag and Au
can convert BH3(NHMe:) to more reducing species, possibly [Me2N-BH:]2. In
addition to the deposited catalytic surfaces, BH3z(NHMe>) could be activated
already in the source tube by placing Ru pieces there. This shows that the new
species produced from BH3(NHMe>) are volatile enough to be transported
through the gas phase.

In the two case studies the PEALD process of Ag was applied to potential
applications. In the first one, nanostructured SERS substrates were coated.
Noticeable enhancements in the SERS response were seen with the test
structures having the Ag coating. In the second study, titanium implants
modified with either thermal or electrochemical oxidation were coated with
Ag. It was concluded that the Ag coated implants enhanced fibroblast
proliferation which is important in wound healing. The Ag coated implants
also gained antimicrobial activity compared to the unmodified implants. In
both studies the main advantage of applying ALD to the preparation of the
samples was that the amount of Ag was well controlled because of the self-
limiting nature of the PEALD Ag growth.
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