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Abstract

Atomic layer deposition (ALD) has become widely utilized and researched technique for highly
conformal and precise thickness controlled thin film fabrication. Due to these inherent advantages,
ALD has been applied for diverse applications such as memories, logic and solar cells etc. This
thesis presents research of certain plasma enhanced ALD (PEALD) and thermal ALD thin films
with a focus on the effect of process parameters on the material properties.

Mechanical properties of PEALD aluminum nitride films (mainly trimethylaluminum (TMA)
and ammonia processes) were studied and supported with structural and compositional analysis.
The study showed that higher deposition temperature and capacitively coupled plasma bias voltage
improved density and impurity incorporation of the films, consequently positively influencing
coating hardness and elastic modulus. Also, tensile stress magnitude was found to increase with
temperature and high bias voltage lead to slightly compressive film. Moreover, adhesion and
tribological behavior were determined but no marked correlation to process conditions were
established.

PEALD AIN was also studied with an inductively coupled plasma source and TMA/N,:H,
precursor chemistry with a focus on structural and compositional annealing (400—1000 °C)
behavior of the films. Results showed outgassing of hydrogen, slight oxidation despite the vacuum
environment and likely hydrolysis of the AIN films due to annealing. The films maintained their
amorphous structure and their thickness reduced. The third studied AIN PEALD chemistry of
AlCl; /NH3 employed a high process temperature (~500 °C). The developed process produced
(002) preferential crystallinity, very low impurity concentration and high mass density films. In
addition, the residual stresses of the films were found controllable by plasma exposure time and
varied from slightly tensile to strongly compressive.

ALD of consecutive bilayers of Al, O3 /TiO. (aka a nanolaminate) was investigated together with
a physical vapor deposition (PVD) hard coating for wear resistant anticorrosive protection of steel.
First, the corrosion resistance capability of the ALD nanolaminate improved with increased
thickness and with plasma pretreatments which increased coating adhesion. Endurance against
detrimental corrosion current was increased with two orders of magnitude with these hybrid films
in comparison to the bare steel. In the follow-up study, the hybrid film samples were exposed to
subsequent wear-corrosion environments showing that the anticorrosion protection was
maintained at a high level despite the top-most ALD nanolaminate was completely removed. It can
be concluded that the ALD nanolaminate encapsulates conformally the PVD coatings pinholes and
defects which act as the main pathways for corrosion currents.
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Tiivistelma

Atomikerroskasvatuksesta (engl. ALD) on tullut laajasti hyédynnetty ja tutkittu tekniikka hyvin
konformaalisten ja tarkasti paksuusséédeltyjen ohutkalvomateriaalien valmistukseen. Johtuen
naistd ALD:n ominaishy6dyistd, sitd on sovellettu laajasti muun muassa muisti-, logiikka- ja
aurinkokennosovelluksissa. TAma vaitostyo esittad tutkimusta tietyistd plasma-avusteisista (engl.
PEALD) ja termisistd ALD ohutkalvoista keskittyen hallittavien prosessiolosuhteiden
materiaaliominaisuusvaikutuksiin.

PEALD AIN ohutkalvojen (pédasiassa trimetyylialumiini (TMA) ja NH3 prosessilla) mekaanisia
ominaisuuksia tutkittiin ja niita tuettiin rakenteellisilla ja koostumuksellisilla analyyseilla.
Osoitettiin ettd korkeat kasvatuslampotilat ja kapasitiiviset plasmajénnitteet paransivat
ohutkalvojen tiheyttd ja epdpuhtausmiiria, parantaen néin ollen kovuutta ja Youngin modulia.
My0s, vetojannityksen suuruuden néytettiin kasvavan lampoétilan funktiona ja korkea
plasmajénnite johti pieneen puristavaan jannitykseen. Lisiksi, ohutkalvojen adheesio- ja
tribologiaominaisuudet maaritettiin mutta selkedé korrelaatiota prosessiparametreihin ei ollut.

PEALD AIN:4 tutkittiin my6s induktiivisesti kytketylla plasmaldhteelld (engl. ICP) ja TMA/N,:H,
prekursorikemialla, jossa fokuksena oli ohutkalvojen rakenteellinen ja koostumuksellinen
kayttaytyminen tyhjiolampokasittelyn (400—1000 °C) johdosta. Lampokasittelyn todettiin
aiheuttavan vedyn ulosvirtausta, pienta hapettumista ja todennékoisesti hydrolyysia. AIN kalvot
myo0s sailyttivat amorfisen rakenteensa ja osoittivat alentunutta paksuutta. Kolmas tutkittu AIN
prosessi tehtiin ICP-ldhde PEALD:1la ja AlCl; /NH3 prekursoreilla korkeissa prosessilimpétiloissa
(~500 °C). Kehitetty prosessi tuotti ensisijaisesti (002)-kiteisid, alhaisten epdpuhtausmaiirien ja
korkean tiheyden ohutkalvoja. Lisiksi ohutkalvojen jannityksen 16ydettiin olevan hallittavissa
plasma-ajalla pienesti vetojannityksestd merkittdvadn puristusjannitykseen.

Toistuvia ALD-Al, O3 /TiO. kaksoiskerroksia (alias nanolaminaatteja) tutkittiin fyysisen
héyrykasvatus (engl. PVD) kovapinnoitteen kanssa kulutusta kestéviksi korroosiosuojiksi
terdkselle. Ensimmaiseksi, ALD nanolaminaatin korroosiosuojaussuorituskyky parani kayttamalla
paksumpia kalvoja ja plasmaesikasittelyd, joka myos lisési adheesiota. Néilla hybridiohutkalvoilla
saavutettiin noin satakertaa alemmat korroosiovirtatiheydet kuin pelkélla terakselld. Seuraavassa
tutkimuksessa, hybridikalvonéytteet altistettiin perdkkaisille kulutus-korroosio-ymparistaille,
joiden tuloksena kalvojen korroosiosuojaus pysyi korkealla tasolla vaikka pinta-ALD
nanolaminaatti oli kokonaan kulutettu pois. Voidaan paitelld ALD nanolaminaatin pinnoittavan
konformaalisesti PVD pinnoitteen reiit ja rakennevirheet, jotka muuten toimisivat
korroosiovirtojen padasiallisena kanavana terikselle.
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Introduction

1. Introduction

Atomic layer deposition (ALD) is a thin film growth technology based on
self-saturating, sequential, gas-solid surface reactions. It is able to provide
nanometer-range thickness control with superior conformality and uniformity.
In addition, ALD processes permit wide material property tuning and low-
temperature processing possibilities with desirable bottom-up self-assembly
fabrication approach. Traditionally, ALD-based binary compound nitrides and
oxides are the most studied and utilized materials for a multitude of scientific
and industrial applications. The research of ALD has expanded to include also
various metals and emerging materials which hold a promise of grand break-
throughs in the world of shrinking technology.

The history of ALD is two-fold since it was invented independently on both
sides of the Iron Curtain; first in the Soviet Union in the 1950’s [1] and later in
Finland by Dr. Tuomo Suntola and coworkers in the mid-1970’s [2] [3]. As an
acknowledgement of the high technological significance of ALD and the pio-
neer work of Dr. Suntola, he was granted a 2018 Millenium Technology Prize
of million euros by Technology Academy Finland. The first commercially sig-
nificant application of ALD was conceived in Finland in mid-1980’s during
which a thin film electroluminescent (TFEL) display based on ALD of ZnS:Mn,
Al,O; and TiO, was developed and introduced. [3] [4] The next commercially
significant application of ALD technology was with dynamic random access
memory (DRAM) fabrication in the early 2000’s for which ALD is still used
due to it fulfilling the needs of ever growing complex DRAM structures high
aspect ratio (HAR) material deposition requirements. [4] [5] In 2007, ALD
HfO, based material for a CMOS gate oxide was first introduced by Intel: first
on planar (45 nm) and later on FinFET (22 nm) transistors. [4] The ALD of
HfO, provides conformal ultra-thin films (< 3 nm) with a high dielectric con-
stant thus increasing the performance and reducing the power consumption of
modern microelectronics. Moreover, in 2011 a first ALD based gate metals
were introduced for FinFET’s. To futher exploit ALD, in 2010 microelectronics
industry launched a new transistor memory structure called vertical NAND
Flash. This innovation relies heavily on the advantages of ALD technology:
particularly in its ability to conformaly coat pinhole-free films on topograph-
ically complex surfaces. It thus seems that the logic and memory industry is
more and more adopting ALD as a critical technique for miniaturizing device
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fabrication and helping to fulfill the Moore’s law with more and more complex
device architectures.

Even though memory and computers are perhaps the most familiar and hi-
tech application of ALD technology in the rapidly digitalizing world, there are
a high number of other current applications and emerging technologies relying
on ALD. One environmentally and industrially significant application can be
found from silicon solar cells in which ALD of thin films (predominantly
Al,O3) have been found to greatly improve the efficiency of a solar cells by
providing effective electrical and chemical passivation on silicon surface and
working as an anti-reflective coating. [6] [7] Moreover, ALD has been success-
fully applied to microelectromechanical systems (MEMS), fuel cells, organic
light emitting diodes (OLED), bio/gas sensors, photonics and protective coat-
ing applications, although some of these diverse applications do not yet have
commercial implementations. In addition, ALD has been shown to be a power-
ful method for fabrication of emerging nanotechnology such as low-
dimensional structures (e.g. nanowires and nanodots) and related devices. [8]
[9] Due to the above described advantages and the large application domain of
ALD, this technology is under expanding and growing academic and industrial
interest, of which this thesis stands as a humble testimony.

In this thesis, research results involving two ALD thin film topics are pre-
sented: First, the dependence of process variables and material properties of
plasma enhanced ALD (PEALD) of aluminum nitride. Second, the wear dura-
bility and anticorrosion enhancement of CrN/steel materials coated with an
ALD nanolaminate of Al,O3/TiO.. In general, PEALD forms the main theme of
this thesis since the thin films were prepared in a PEALD reactor. Yet, the
nanolaminate (Al,O;/TiO,) was grown with thermal ALD process. However,
pre-ALD plasma treatments were studied and used with respect to these thin
films.

This thesis is divided into five chapters, annexed references and publications.
Chapter 2 describes the basic principles and background of thermal and plas-
ma-based ALD of thin films with emphasis on relevant reactor configuration
and the thin film materials themselves. Chapter 3 covers the most significant
thin film characterization methods utilized in this thesis. The main results and
lessons-learned are discussed in the Chapter 4. Finally, Chapter 5 summarizes
and concludes the thesis.
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2. Atomic Layer Deposition

2.1 Basic Concepts and Principles of ALD

Atomic layer deposition can be considered as a special type of chemical vapor
deposition (CVD) technique. Yet, unlike CVD which involves gas phase reac-
tions and simultaneous supply of reactants, ALD is based on sequential, self-
terminating, gas-solid reactions. [10] It is important to highlight that gas
phase reactions are unwated and avoided in ALD by the sequential introduc-
tion of the reactants (i.e. pulses). The gas-solid reactions involve ligand-
exchange and/or removal of the pulsed reactants which are usually referred as
precursors. The traditional ALD thin film growth of binary compounds con-
sists of repeating the following four process sequence (Fig 2.1):

1. Pulse of reactant A and subsequent self-terminating surface reactions.
2. Purge of the gaseous by-products and any unreacted A reactants.
3. Pulse of reactant B and subsequent self-terminating surface reactions.
4. Purge of the gaseous by-products and any unreacted B reactants.

The above is known as an ALD reaction cycle and results in molecular layer of
material having the two target element layers usually covalently bonded. This
resultant layer is known as a chemisorbed monolayer and is technically differ-
ent than an atomic layer which usually requires multiple reaction cycles. It
should be noted that a concept of ALD half-cycle, is also generally used and
that refers to the steps 1. and 2. or 3. and 4. and refers to the process sequence
devoted to each reactant. Every performed reaction cycle constitutes an incre-
ment of material thickness which is generally referred as growth per cycle
(GPC) having a unit of &ngstrom (10'° nm) per cycle. Subsequently, if the GPC
is known, and the ALD process conditions are favorable for self-limiting
growth, the thickness of ALD thin film can be controlled with sub-nanometer
accuracy by simply controlling the number of reaction cycles. In addition, the
other unique properties of ALD such as uniformity and conformality derive
from its self-limiting, “digital” growth mode.
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Figure 2.1. Schematic illustration of typical ALD cycle for binary compound
material. The depicted precursors and surface reactions are modelled along
the ubiquitous trimethylaluminum (TMA) and water ALD process.

2.2 ALD Growth Mechanisms

The growth of ALD thin films is mainly dictated by three factors: reactants,
temperature and starting substrate. All these factors are interlinked and to-
gether determine the favorable conditions for successful material growth. Fail-
ure to account all these factors may lead to non-ALD growth mode (such as
CVD) or no-growth at all. Finding ideal process parameters usually requires
significant time devoted for process development and optimization.

2.2.1 Reactants and surface chemistry

The main requirements for an ALD reactant is to be sufficiently reactive with
respect to the growth surface. As a consequence, the reactant has to be volatile
in the desired process temperature range without decomposing (i.e. have suffi-
cient thermal stability in the process vacuum). Secondly, the reactant’s gas-
solid reactions have to be self-terminating and irreversible within the applied
ALD process conditions. Adsorption of the reactant to the surface can be con-
sidered as physisorption or chemisorption whether the absorbent forms a
weak interaction (e.g. van der Waals interaction) or a strong interaction (e.g.
covalent bond) between the surface ligands, respectively. In the case of phy-
sisorption the surface reaction is reversible and non-specific (i.e. different
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bond types and/or surface species). Therefore, the physisorption may lead to
multilayers and consequently chemisorption is desired because it involves a
formation of a monolayer of adsorbed species. Chemisorption is divided to
mechanisms of ligand exchange, disassociation and association of which lig-
and exchange is preferred for ALD because it involves the formation of irre-
versible bonds and gaseous byproducts which can be purged. If proper self-
terminating ligand exchange is not achieved, the reactants may desorb from
the surface or react with each other. It is also preferred that the precursor or
the reaction byproducts do not etch or in other ways damage the surroundings
(the thin film, substrate or the ALD reactor). For example, in the case of
MoCl;s/oxidant, and NbCl;/oxidant processes, the oxychloride byproducts are
so aggressive against the intended metal oxide films that it is very challenging
to produce decent quality ALD thin films. [11] [12] The latter harmful byprod-
uct effect can be generalized to consider practically all chloride/oxidant reac-
tant pair ALD processes.

Purge steps have significant influence on ALD control: if the purge time is in-
sufficient, the precursors A and B meet each other in the gas phase and may
cause undesired CVD growth. Such CVD growth mode has greatly reduced
thickness and conformality control over the film and leads typically to nonuni-
form film growth. In the opposite case, too long purge times might cause de-
sorption of surface bonded species if the surface chemistry and ambient pro-
cess condions are favourable. A purge time of a reactant is mainly affected by
four factors: first, the base pressure of the ALD reactor (determines the effec-
tiveness of the evacuation), second, flow dynamic in the ALD reactor volume,
third, the stiction tendency of the precursor to surfaces (often dependant on
temperature), and four, topography of the substrate.

In addition, a proper degree of reactant dose (i.e. amount of reactants deliv-
ered to the ALD reactor) control needs to be guaranteed. In order to gain
proper dose to ensure ALD reactions proceeding to completion, the vapor
pressure for the precursors in question have to be high to allow delivery of
enough reactants in a reasonable time (typically from hundreds of millisec-
onds to seconds). Typically precursors are transported by an inert carrier gas
(e.g. N, or Ar) to the ALD reactor. Since many precursors are solids or do not
have high enough vapor pressure at room temperature, heated precursor
source designs are routinely used as part of ALD instrumentations. The de-
composition temperature of the reactant sets the upper limit to heating. Some
precursor source solutions for low vapour pressure reactants allow boosting of
the precursor pulse by introduction of intense carrier gas pulse in the source
which in turn might allow to lower the heating. It should also be noted that
ALD reactor design can either facilitate or impair the delivery of sometimes
unstable gaseous reactants. For example, long delivery pipelines for thermally
sensitive reactant might subject it to decomposing or condensation collisions
and/or cold-spots with the walls. In these cases, a positive temperature gradi-
ant toward the reaction chamber is beneficial. Typically, the dose of a vapor
phase precursor is controlled with pulse time [executed with mass-flow-
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controllers (MFC)] and standard-cubic-centimeter-per-minute (sccm) flow
(e.g. needle valves).

If the above discussed conditions for ALD are met (including adequate dose
of reactants), the chemisorption reactions will saturate all of the accessible and
reactive surface sites. It is important to make a distinction between all the free
surface sites and the sites actually accessible and reactive because only the
latter result in growth and thickness increase during a single ALD cycle as il-
lustrated in the Fig 2.2. In fact, due to this, ALD growth of the target material
is typically less than a monolayer which consequently leads to GPC values
which show less than an atomic layer growth (GPC < ~1 A/cycle); typically
chemisorption monolayer is always formed but a complete atomic or molecu-
lar monolayer only after multiple ALD cycles. Therefore, the low GPC is fun-
damentally caused by a necessity to have multiple ALD cycles to fill the poten-
tially nonreactive and inaccessible sites of a surface and to complete the mono-
layer.

Figure 2.2. Schematic illustration of irreversible chemisorption mecha-
nisms causing unwanted surface saturation: a) steric hindrance, b) non-
reactive surface sites.

In addition to nonreactive sites, one of the main mechanism restricting the
number of free sites is the physical size of the precursor compound which may
cause steric hindrance in which a large bonded precursor molecule blocks the
free bond site(s) in its vicinity from the other reactants. This may lead to in-
creased impurity levels and reduction of mass density and, as a result, to GPC
of the film. Thus, in general, spatially small precursor compounds are pre-
ferred. In addition, if the substrate has a complex 3D topography (e.g. HAR or
shadowed structures) the ALD film growth in the far-ends of such structures
might be diffusion limited and the precursors might not reach the surface
sites. Finally, there are also economic considerations since some precursors
are expensive, time consuming and/or environmentally harmful to synthe-
size/dispose of or have harmful reaction byproducts.
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2.2.2 Temperature window

ALD process temperature (referring here to actual substrate level and reactor
temperature) dictates mainly the volatility of the reactants and thus the GPC
or whether ALD can proceed at all. Therefore, it is one of the most important
process parameters and a framework of ALD temperature window is used in
the field. It refers to a temperature region in which all reactants taking part in
the ALD process fulfill the requirements for ALD growth (i.e. self-termination
and irreversible reactions). It is important to note that as a consequence some
reactant combinations are not thermally compatible and thus also some mate-
rials are still inaccessible for ALD. Fig. 2.3 illustrates an idealized ALD tem-
perature window vs. GPC and includes the undesired non-ALD growth phe-
nomena marked in the image. If the process temperature is lower than the
lower limit of the ALD window, the GPC either increases or decreases depend-
ing whether the precursor(s) condensate as a solid physisorbed layers on the
substrate or have insufficient thermal energy for ligand exchange reactions,
respectively. On the other hand, too high temperatures may lead either to de-
composition of the reactants that increase the GPC due to deposition of nonde-
sired species, or desorption of the reactants from a substrate or as-deposited
film decreases the GPC.

condensation decomposition
O irreversible
o :
5] saturative growth

insufficient - - desorption

thermal ¢—ALD window—>-

energy -

Temperature ’

Figure 2.3. Presentation of constant GPC ALD temperature window with
non-ALD window growth phenomena. Image reproduced from Ref. [13] with
permission.

In practice, relatively good quality ALD growth can be achieved in some cas-
es with the non-ALD-window growth. For example, trimethylalumi-
num/ammonia (TMA/NH;) process has mismatching ALD temperature win-
dows because TMA starts to decompose at a 325 °C temperature while ther-
mally driven reactivity of NH; is minor at those temperatures. Still, a working
AIN ALD process has been shown with these reactants because the TMA de-
composition rate is sufficiently low in order to permit proper ligand exchange
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and subsequently the NH; step surface-saturation can be improved with pro-
longed pulse times. [14] Although, it should be noted that the impurity con-
tents of the produced films get higher when the process temperature is in-
creased. [14]

Despite the GPC in Fig. 2.3 is presented as a constant inside the ALD win-
dow, the GPC in reality often varies inside it in actual ALD processes. This is
due to the GPC being fundamentally a function of reactant’s reactivity and the
amount and type of viable bond sites on the surface in addition to temperature
dependent structural changes some film materials exhibit. One well-known
example of this is the GPC behaviour of TMA/H.O process in which the GPC
decreases at increasing deposition temperatures (at >100 °C). This behaviour
can be credited to progressively more efficient removal of —OH groups (dehy-
droxylation) which enhances the less-than-a-monolayer growth and results to
more densely packed Al,O; film with less hydrogen impurities.

As an interesting case, ALD process of TiCl,/H.O (also applied in this work)
exhibits nonlinear GPC dependence with respect to temperature having local
minima at 200 °C and 300-350 °C. [13] However, this nonlinearity can be con-
tributed to the changes on the degree, and the phases of the crystallinity of the
TiO, film: applying deposition temperatures of 100-165 °C results in amor-
phous, 165-350 °C anatase and higher temperatures favor rutile phase TiO..
[15] Crystallization involves energetically favorable reconstruction of the atom-
ic structure into a preferred lattice structure. This reconstructioning has an
implication of altering surface roughness and the thickness (and ergo GPC)
due to the spatially differing order of the atoms with respect to amorphous
state of the material.

2.2.3 Substrate effect and growth initiation

At the beginning of an ALD process successful growth initiation on the sub-
strate has to be obtained in order to obtain steady-state growth per cycle. In
general, substrates have different surface morphologies and chemistries that
affect the initial ALD growth mode and subsequently the GPC. In some cases,
the surface chemistry of substrate and ALD precursors are not compatible or
exhibit very slow ALD regime growth. However, proper surface functionaliza-
tion (such as thermal, chemical or plasma treatment) may enable or enhance
ALD growth in such cases.

Since ALD growth is typically described within the framework of GPC, Fig.
2.4 illustrates some reported substrate-induced effects on the GPC. In these
cases the GPC eventually reaches steady-state growth when the inhibiting or
enhancing substrate is fully covered by the film. The Fig. 2.4 a) shows an ideal
case in which the ALD growth is initiated without substrate effects thus deliv-
ering a constant GPC. On the other hand, the Fig. 2.4 b) and c¢) illustrate cases
of substrate-inhibited growth of which the b) type inhibition is typical when
substrate has minor number of possible bond sites or when the reactants or
by-products etch or corrode the initial growth due to the substrate interac-
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tions. In the Fig, 2.4 ¢) case, the GPC is first inhibited and then increases be-
fore setting to the constant value. This type of growth initiation is typical to so-
called island-growth mode in which the ALD of material favors more already-
deposited material on the expense of the substrate. In these cases the first ALD
islands are randomly dispersed and could favor growth commencement for
example from surface irregularities. The presented local maximum of the GPC
is believed to be caused by the reached maximum thickness and surface area of
the islands before they are connected to a completely substrate covering film.
After that point, the growth should continue as a uniform monolayer growth
and GPC settles. This sort of initial selective ALD growth has been found with
hydrogen-terminated Si substrates, for instance with TMA/H.O process. [16]

GPC
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Figure 2.4. GPC behaviors under substrate effects: a) no effect, b) and c)
inhibited growth, and d) enhanced growth. The red line depicts the extrapola-
tion of the steady-state GPC in order to better capture the shift of the GPC.
Image reproduced from Ref. [13] with permission.

In addition, substrate-enhanced growth is presented in the Fig. 2.4 d). This
effect takes place mainly when the substrate has higher free site density than
the ALD film will have during the steady-state growth. In this case, the sub-
strate will obtain monolayer of the desired material faster (higher GPC) than
the substrate covering ALD material (lower GPC). Secondly, substrate-
enhancement may occur when a volatile substrate (e.g. due to ALD tempera-
ture or plasma pretreatment) is exposed to reactants causing more-than-
monolayer reactions. For instance, reacted molecules or atoms may diffuse
deeper in the substrate instead of just forming abrubt interface.

Typically, substrate inhibition and enhancement are unwanted effects, how-
ever during recent years a growing amount of research effort has been directed
towards these effects since they are seen as a phenomenological gateway to so
called area-selective ALD (AS-ALD). The main idea behind AS-ALD is to selec-
tively deposit thin film either with highly localized spatial ALD solution or by
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functionalizing a substrate surface and then performing ALD. Many of the cur-
rent approaches have utilized self-assembled monolayers (SAM) to convert the
chemically reactive sites to non-reactive for a desired ALD chemistry. [17] This
could enable IC-compatible and more direct ALD material patterning on a
substrate by reducing lithography steps, removing etch processes and decreas-
ing process costs and chemical consumption. [17] Yet, currently the research of
AS-ALD is still on its infancy although it hold major potential promise for
nanotechnology.

2.3 Plasma Enhanced ALD

Plasma enhanced ALD is a broadly applied variant of thermal ALD. The word
plasma comes from ancient Greek and stands for “moldable substance” and is
defined to be one of the four fundamental states of matter in which the matter
is ionized gas. In PEALD typically the non-metallic co-reactant is plasma acti-
vated in order to increase its reactivity. As a result the required process tem-
peratures can usually be reduced and energetically inaccessible reactants can
be used where the same thermal ALD process would be impossible. In addition
to these generally noted advantages, PEALD can also provide some degree of
thin film property tuning with the controllable plasma parameters such as
plasma power, bias voltage, time, gas type and concentration.

2.3.1 Basics of plasma deposition

In the PEALD method, the plasma species can be generated with many kinds
of electric and electromagnetic field based plasma generators [e.g. microwave
cavity, inductively coupled plasma (ICP) and capacitively coupled plasma
(CCP) sources] and with various power signals [e.g. direct current (DC), alter-
nating current (AC) and radio frequency (RF)]. Nevertheless, their rudimen-
tary operation principle is the same and is based on acceleration of electrons in
an electric field and their inelastic collisions with the process gas. This mo-
mentum and energy transfer can excite, ionize or dissociate (i.e. generate reac-
tive atomic or molecular neutrals) the process gases which can be monoatomic
(e.g. Ar, He), diatomic (e.g. N,, H, and O.) and polyatomic (e.g. NH; and CO.,).
[18] In addition to the previous, the plasma electron and gases interactions
may cause processes of charge transfer, electron impact detachment and pho-
toemission. [18] Subsequently, an active plasma includes plasma species of
electrons, ions, radicals, photons (dominantly UV region), and possibly inacti-
vated process gas atoms or molecules (e.g. particularly in the case of insuffi-
cient plasma power).

The ions are mostly confined in the discharge region because they usually
experience fast recombination with electrons outside of it. [13] Moreover, the
fractional ionization is generally very low on processing plasmas. [19] Howev-
er, the ions can also be used as an advantage by controlling their energy and
dose (net flux over time) to the substrate. [20] These can be respectively
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achieved with a control of plasma power or bias voltage between the plasma
source and the substrate level, and plasma time thus permitting additional
energy introduction for surface reactions. Thus, there are many reported po-
tentially beneficial ion-induced effects such us adatom migration (enhances
film nucleation and crystallization), enhanced surface species desorption and
sub-surface-implantation of ions. [21] [20]

Unlike the ions, the plasma radicals recombination lifetimes and conse-
quently the fluxes are much higher thus enabling the radicals to govern the
surface chemistry of the substrate level. It is still noteworthy that some degree
of plasma radical loss takes place (mainly on the wall surfaces) during the
PEALD process which is a significant distinction to thermal ALD in which the
reactant loss does not happen (with exception of O; processes) within the ALD
window operation. Due to this limiting effect of recombination lifetime of radi-
cals, the conformality performance of PEALD is reduced in comparison to
thermal ALD. Still, having sufficiently high doses and assuming typical (>0.3)
surface recombination probabilities of reactants, PEALD can result to 100 %
conformality (i.e. flat-surface uniformity) of 10:1-30:1 AR structures. [19] Even
though this conformality is reasonable for many applications, PEALD is re-
garded less ideal for HAR structure and batch depositions. However, for O.
plasma based SiO, and HfO,, 100 % conformality on 60:1 AR structures (115
nm opening, 6.75 um depth trench) have been obtained showing conformality
to be process dependent. [22]

As mentioned briefly before the various electron-collision processes cause
photoemission (mainly UV) during the plasma operation. Consequently, this
radiation can be measured and analysed with optical emission spectroscopy
(OES) which can give valuable information about the composition of the plas-
ma chemistry. [19] [23] However, the radiation can also influence to the film
growth either harmfully or positively. Related to the latter, so-called photo-
assisted ALD (PA-ALD) has been studied during the recent decade especially
for a possible enabler of AS-ALD. [24]

2.3.2 PEALD reactor configurations

PEALD reactor configurations are typically divided into four types depicted
in Fig. 2.5. In addition to these, there is a growing number of different PEALD
setups which differ from the detailed reactor design, plasma sources and/or
plasma radical delivery solutions. Nevertheless, the presented configurations
are the most used ones and have proven ability for PEALD of thin films. [19]

11
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Figure 2.5. Different PEALD reactor configurations: a) radical-enhanced
ALD, b) direct plasma ALD, c) remote plasma ALD and d) hybrid plasma ALD
(mesh as a lower electrode). Reproduced from Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 29, 050801 (2011);
https://doi.org/10.1116/1.3609974 with the permission of the American Vacu-
um Society.

A radical-enhanced ALD (RE-ALD) configuration [Fig. 2.5 a)] features a plas-
ma generator that is fitted as an external part of thermal ALD reactor. [19] Due
to this, the radicals have relatively long distance to travel to the substrate that
exposes them to surface recombination in the delivery route. As a conse-
quence, the radical densities reaching the substrate are quite minor and usual-
ly relatively long plasma exposure times are needed to reach surface saturation
with the RE-ALD processes. [19]

Fig. 2.5 b) presents a direct plasma ALD reactor that is adopted from the
established plasma-enhanced CVD (PECVD) reactor setup and which is also
used in physical vapor deposition (PVD) methods such as sputter deposition
instrumentation. In this configuration, the CCP discharge (usually with 13.56
MHz RF signal) is generated between upper electrode and substrate level
which acts also as a lower electrode. Typically, the lower electrode is grounded
and the plasma gases are introduced either from above (referred as shower
head type) or from the side (referred as flow type) of the CCP reactor. [19] The
direct exposure of the substrate to the plasma usually decreases the plasma
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exposure times of this configuration to only few seconds. However, since all
the plasma species are on the same volume with the substrate, the ion bom-
bardment damages may be significant. Yet, in the case of industrial processes,
the direct plasma ALD reactors can be assumed to be popular since the reactor
and process can be tuned to remedy the ion bombardment while achieving
high through-put. [19] Therefore, this configuration is less used in research
tools where multiple materials with versatile process control are desired for
PEALD.

Remote plasma ALD (RPALD) (Fig. 2.5 c¢)) features typically an ICP source
and plasma gas feed located spatially upstream from the reactor space. [19]
The sufficient spatial separation should enable operation conditions where no
bias voltage between the plasma discharge and substrate level exists and sub-
sequently only radicals and carrier gas end up on the substrate. Still, the
RPALD differs from REALD by having higher radical density and a non-zero
electron and ion densities above the substrate. One advantage that RPALD has
over the other plasma ALD setups is broader tuning possibilities of the operat-
ing conditions. For instance, the RPALD holds possibilities to influence on the
substrate level with radical flow, ion bombardment and radiation control.

The remote plasma concept has also been applied in the Fig. 2.5 d) illustrat-
ed hybrid plasma ALD system in which a direct CCP discharge volume has
been separated from the substrate by placing a mesh between them which acts
as a lower electrode. This so-called triode configuration allows plasma radicals
to diffuse to the substrate space while effectively limiting the ions and elec-
trons on the upper part of the reactor. [19] Also, so called hollow cathode
plasma (HCP) source configuration can be considered as a hybrid plasma ALD
setup since it combines CCP type radical generation and drive voltage to the
substrate but remote plasma like spatial sepation of the source and the sub-
strate. [25] The former type hybrid plasma ALD of Beneq 500 was used in tri-
ode configuration (RF 13.56 MHz) also in the Publication I. Furthermore,
strictly ICP source RPALD reactor of Picosun R200 was used (RF 13.56 MHz)
in thin film depositions in Publication II, ITI, IV, and V.

2.3.3 Merits and applications of PEALD

PEALD is best suited for applications on which its merits are substantial in
comparison to other deposition methods. As mentioned briefly above these
merits include for example reduced substrate temperatures, increase of pre-
cursor and material choices and, in some cases, improved material properties
in comparison to thermal ALD. Yet, the more process specific benefits of
PEALD also include increased GPC, improved control of film properties and
composition and increased processing opportunities (such as pre-deposition
plasma treatments for substrate). Covering these aspects deserve more atten-
tion in order to highlight the versatility and applicability of PEALD.

First, improved material properties and freedom on their control has been
obtained with PEALD. For example, enhanced film density, impurity concen-
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tration and electronic properties have been influenced positively with PEALD.
[19] [21] In addition, the residual stress control of some PEALD thin films with
plasma parameters have been reported. [21] [Publication I][Publication III] It
is likely that ion energies and flux over time to the substrate surface influence
the densification and possibly crystallization of the film and thus causes stress
formation. This could enable PEALD usage for example on MEMS or NEMS
applications in which decent conformality is sufficient and stress control is
needed. More established thin film deposition methods which have stress con-
trol capability (such as magnetron sputter deposition) do not have the same
level conformality performance.

Second, the possibility to reduce deposition temperature due to highly reac-
tive plasma radicals has profound implications since it enables depositions for
thermally sensitive substrates (e.g. polymers and organic substrates). One
could argue that the reactivity enhancement concerns only the non-metallic
co-reactant and not the metallic precursor but often the metallic precursors
are much more volatile at low temperatures than the typical plasma gases
would be without the plasma activation. For example, PEALD allows effective
deposition on photoresists which has been successfully applied in so-called
spacer-defined double patterning scheme with SiO, PEALD process. This
scheme allows nanometer scale patterning with <100 °C deposition tempera-
tures and therefore it has been applied to manufacturing process of DRAMs.
Other important application of low-temperature PEALD can be found on en-
capsulation of polymeric and organic devices such as OLEDs. Especially metal
oxide PEALD films have been shown to be powerful barriers against water and
oxygen vapour due to their high density and freedom from pinholes. [19] [26]

Third, some PEALD processes have increased GPC in comparison to equiva-
lent thermal ALD processes. This can be mainly credited to the higher reactivi-
ty of the co-reactant that leads to more efficient monolayer formation. Due to
this, PEALD processes have also been shown to overcome substrate-inhibited
growth modes present with some substrates. High GPC’s are highly valued in
industrial manufacturing since they improve the process throughput taken
that ALD cycle times are not prolonged in comparison to equivalent PEALD
process.

Fourth, the presence of plasma source also allows many in-situ treatments
for substrates, deposited films and reactor walls. For example, substrates can
be cleaned from organic residues with O, or N,/H. plasmas and pretreated to
have uniform oxidized or nitrated surface. Such treatments have been shown
to improve adhesion and corrosion resistance of ALD films, for instance, on
steel and PVD coated steel substrates. [27] [Publication IV]

Lastly, it is worth mentioning that especially many pure metal depositions
require plasma-activation of the nonmetallic co-reactant. For example, Ti and
Ta depositions have only been obtained with PEALD process since thermal
ALD precursors lack the reactivity to reduce the metals. Also, in certain Pt pro-
cesses PEALD has been shown to eliminate almost completely a nucleation
delay typical for the thermal ALD process. [19] These metal processes are usa-
ble for example in nanoelectronics and catalysis applications.
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2.4 Materials and Applications

2.4.1 Precursors

Typical ALD processes utilize metal and non-metal precursor combination as
basic chemical substances for materials such as metal-oxides, -nitrides, -
selenides, -sulphides, -tellurides and metal thin films such as Au, Ag, Cu, Ru,
Pt. [28] [10] Despite the wide selection of materials for ALD, it is not possible
to grow all of them. This is due to the limited amount of reaction routes and
reactants to obtain ALD mode growth. Nevertheless, the ALD precursor selec-
tion, and consequently material process selection, is constantly expanding due
to the active research concerning the ALD chemistries and novel precursors
synthesis.

In general, ALD precursors can be divided to metal and non-metal precur-
sors or to organometallic and inorganic precursors. Historically organometal-
lic reactants have been one of the most used precursor type (e.g. alkyls, am-
ides, alkoxides, cyclopentadienyl etc.) for the metallic compound of the ALD
thin films. [28] Typical inorganic reactants include, for instance, chemistries
based on halides (e.g. -Cly), fluorides (-Fy), hydrides (-H) and elements (Os, S,
Zn, H.). Sometimes typical nonmetallic reactants (like H.O, O3, O.-plasma,
NH;, N./H,-plasma etc.) are called co-reactants. In general, these elemental or
elementally simple precursors are desired because they generate low degree of
steric hindrance and impurities thus promoting stoichiometric monolayer
growth. However, elemental precursors especially have often low vapor pres-
sure and poor irreversible reactivity on purely thermal ALD growth and there-
fore they are often used as plasma activated radicals. [10]

From the two well-established metal precursor classes alkyls (TMA) and hal-
ides (TiCl, and AICl;) were used in this work. Alkyls have high reactivity and
usually small ligand size thus yielding low steric hindrance. Unfortunately, the
alkyl precursor chemistries are available for rather small number of metals
and are mainly used with Al and Zn. [28] Additionally, alkyls tend to decom-
pose on relatively low temperatures thus limiting their use. [28] Chlorine on
the other hand can form precursors with many metals while having relatively
high performance [10]: they are stable over a wide temperature range, have
high reactivity and provide low degree of steric hindrance due to small ligand
size. [28] Yet, the drawbacks include: need to heat the precursors (can gener-
ate particles) because halides are often solid at room temperature, sensitivity
to moisture and ambient, the corrosive gaseous byproducts which may harm
the thin film, and finally residual Cl-group impurities left in the films. [28]

For commonly applied PEALD of metal-nitrides and -oxides, N and O plas-
ma reactants are relevant and therefore Table 2.1 tabulates the main plasma
radicals present in N,, H., NH; and O, plasmas based PEALD processes on the
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basis of OES studies. [23] These plasmas were also used in this thesis. It is
noteworthy that the triple bond of N, molecule makes it very inert in compari-
son to the H-NH, and H, having bond strengths of 226, 110 and 104 kcal/mol,
respectively. [29] However, a presence of atomic H increases the disassocia-
tion probability of N, significantly thus making the mixture necessity for usa-
ble reactivity of N, based deposition plasma. [29]

Table 2.1. List of OES observed spectral lines and related transitions and spe-
cies for the most typical PEALD chemistries based on N,, H., NH; and O.
plasma gases. The CO, CN and OH species are observed byproducts of PEALD
processes. Reproduced from Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 28, 77 (2010); https://doi.org/10.1116/1.3256227
with the permission of the American Vacuum Society.

Quantum
number Wavelength

Species Comment Transition (n/v) (nm)

CO Angstrom system B'S—A'l 0—2 519.82
CN Violet system B3 —X?%  0—0 388.34
H Balmer series 3d’D—2p*P"  3—2 656.28
H, Fulcher band d’l,—a’3s* 0-0 601.83
N, Second positive system C SH”HB j‘Hg 0—0 337.13
N, First positive system B 3l_IgHA 32”+ 5—=2 670.48
NH Angstrém system ATl —-X33 0—0 336.01
0 — 3p°P —35°8° 352 777.19
0," Ist negative system b3 —a'll, 2—1 559.75
OH Angstrom system A3t X 0—=0 308.9

Next, the materials and their (PE)ALD processes studied in this thesis are
presented in more detail.

2.4.2 Aluminum oxide

Aluminum oxide (Al.Os;) has many valued material properties such as wide
band gap, excellent dielectric constant (7-10), good thermal and chemical sta-
bility. [30] The ALD of Al,O; provides amorphous film deposition with excel-
lent adhesion and structurally high quality interface with silicon. Therefore, it
has been applied as a gate dielectric for electronic devices [5], passivation and
antireflective purposes in photovoltaics (PV) [6] and a moisture and gas per-
meation barrier for e.g. OLEDs, polymers or flexible electronics [31] [32]. In
addition, ALD fabricated Al.O; films have been applied to myriads of other
micro- and nanotechnological applications.
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Al;Oj4 thin film process has been obtained with numerous ALD and PEALD
precursors but the two most standard processes are TMA/H.O for thermal
ALD and TMA/O.-plasma for PEALD. Both of them exhibit rapid reaction ki-
netics and low level of impurities trapped in the films. The TMA/O,-plasma
process deviates on the second half cycle from the thermal Al.O; process by
having combustion-like reaction where typical combustion products of CO.
and H,O are generated. Since the TMA/H-O process was applied in this work
(Publications IV and V) it is introduced in more detail.

The TMA/H.O process can be represented with the following half-cycle re-
action equations: [10] [33]

/-OH + Al(CH3);(g) — /-O-Al-(CH3). + CH,(g) (1)
and
JAl-(CH3) + H-O(g) — JAI-(OH) + CH/(g) (2)

In which the “/-” stands for surface bond site. As can be observed, methane
(CH,) is the reaction byproduct produced during the both half-cycles whereas
the surface termination changes between —CH; and —OH groups. The Al.O;
film synthesis has one of the highest reaction enthalpies (-376 kcal) known for
any ALD reaction. [32] It is noteworthy that also other reaction pathways may
take place during the process: e.g. TMA may react bifunctionally with two sur-
face —OH groups forming (/O-).AICH; (in fact this reaction pathway has been
proposed to be more favorable than the monofunctional reaction [34]); or
TMA may react dissociatively with unsaturated Al-O- bonds creating Al-CHs;
or two —OH surface groups might react with each other forming H.O and /=0
(i.e. dehydroxylation). The process shows decreasing GPC between 120 to
>300 °C deposition temperatures which have been credited to the reduction of
surface —OH group formation. [19] [33] Yet, with lower deposition tempera-
tures (<120 °C) the GPC starts to decrease again but this time the reason lies
on incomplete surface saturation of H,O resulting to less dense films. It is also
possible that due to the sticky nature of H.O at low-temperatures, multilayer
physisorbed water and/or CVD growth starts to take place and cause increase
on GPC. These effects of low thermal energy can be alleviated in some extend
with longer dose and purge exposures. As a consequence, ALD Al,O; grown at
33 °C has been reported but the required purge times were uneconomical (be-
ing 3 minutes) and the structural and elemental material quality was poor.
[33]

2.4.3 Titanium oxide

ALD titanium dioxide, TiO,, is a widely studied material due to its attractive
properties such as high photoactivity, photocatalysis, refractive index, permit-
tivity and low coefficient of friction (CoF). [13] [15] [35] Many of these proper-
ties are related to certain crystalline phases of the TiO. which can be easily
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selected by controlling the deposition temperature (amorphous at <165 °C,
anatase at 165-350 °C and progressively rutile at 350-500 °C). [35] In addi-
tion, the ALD TiO, has been shown to be a good anticorrosion coating for steel
and CrN due to its chemical stability. [36] [37]

The most commonly used reactant pair for ALD of TiO- is TiCl, and H.O due
to their high reactivity, predictable growth behavior in a wide temperature
window and sufficient vapor pressures for room-temperature pulsing and low
purchasing costs. This process was also used in the Publications IV and V. The
formation of ALD TiO. can be presented with half-reaction equations adapted
from Ref. [38]:

#-(OH)x + TiCl(g) — -O«-Ti-Cl, + (4-y) HCI(g) 3)
and

1-O:-Ti-Cly + y H20(g) — [ Ox-Ti-(OH)y + (4-y) HCl(g) 4)

Depending on the reaction pathway, x may mark either 1, 2 or 3 O-containing
bond groups and accordingly y may mark 1-3 surface groups of -Cl or -OH and
defines also the number of byproduct HCl molecules. It has been proposed
that whether the reaction favors mono-, bi- or trifunctional adsorption de-
pends on the spatial freedom granted by steric hindrance. [38] The reaction
byproduct (HC) is a major disadvantage of the process since it is can corrode
the already grown film and the ALD reactor. This effect could be observed as
nonuniform film growth especially in cross-flow type ALD reactors in which
thinner film thickness can be observed in downstream of the flow.

2.4.4 Aluminum nitride

Aluminum nitride is a III-V semiconductor having a very wide and direct
band-gap (6.2 eV), excellent piezoelectric and thermal stability properties with
high mechanical strength, thermal conductivity (~3.2 WemK* at RT), dielec-
tric constant (8.5) and acoustic velocity (6000 m/s). [39] [40] Due to these
properties AIN is used and studied broadly for diverse micro- and nanotech-
nology applications such as light emitting diodes (LED’s) [41], high power IC’s
[42], MEMS resonators [43] and actuators [44]. AIN has also low thermal ex-
pansion coefficient matching closely to silicon’s thus making it Si-based CMOS
fabrication compatible.

Depending on the application, either thick or thin, doped or pure, crystalline,
polycrystalline or amorphous AIN is required. Therefore, AIN has been tradi-
tionally fabricated or deposited with many different methods such as sintering,
pulsed laser deposition, sputtering, metallo-organic vapor phase epitaxy
(MOVPE), molecular beam epitaxy (MBE) and CVD. Recently, AIN thin films
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have also been deposited by ALD and PEALD driven mainly by the increasing
demands of conformality and precise thickness control.

The ALD and PEALD AIN processes can be done with numerous precursor
combinations but likely the most studied ones are based on TMA and AlCl; as
metal precursors and NH;, NH; plasma and N,/H. plasma as N precursors. It
is noteworthy that in comparison to PEALD AIN, thermal ALD AIN processes
(especially TMA/NH;) are not much studied due to the reasons described in
section 2.2.2. Due to the established position and in-house research legacy of
the TMA/NH; and TMA/ N.:H., PEALD processes they were chosen as the
main investigated processes in this thesis (Publication I and II). The
TMA/NH; plasma process can be described with the following simplified half-
reaction equations:

/-NH + Al(CH3)5(g) — [-N-Al-(CH3). + CH,(g) (5)
JAI-(CH3) + NH(g) + H-species — JAI-NH + CH (g) (6)

In addition to NH radicals also excited H and H. species participate in the
plasma half-cycle reactions as shown with OES studies, see Fig. 2.6. [23] Also,
TMA can desorb either mono- or bifunctionally as discussed already in section
2.4.2. As a result, the surface termination is switched between -AICH; and -
NH, surface groups.
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Figure 2.6. OES of a) O. and b) NH; steady-state plasmas. Various excitation
processes of O., NH, N, and H are marked in the spectra highlighting the radi-
calization of the originally inert molecules. Reproduced from Journal of Vacu-
um Science & Technology A: Vacuum, Surfaces, and Films 28, 77 (2010);
https://doi.org/10.1116/1.3256227 with the permission of the American Vacu-
um Society.

Similarly, the PEALD process between TMA and N./H. can be represented:
J-NH + Al(CH;)s(g) — /-N-Al-(CH,). + CHA(g) @)

JIAI-(CH3) + N-species + H-species — JAI-NH + CH,(g) (8)
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In this case, the N and H species react with each others and the -CH; ligands
thus forming —NH surface termination and methane byproducts. During a
typical PEALD steady-state plasma, OES studies have shown a presence of
excited H and H. species and excited N.. [23] However, it is not confirmed
could atomic N play a role in the plasma since it could not be distinguished in
the studied conditions. [23] The important observation can be made from the
equations (7) and (8) that a larger number of H., is needed than N, in order to
complete the reactions. Indeed, plasma H, deficient (N,/H. ratio <1/1) AIN
films have been shown to oxidize significantly once exposed to ambient due to
insufficient nitridation. [45]

Lastly, the AICl; and NH; plasma process half-reaction equations can be de-
ducted to be:

I-NH + AICly(g) - //(-N-);-Al-Cl + (3-x) HCI(g) 9)
JAL-Cl. + x NH(g) + H-species — JAI-NH + (3-x) HCI(g) (10)

Here x may have a value 1 or 2 depending whether AlCl; is bi- or monofunc-
tionally adsorbed, respectively. The usage of AlCl; allows utilization of high
deposition temperature region for PEALD (>300 °C) but disadvantages in-
clude harmful Cl impurity incorporation and possible nonuniformity issues
related to the corrosive HCl by-product. The AlCl;/NH; process was carefully
investigated in the Publication III.
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3. Characterization of Thin Films

This chapter introduces some of the experimental characterization methods
used in this thesis. In addition to the methods described below, ellipsometry;
mechanical profilometer; optical microscopy; transmission electron microsco-
py (TEM) and thermal desorption spectroscopy (TDS) were used in the publi-
cations.

While the key thin film characterization methods are presented, the ALD and
PEALD instrumentation and process parameters are excluded since detailed
description of them is already given in the Publications and partly in the Chap-
ter 2.

3.1 Composition

Compositional characterization methods can be divided into determination of
elemental (i.e. atomic information) or chemical (i.e. molecular group infor-
mation) composition of the material in question. In the context of sub-
micrometer thin films, there are various compositional measurement methods
available.

In the case of the elemental composition determination, these methods rely
generally on destructive ion bombardment of the thin film and the consequent
detection of the ejected species. Such methods include, but are not limited to,
Rutherford backscattering spectroscopy, time-of-flight secondary ion mass
spectroscopy, glow-discharge optical emission spectrometry and time-of-flight
elastic recoil detection analysis (ToF-ERDA) of which the latter is mainly used
in this work and is thus being described in more detail.

3.1.1  Time-of-flight elastic recoil detection analysis (ToF-ERDA)

ToF-ERDA is an elemental composition measurement method that is able to
determine the atomic concentrations of elements including hydrogen. It can
also provide high elemental depth cross-section with nanometer range depth
resolution for thinner than 10 nm films. [46] Therefore, ToF-ERDA is a power-
ful method for compositional thin film and interface analysis. A typical ToF-
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ERDA setup which is also used in the analyses of this thesis is shown in Fig.
3.1

Energy detector

Figure 3.1. Schematic illustration of ToF-ERDA configuration. Reproduced
from [46] with permission from Elsevier.

ToF-ERDA is based on high-energy ion beam (~10 MeV) bombardment of
film sample in vacuum. The energetic ions “sputter” or recoil surface atoms off
the sample to detection phase. The ejected atoms travel first through the ToF
configuration in which two timing detectors measure the flight time over
known length and then end up on energy detector. The ToF setup (i.e. two car-
bon foil time pick-up detectors) allows the superior elemental depth resolution
by differentiating the abrupt changes in the recoiled atom types (in ~100 ps
accuracy) as they have different flight times due to their masses. [46] The en-
ergy detector is then used to identify the elements from their kinetic energy
and observe their relative atomic concentrations.

AIN thin films in this thesis (Publications I, IT and III) were measured using
8.5-13.6 MeV accelerated 35Cl or 63Cu ion beams in close to mirror geometry.

3.1.2 Fourier transform infrared (FTIR) spectroscopy

FTIR and, its modified method, attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy are qualitative compositional characteriza-
tion methods for identification of chemical bonds. The method has many ad-
vantages such as fast measurements, possibility to measure large amount of
sample types, information rich data acquisition, high sensitivity and low oper-
ation costs. [47] In the context of ALD thin films, FTIR has been used both in-
situ and ex-situ characterizations of the deposited film chemistry. In this work
only ex-situ FTIR methods were used.

FTIR spectroscopy is based on IR absorption of molecular compounds fun-
damental vibrational transitions. Molecules have vibrational modes such as
bending, rocking, wagging, symmetric and asymmetric stretching modes that
translate to characteristic absorption forms after FTIR spectroscopy. Typical
FTIR systems utilize mid-IR (400-4000 cm™) radiation source since it in-
cludes most of the fundamental vibrational frequencies of organic and inor-
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ganic molecules. [47] However, all molecular vibrations are not IR active and
for example homonuclear diatomic molecules (e.g. Hs, N2) cannot be detected
due to absence of symmetric dipole momentum.

The basic instrumentation of the FTIR spectroscope consist of IR source,
signal sorter, sample compartment, signal detector and a computer for data
analysis. The signal sorter is typically based on Michelson interferometer
which enables spectral information collection by modifying beam pathways
with altering positions of an IR mirror in comparison to fixed one. As a result
of interferometry of the beams and matter-IR interactions, the absorption
spectral data forms an interferogram presenting the data in time-domain.
Next, the interferogram is Fourier transformed to wavenumber domain in or-
der to obtain observable spectrum.

In this thesis, FTIR spectroscopy was applied to transmission configuration
(Publication II). In that, sample surface is placed perpendicularly on the signal
pathway thus allowing IR to propagate through a thin film and Si substrate. In
ATR configuration, the sample surface is pressed in close contact with ATR
crystal element and the IR signal is introduced through it experiencing multi-
ple total internal reflectances between the crystal-sample interface thus form-
ing an intense evanescent wave. Since the evanescent wave penetrates into the
sample (0.5-5 um) it is partially absorbed to the molecular vibrations and the
exiting beam thus contains the spectral information of the sample.

In the used transmission FTIR method, a reference spectrum (ambient) was
measured before the sample and divided with the sample spectrum (so-called
rationing scheme) in order to remove background effects (such as moisture
and CO. absorptions). However, usage of Si substrates still left characteristic
absorption bands (from Si-O and Si-C impurities) on the IR spectra of the
samples and those had to be accounted on the data interpretation.

3.2 X-Ray Diffractometry and Reflectometry

X-ray diffractometry (XRD) can be used to extract crystallographic infor-
mation from material [48] [49] while X-ray reflectometry (XRR) can be used
to obtain thickness, density and roughness information from films [50] [51].
Both, XRD and XRR, analysis methods can be performed by using same X-ray
measurement instrument with different configurations. However, the general
level setup is similar comprising of an X-ray generator, incidence and reflec-
tion optics, a goniometer (i.e. movable sample stage), a detector and a com-
puter.

In this thesis, a diffractometer Philips X’Pert Pro with Cu K, radiation was
used for all the XRR measurements and for Publication II XRD. However, in
Publication III, the XRD measurements were done with Rigaku SmartLab uti-
lizing also Cu K, radiation. In Publication I, both of the XRD equipment were
used. Both, of these methods, XRR and XRD, are widely and routinely used for
structural analysis of thin films.
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3.2.1 XRD

As implied, XRD is commonly used to determine crystalline orientations,
strain states, defects and degree of crystallinity of materials. [48] [49] Instru-
mentally the XRD is based on variation of sample surface position and/or X-
ray detector location in relation to incident X-ray beam. In a proper configura-
tions, the X-rays diffract according to Bragg’s law from crystalline planes and
thus form reciprocal space diffraction pattern which detector can collect. [49]
A schematic depiction of the Bragg’s law fulfilling diffraction from lattice
planes is shown in Fig. 3.2. Since the X-ray wavelength and angle of incidence
with respect the samples surface normal are known, the atomic lattice planes
spacing (i.e. lattice constants) can be solved from Braggs’ law (i1 = 2d sin 6,
where 1 is an integer, A wavelength, d lattice spacing and 0 diffraction angle
between incident X-ray beam and lattice plane) thus permitting identification
of crystalline structure and orientation of material. [13] [49] [52] The X-rays
which do not meet Bragg’s law diffraction condition scatter or reflect and are
not seen in diffractogram.

incident diffracted
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Figure 3.2. Schematic illustration of Bragg diffraction conditions on periodic
lattice planes (dotted lines).

Depending on the sample type different kind of XRD modes are used and
they differ mainly on the applied x-ray optics configurations (controlling e.g.
the intensity and divergence of the beam) and the measurement angle parame-
ters (e.g. number of scans and angle sampling rate). For single crystaline sam-
ples, a so-called high-resolution XRD (HRXRD) setup is often used whereas
for polycrystalline samples so-called powder (PXRD) or grazing-incidence
(GIXRD) setups are routinely applied. In these setups the previously men-
tioned lattice constants can be determined with so called w-26 measurement in
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which the detector angle (20) and incident angle (w) are scanned simultane-
ously in Bragg condition (w=20) to obtain diffraction intensity vs. diffraction
angle (0). The PXRD and GIXRD w-26 measurements were also used for the
XRD of PEALD AIN films in this work since they have a higher likelihood to
detect small tilted grains than HRXRD due to larger beam divergence and
higher intensity. [52]

In addition, more detailed information of the crystallography can be ob-
tained with so-called w-rocking curve, reciprocal space map and wide area
diffraction 2D map determinations. [52] The latter method was applied in
Publication III for more detailed study of diffraction peak positions and their
broadening.

3.2.2 XRR

XRR analysis allows a determination of structural information of thin films
such as thickness, density and roughness. [51] It is a widely used analytical
method because XRR is non-destructive and capable to analyse many different
materials (e.g. conductive, insulating, amorphous, crystalline, transparent un-
der visible light) and multilayer samples with nanometer range accuracy. [50]
[51] The disadvantages include relatively laborious and time-consuming analy-
sis and requirement of predefined structure for initial values for iterative data
fitting process

XRR is based on low incidence angle X-ray variation and subsequent record-
ing of the reflected interference pattern of a thin film with different density
compared with substrate. [51] The form of the recorded reflectance curve de-
pends on electron density differences experienced by the X-ray beam. There-
fore, with proper X-ray-matter-interaction simulation, roughness, thickness
and density information can be extracted. For the accurate data fitting and
thin film system modelling a Parratt’s formalism and Nevot-Croce roughness
approximation are nowadays generally used. [50] In this thesis, an in-house
implemented fitting software [53] based on the former models was also used
in the XRR analysis.

3.3 Mechanical Properties

There are multitude of mechanical measurement methods for thin films.
Therefore only the ones used in this work are briefly covered. In the scope of
this research work, the following thin film properties are considered as me-
chanical properties: residual stress, hardness, elastic modulus, adhesion and
tribological behaviour.
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3.3.1 Residual stress

Residual stress plays an important part on thin films applicability (e.g. mem-
brane integrated films require close to zero stress) and reliability (less crack-
ing, bowing and blisters). Residual stress states of thin films are typically de-
termined by measuring wafer curvature radius before (Ro) and after (R,) the
thin film deposition and by applying Stoney’s equation [54]:

o = _LE(L_L) [11]

6(1-vs)tr \R1  Rg

where o is the film stress, vs substrate’s Poisson’s ratio, Es elastic modulus of
the substrate and ts and tr are the thicknesses of the substrate and the film,
respectively. Thus, the exact film thickness has to be measured prior to apply-
ing the equation. It is also important to have maximally uniform film over the
wafer in order to avoid localized thickness induced stress gradients. Moreover,
to minimize the measurement error of the stress measurement the wafer
should be ideally as thin and flat as possible and the deposited film thickness
should be preferably high (~100 nm, in order it to bow the substrate enough
for reliable curvature determination). The wafer curvature can be measured
either by a stylus profilometer or laser of which the former was used
(TOHO FLX-23208) in Publication I and Publication III. In these analysis bi-
axial stress was derived by averaging curvature measurements along and per-
pendicularly to the wafer flat.

3.3.2 Hardness and elastic modulus

Hardness and elastic modulus of film materials are of high importance for
applications exposed to mechanical loading. These properties are dependent
on fundamental material properties such as stoichiometry and crystallinity.
Therefore, also the chosen deposition method has a large impact on the hard-
ness and elastic modulus of the material. In this thesis, nanoindentation
measurements were conducted by TriboIntender TI-9oo (Hysitron Inc.) na-
nomechanical test system having 40 nm nominal indenter tip radius.

Since elastic modulus is an intrinsic material property indicating stiffness it
does not depend on dimensions of the material and is thus widely used for
example in MEMS design. [55] The elastic moduli were determined with Oli-
ver and Pharr method [56] by measuring series of nanoindented load and
depth data and applying equation [56]:

Ey, E; Ef

[12]

in which E;, and E; are the elastic modulus of the indenter tip and the meas-
ured contact modulus, respectively. The 11 and s are the Poisson’s ratios of the
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indenter tip and the film, respectively. In order to obtain statistically reliable
data from nanoindentation analysis, many consecutive indentation measure-
ments have to be performed. Still, result variations between measurement set-
ups are likely to exist because the measurement parameters (e.g. indenter ge-
ometry, applied loads, indentation depths etc.) has also notable differences.
Compounding these to sample specific variation sources (differing film thick-
ness, surface roughness, polycrystallinity etc.) can therefore result to rather
large spread on presented hardness and elastic modulus values between stud-
ies.

Unlike elastic modulus, hardness describes “plastic response of a solid mate-
rial under external load” and its scale depends on measuring system. [55]
Therefore hardness can be seen as an engineering property and a measurand
of material’s resistance to wear and deformation failure. [55] In the context of
this work, nanoindentation hardness (H) of thin film-substrate samples were
determined with [55]:

—_ Pmax
H = e [13]
where Praxis the maximum indentation load causing failure of the film and A
is the contact area of the indenter.

3.3.3 Tribology and adhesion

Tribology stands for “science and technology of interacting surfaces in rela-
tive motion”. [57] Typically, and in the context of this thesis, tribology is de-
fined to include friction and wear behavior of thin film-substrate material sys-
tem while adhesion is considered as a different phenomenon. Yet, it has been
shown that the interfacial quality of the thin film and substrate influence
greatly on both the adhesion and wear performance of film-substrate combina-
tion. [55]

Adhesion failures of thin film are usually the main mechanisms decreasing
their reliability and lifetime. [55] For research purposes, adhesion is often
tested with Scotch tape method yielding crude, binary result of the film’s at-
tachment to the substrate. For more controllable and repeatable measurement
of adhesion strength of thin films, for example scratch test and Rockwell in-
dentation have been widely utilized. [55] [58] However, the results between
methods are not directly comparable due to differing measurement setups,
standards and parameters. [58]

In addition to adhesion, tribological performance can be studied with scratch
testing instrumentation but in that case the setup and intender parameters
have to be different. For instance, adhesion tests have progressively increasing
loading during the scratch line pass with hard material (e.g. diamond), while
friction coefficient tests have constant load and multiple sliding passes or rota-
tions along the sample surface with softer material (e.g. Si or Al). In adhesion
and tribological measurements, the contact surface is typically also studied
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with optical microscopy to exactly identify failure location and material re-
moval.

In Publication I, Micro-Combi tester (Anton Paar Tritec.) analysis was ap-
plied utilizing scratch test configuration for adhesion and linear wear configu-
ration for tribological measurements. In the microscratch tests, critical loads
which cause irreversible failure are the main metric for adhesion. In total, four
different critical loads were defined for the PEALD AIN films: Lcsi; indicating
the first, local crack generation on the substrate; Lcsi» indicating the continu-
ous cracking of the substrate; Lcan: indicating the first, local delamination of
the AIN film; and Lcan. indicating continuous delamination of the AIN film.
More detailed description about the applied microscratch method can be
found from Ref. [59].

In Publication IV, the adhesion of ALD Al,O;/TiO. nanolaminate on PVD
CrN was tested with standardized Rockwell-C indentation. [58] The optical
microscopy evaluation was carried on after the adhesion testing. For similar
materials in Publication V, tribometer Anton Paar THT was used in ball-on-
disk, rotational configuration for controllable film removal and definition of
coefficient of friction (CoF).

3.4 Electrochemical Properties

Electrochemical measurements are widely applied to study the corrosion be-
haviour of thin film-substrate material combinations. [60] In these methods
the thin film-substrate material is exposed to corrosive medium. Usually a
following complementary microscopy analysis of the sample surface damage
and corrosion products is also performed. Electrochemical properties are high-
ly relevant for improving the corrosion protection of substrates with thin films.
Therefore, electrochemical analysis played a major part in the Publications IV
and V.

3.4.1 Linear Sweep Voltammetry (LSV)

Widely used electrochemical method called polarization measurement (or po-
tentiodynamic) takes place in ionic solution where the thin film-conductive
substrate sample is exposed to altered potential, current and polarization envi-
ronment. In LSV, a potential between work electrode (anode) and a reference
and a counter electrode (cathode) is applied linearly in time and the resulting
leakage current level through film is measured. The counter electrode aims to
balance out the added or removed charges caused by the work electrode poten-
tial. To achieve this, the reference electrode, which has a known reduction po-
tential, is needed to guide the counter electrode since it tries to maintain the
reference reduction potential.

A thin film ability to resist the “corrosion” current (i.e. constant ionic leak-
age current through the inert film) can be interpreted from the measured cur-
rent density vs. potential curves. Typical characterization parameters are cor-
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rosion potential (i.e. the potential sample naturally sets in corrosive environ-
ment), passivation range (i.e. potential region in which the sample is well-
protected by the film) and a pitting potential (i.e. abrupt increase of current
density signalling local breakdown of the film). [60] It is noteworthy that in
the case of inert and noble thin films and less noble substrate (as is the case in
ALD/PVD/steel samples in the Publications IV and V), the substrate will dom-
inate the LSV behavior if there is a pathway for corrosion current through the
film e.g. due to adhesion failure of the film or non-coated area of the substrate.
Therefore it is good to first measure separately the LSV behavior of all the ma-
terial components in order to determine the dominating material component
of the LSV results of noble film-non noble substrate samples.

In this thesis, the measurement scan range for the potential was 0.0 to 1.5
V, for the three-electrode setup having the hybrid film/steel sample as the
work electrode, martensic stainless steel as the counter (anode) electrode and
a saturated calomel electrode (SCE) as the reference electrode. The areas of
exposed sample surfaces were 1.0 to 1.5 cm? and the electrolyte liquid was 0.2
M NaCl solution with pH of 5.2 at room temperature. The corrosion potentials
and current densities were derived by applying Tafel analysis based on ASTM
G59-97 standard. [61] The selected samples were exposed to corrosion poten-
tial sweeps after time intervals of 1, 24 and 48 hours (in Publication IV) or me-
chanical wear steps (in Publication V). The main focus of the experimental
design of the polarization measurements was a comparison of either different
ALD films process parameters or surface wear steps for the hybrid film on
steel samples.

3.4.2 Corrosion analysis with microscopy methods

In a case of macroscopic scale corrosion exposure, the resulted surface dam-
age can be clearly visually detected and photographing the sample surfaces is
enough for comparison of thin films protective performance. One commonly
used macroscopic corrosion durability evaluation method is neutral salt spray
(NSS) test which was also applied in Publication IV (accorging to standard EN
ISO 9227) with photography time series evaluation. However, microscopy
analysis is needed to show the corrosion protection capability (based on inten-
sity or durability) in micro- and nanoscale. Typically, the sample surfaces are
microscope and/or SEM imaged before and after the corrosive medium expo-
sure because those are fast and easy to conduct.

Especially SEM can provide valuable information due to its nanoscale resolu-
tion and excellent depth-of-focus capability of micrometer scale morphologies.
Although, SEM imaging of insulating films is challenging due to the surface
charging effect. Moreover, modern SEM configurations have typically energy
dispersive X-ray (EDX) spectrometer which is able to qualitatively determine
the elemental composition of the sample surface region. Even though, it can-
not detect light elements and have relatively poor sensitivity (few at.%) [13], it
can provide valuable information about the condition of the film, substrate
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and corrosion products. The discussed methods (photographing, optical mi-
croscopy, SEM and EDX) were also used in Publications IV and V.

Estimating corrosion damages purely on the base of thin film-substrate
combination surface can yield an erroneous interpretation of the substrate
condition. It has indeed been shown that defective thin films (e.g. pin-holes
through the film) may allow a pathway to corrosive current to attack the sub-
strate thus causing heavy dissolution of a non-noble substrate. [60] The re-
sultant corrosion progression on the film-substrate interface may be hundred
times larger than the diameter of the pinhole pathway and simultaneously in-
visible for surface imaging. [60] Yet, this corrosion progression extending un-
derneath the protective thin film may be imaged by applying cross-sectional
microscopy techniques such as TEM and cross-sectional sample preparation
by focused ion beam (FIB) method and consecutive SEM (or ion) imaging. The
latter technique was also applied in Publications IV and V by choosing defec-
tive area for cross sectioning and SEM imaging from ALD/PVD/steel sample
gone through corrosive LSV measurements.
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4. Results and Discussion

4.1 Comparison of Different PEALD AIN Processes

Material properties, growth and, to a lesser extent, annealing behaviour of
PEALD AIN were studied with respect to various PEALD process conditions.
In this thesis, the studied AIN PEALD processes were TMA/NH;, TMA/N.,:H,
and AlCl;/NH; which are presented in Publications I, IT and III. The main pro-
cess parameters and results regarding GPC, structural composition and ele-
mental composition of AIN films are presented in the Table 4.1 and Table 4.2.
As shown in the Table 4.1, the three different PEALD chemistries were used in
remote CCP and ICP reactors at various process temperatures. In addition to
these factors, typically the effect of one varied process parameter was investi-
gated and is stated in the column “Varied Parameter”. From these, the “Temp.”
refers to altered deposition temperature, the “25 V bias” refers to increased
bias voltage (~10 V, on the other CCP cases), the “N./H.~x/y” stands for the
flow (in sccm) ratios of the precursor pair, the “AB x s” refers to typical two
half-cycle PEALD process with certain plasma exposure time (x) and the “ABC
3 s” refers to PEALD process with short thermal NH; exposure step (B) before
the plasma activated exposure (C) of the NHj. Finally, the “Thermal 6 s” pro-
cess parameter refers to thermal ALD process with 6 s NH; exposure time.

Note that the differences and variations between the obtained results are not
solely due to the specific process condition effects. This is most obvious in the
Publication II results which showed significant oxygen impurity contamina-
tion (see Table 4.2) which was later contributed to a minor ambient leak into
the PEALD reactor. Therefore, the multivariable nature of the PEALD has to
be kept in mind when interpreting results.
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Table 4.1. Main process parameters studied from Publication I, IT and III and
the corresponding results obtained with ellipsometer (refractive index and
thickness for GPC), XRR (thickness, density and roughness) and ToF-ERDA
(Al/N ratio). The simulated densities have accuracy of +0.05 to 0.1 g/cm3 and
the thicknesses +0.2 to 0.5 nm. [55] The ICP source deposited films were pre-
pared at 2000 W RF-power while CCP source films were prepared at constant
80 W RF-power (excluding “25 V bias” parameter sample which plasma power
was ~230 W and the N./H, film which was done at 60 W). Reproduced from
Publications I, IT and IIT with permission of The American Vacuum Society.

a

Chemistry Source TemP:  Varied GRC Thickness Densiy (@6:?; L
cCP 150 Temp. 0.78 92 263 188 1.6 081
va/g,  CP 200 Temp. 0.82 91 27 19 16 0.85
cCP 300 Temp. 1.17 90 276 196 1.6 0.89
CCP 200  25Vbias 0.84 84 29 197 25 09
CCP 200 Ny/H,~1/4 0.51 77 246 185 1 0.84
TMA/N2H:  1cp 200 Ny/H,~1/1 0.63 84 265 19 - 089
ICP 200 N/H,~3/1 0.64 53 26 188 - 091
IcP 425° AB6s 0.26 55 324 199 1.9 096
mann, P4 AB9s 0.39 75 319 202 25 -
IcP 425¢ ABC3s 0.28 53 284 192 1 098
none 475° Thermal6s 0.71 71 2.77 1.93 2.1 0.96

a n stands for refractive index measured with single wavelength ellipsometer
(632.8 nm, 70° incident angle) and averaged from 5-14 measurement point.

b R stands for nanoscale roughness simulated from XRR measurements.

¢ PEALD tool manufacturer’s estimated substrate temperature when process
temperature is set at 500 °C.

4.1.1  Growth behavior

The growth behavior of PEALD or ALD AIN is mainly governed by starting
substrate, reactivity of precursors, deposition temperature and reactor setup.
These also received a lot of interest in this research and some of these factors
have also been studied by other authors. [62] [63] [64] [65] However, the sub-
strate effect studies were excluded and only RCA-cleaned (100)-Si substrates
were used in the studies presented in this thesis.

The GPC behavior of CCP based TMA/NH; and TMA/N.:H. processes have
been studied by Bosund et al. [62] and Perros et al. [63] and therefore exten-
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sive process study about purging and dosing was not done for these processes.
In our CCP ALD TMA/NH; process research, growth temperature had the big-
gest influence on GPC with a positive correlation between temperature and
GPC observed. Bias voltage was not observed to have a marked effect on GPC
compared to a reference sample deposited at the same temperature (200 °C).

The CCP ALD TMA/N.:H. films of Publication I exhibited lower GPC than
their ICP processed counterparts from Publication II. This can be attributed
partially to the low plasma power of the CCP process (60 W) which likely led to
reduced reactivity and consequently a lower growth of the film. Therefore,
nothing conclusive can be said about the differences of CCP and ICP processes
in terms of GPC. In the case of the N./H. ICP processes, no statistically signifi-
cant difference between the GPC was found.

The ICP ALD AlCl;/NH; process exhibits much lower GPC than the CCP ALD
TMA/NH; despite the much higher deposition temperature. Also, the AlCl,
precursor dosing was investigated and 162 °C was found to be a proper source
bottle temperature for pulsing. In the case of the NH; plasma time, the GPC
values had large variation probably due to NH; flow fluctuations but on aver-
age 3 s plasma time yielded a GPC of 0.29 A/cycle for AB process and 0.33
A/cycle for ABC process. Increasing the plasma time of the AB process to 9 s
yielded 0.39 A/cycle GPC. In the case of the thermal AlCl,/NH, process with 6
s NH, exposure, a relatively high GPC of 0.71 A/cycle was achieved implying
that the surface saturation level was more complete in the thermal setup vs.
corresponding plasma setup. As a general note about the AICl;/NH; growth,
the long plasma time (>3 s) films exhibited irregularly dot-like anomalies
known as blisters. In the case of the other AIN films (lower temperature ICP
and CCP ALD films) blisters were not observed.

In addition to GPC, nonuniformity (i.e. max/min total thickness variation of
the film in percentages) is typically ellipsometer determined and monitored
since it indicates whether the precursor spreads evenly on the substrate. For
many PEALD processes, <5 % thickness nonuniformity for 6” wafer and 100
nm film is generally considered as a good result and all of the deposited films
in this study achieved this except the “ABC 3 s” and “AB 6 s” samples. In these
cases, the in-wafer nonuniformity was ~10% and could be influenced by blis-
ters which are known to distort the ellipsometer measurements.

4.1.2 Structural composition

Structural composition of thin films includes properties such as mass densi-
ty, thickness, roughness, orientation and degree of crystallinity (amorphous,
polycrystalline, single crystalline). These characteristics were analysed with
XRR, XRD and TEM methods. Also, refractive index reveals information about
the films structure since it typically correlates with mass density. Ellipsometric
refractive indices determination is a popular method for non-conductive thin
films process quality monitoring purposes due to the easy, cheap and rapid
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measurement. Therefore, the refractive indices (at 632.8 nm) are reported
here as well.

The TMA/NH; CCP process films show progressively increasing mass densi-
ty (2.63 — 2.76 g/cm3) with increasing temperature (150 — 300 °C). The na-
noscale roughness for these films was approximately 1.6 nm. The highest ob-
tained CCP film density (2.9 g/cm3) and roughness (2.5 nm) was on the high
bias voltage AIN while the N,/H, process film had the lowest values of 2.46
g/cm3 and 1 nm, respectively, which is at least partially attributed to the low
plasma power used. The refractive indices were mainly in line with the respec-
tive densities as seen from the Table 4.1.

The GIXRD measurements showed polycrystalline structure for all the
TMA/NH; CCP films with mainly hexagonal (100), (101) and (002) diffraction
peaks as shown in Fig. 4.1. From the samples, the high temperature (300 °C)
and the high bias deposited AIN films showed the most distinct diffraction
peak forms (in terms of full-width-at-half-maximum (FWHM)). Interestingly,
the high bias deposited film had virtually as pronounced (100) and (002) crys-
talline orientations whereas the 300 °C deposited films had clearly more dom-
inating (002) orientation wurtsite crystallinity. It therefore seems that higher
deposition temperatures of CCP ALD favor more c-plane growth ((002)-plane
perpendicular to sample surface normal) while the higher bias voltages favors
also m-plane growth ((100)-plane perpendicular to sample surface normal). It
is interesting to note that earlier studies of crystallinity-temperature depend-
ency of ICP ALD TMA/NH; process AIN have shown that films have low pref-
erential orientation nature still at 500 °C deposition temperature. [65] There-
fore, it can not be generalized that higher deposition temperatures would nec-
essarily lead to improved (002) orientation crystallinity.

In comparison to CCP TMA/N.:H., process the similar ICP process showed
higher densities (2.62 g/cm3) and no significant difference between the two
flow ratio processes. The refractive indices also correlated with the XRR densi-
ty figures. These films were found to be amorphous on basis of XRD and
HRTEM analysis.

From the studied PEALD chemistries the AlCl;/NH; processes produced the
highest structural quality. The 6 and 9 s AB process AIN films had a high den-
sity (~3.2 g/cms3) and refractive index (2.0) which are close to corresponding
bulk AIN values (3.25 g/cm3 and 2.1). [66] For these films the roughness was
slightly higher for 9 s process (2.5 nm) and lower for 6 s process (1.9 nm). In
comparison, the thermal and ABC 3 s processes showed lower density values
of range 2.8 g/cms3) and refractive indices of 1.92. Roughness was on the low
side for the “ABC 3 s” film being 1 nm and 2.1 nm for the thermal AIN.

34



Results and Discussion

PA_300C
PA_200C
——PA_150C
PA_N2/H2

T
_ AIN (100)

—_—

» AIN (002)

= AIN (101)

: w“f”’ Si-wafer
f'::;
g
g"‘""hjf:,,} AIN {110)

S

1 1, :
{
L
C
ol
i
1
$
a
;

T~ AIN (103)

AN (102)
AIN (202)

Normalized Intensity (AU)
T

20 30 40 50 60 70 80 90
2-theta (deg)

Fig. 4.1. GIXRD diffractographs for CCP ALD AIN films on (100) Si substrate.
The sample names PA_150C, PA_200C and PA_300C refer to the correspond-
ing deposition temperature films whereas the PA_25V and PA_N2/H2 refers
to the high bias voltage and N,/H. plasma process films. Reused from Publica-
tion I with permission from the American Vacuum Society.

From the studied PEALD chemistries the AlCl;/NH; processes produced the
highest structural quality. The 6 and 9 s AB process AlN films had a high den-
sity (~3.2 g/cm3) and refractive index (2.0) which are close to corresponding
bulk AIN values (3.25 g/cms3 and 2.1). [66] For these films the roughness was
slightly higher for 9 s process (2.5 nm) and lower for 6 s process (1.9 nm). In
comparison, the thermal and ABC 3 s processes showed lower density values
of range 2.8 g/cm3) and refractive indices of 1.92. Roughness was on the low
side for the “ABC 3 s” film being 1 nm and 2.1 nm for the thermal AIN.

The crystallinity of the ICP processed films differed from the CCP ones and
showed predominantly (002) preferential orientation diffraction peaks with
XRD analysis as illustrated in Publication III Fig 4. It is notable that the
FWHM peak center positions are shifted slightly (especially in the case of the
“AB 6 s” film) in comparison to reference peak location (36.04°) [67] which
can be attributed to differing residual stress states of the films. Furthermore,
the “AB 6 s” film has broadened peak form in comparison to others which can
be credited to nonideal crystal structure. In addition to the 6-26 XRD scans,
wide area diffraction 2D maps showed +10° tilt range for the (002) planes lo-
cations in comparison to the ICP samples surface normal. In the case of the
thermal film the diffraction maps (002) peak showed hardly visible intensity
in comparison to the ICP films which is also supported by the 6-26 XRD re-
sults. The HRTEM with selected area electron diffraction (SAED) images sup-
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ported the XRD based crystallinity results showing (002) planes crystallites
especially in the ICP based AIN films. The images show films to have polycrys-
talline structure having dominantly columnar AIN grains (see the Fig. 6 - 8 in
Publication II). Moreover, the ICP films had pronounced amorphous layer in
Si/AIN interface which could partially be credited for RCA-cleaning produced
oxidation.

4.1.3 Elemental and chemical composition

The ToF-ERDA elemental compositions showed (Table 4.2) that all of the
PEALD and ALD AIN films were slightly N-rich with Al/N ratios extending
from 0.81 to 0.98. Furthermore, all the films had varying amounts of C, H, O
and Cl impurities. All the ToF-ERDA results (in at.%) are extracted from bulk
of the film and thus the surface oxidations and substrate interface impurities
are not included to the figures.

Table 4.2. Main ALD process parameters for thin film sample growth and
their ToF-ERDA results. Reproduced from Publications I, II and III with per-
mission of The American Vacuum Society.

Chem Temp Varied
ist-  Source o Al/N  C(at.%) H(at.%) O (at.%) Cl(at.%)
ry (°C) parameter
CCp 150 Temp. 0.81 0.6+0.1 20.4+0.5 0.3#0.1 1.5%0.2
TMA/ CCp 200 Temp. 0.85 0.7£0.1 16.9+0.5 0.2+0.1 1.2#0.1
NH; CCp 300 Temp. 0.89 1.6+0.2 14.2+0.5 0.4+0.1 0.71#0.1
CCp 200 25V bias 0.9 0.35+0.1 11.8#0.5 0.2+0.1 0.6+0.1
CCpP 200 Ny/H,~1/4 0.84 2.5+0.2 21.5#1.0 0.3+0.1 2.2+0.2
Ll\:lﬁi ICP 200 Ny/H;~1/1 0.89 3.6+0.1 19.0#0.1 6.7+0.1 0.16%0.1
ICP 200 N,/H,~3/1 0091 4.240.1 20.0+¢0.1 10.6+0.1 0.1240.1
ICP  425° AB6s 0.96 0.09+0.02 6.5+0.6 1.7+0.07 0.1%0.2
Al;hﬁ ICP  425° ABC3s 0.98 0.09+0.04 8.2+0.8 3.1+0.3 1.9+0.2
none 475° Thermal6s 0.96 0.06+0.03 10.9+0.8 0.9+0.2 3.8+0.4

a PEALD tool manufacturer’s estimated substrate temperature when process
temperature is set at 500 °C.

First, it is important to note that the chosen PEALD chemistry could be ex-
pected to have an impact to the elemental impurity levels. This is indeed seen
clearly on the much higher C concentration levels (>0.35 at.%) of the TMA
based process films in comparison to the AICl; based films (>0.1 at.%). How-
ever, in the case of the Cl, the opposite effect is not so obvious due to the typi-
cal Cl impurity incorporation from background contamination of the reactors
(CCP especially) and possibly on lesser extend from TMA precursor source.
Secondly, the O impurity concentrations were systematically higher for ICP
based PEALD AIN than CCP AIN indicating that the O impurity background in
the ICP reactor is higher. In fact, all of the incorporated O is residual in the
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PEALD reactor and not from the precursors. Thirdly, the most significant in-
fluence to the desirable Al/N ratio and low impurity concentrations seems to
be on the deposition temperature since the low temperature (<300 °C) CCP
AIN had progressively lower Al/N ratios (<0.9) with lower temperature pro-
cess films and high temperature (425 and 475 °C) ICP based AIN had clearly
higher Al/N ratios of >0.95.

More specifically the temperature effect is seen on the CCP TMA/NH; pro-
cess temperature series (150 — 300 °C) results showing increasing Al/N ratio
(0.81 — 0.89) and decreasing H and Cl impurities. However, these films had
also increasing C concentration (0.6 — 1.6 at.%) and practically constant O
concentration (0.3 at.%) with increasing temperature as the O is not process
specific. The former could be explained with minor thermal decomposition of
TMA resulting to increased methyl residues and the latter with background
moisture contamination of the PEALD reactor setup. The high bias CCP
TMA/NH; process resulted in the highest Al/N ratio (0.9) and lowest overall
impurity levels from the CCP trials matching the higher temperature processed
film in purity. In contrast, the CCP N,/H. process films showed a lower Al/N
ratio of 0.84 and elevated C, H and Cl concentrations in comparison to the 200
°C deposited reference AIN.

Even though the ICP TMA/N.:H. process films show relatively high Al/N ra-
tio (~0.9) in comparison to the CCP process films, the impurity levels are dom-
inantly much higher. The high O levels (>6 at.%) can be attributed to a minor
ambient leak inside the reactor during the PEALD. It is noteworthy that these
samples were not intended to be highly optimized AIN films since the anneal-
ing effect to average PEALD AIN properties was primarily studied. The N,/H.
flow ratio of 1/1 seemed to result in a slightly reduced amount of C, H and O
based impurities than the 3/1 ratio film. Still, there were no noticeable differ-
ences between C-Hy transmission FTIR band form intensities. Moreover, the
AN films did not have -OH groups indicating band forms despite the rather
high O concentrations. Therefore, the O has likely formed bonds with Al hav-
ing band forms (i.e. Al-O valley minimum at 735 cm™) in crowded FTIR spec-
tra fingerprint region (400-1000 cm™) and thus obscured by overlapping other
bands. Interestingly, the FTIR also showed a minor presence of triple N bond
(at 2135 cm™) which likely is part of Al-N, complex and formed due to the
plasma containing N,H+ ions (Publication III).

The AICl;/NH; films showed all high Al/N ratios (0.96 and 0.98) and had
predominantly low impurity concentrations in comparison to the other studied
TMA-based processes and reported values of other authors. For instance, the
obtained 0.1 at.% Cl concentration for the “AB 6 s” films can be considered as a
good film quality. Yet, for the thermal (3.8 at.%) and the “ABC 3 s” process
films (1.9 at.%) the Cl impurity concentrations were higher indicating less ideal
—Clx surface group removal in comparison. The O impurity concentrations
varied from 3.1 at.% of “ABC 3 s” process films to 0.9 at.% for thermal AIN
film. This variation could be due to possible time transient component of the O
leak. The residual C impurity concentration which was present in the AlICl,
based films can be contributed to background contamination since the same
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PEALD tool is also used for TMA processes thus implying that some fraction of
the C impurities in the TMA-based process are due to the tool. It is interesting
to note that the “AB 6 s“ film had also detectable amount of Ar (0.06 at.%)
which proves that some of the carrier gas Ar has been incorporated into the
film.

4.1.4 Discussion

The above presented topical research results are next combined in order to
obtain more complete understanding of the AIN growth and material property
determination processes and derive essential conclusion. The process condi-
tions of PEALD chemistry, plasma source, deposition temperature and certain
plasma parameters (CCP bias, plasma exposure and plasma gas) effect to film
growth and property results are discussed.

Unlike TMA based processes, AlCl; is a less studied precursor for AIN due to
problematic incorporation of Cl impurities in the films, necessity for complex
hot source operation and the required high deposition temperature. Due to the
none overlapping temperature windows, a temperature normalized compari-
son of the TMA/NH; and AlCl;/NH; based PEALD processes is not feasible.
Particularly, since the ICP source PEALD seemed to deliver lesser NH; plasma
reactivity than the CCP source. Nevertheless, the impurity incorporation from
the different precursor processes can be compared since the non-ideally react-
ed precursors are typically the main impurity source. Most vividly this can be
seen on the higher C and H impurity concentrations of the TMA based AIN
films in comparison to AlCI; based as expected since TMA has CH;. Since the
AlCl;/NH; process films H concentrations are still rather large (6.5 — 10.9
at.%) it can be concluded that a significant portion of the H impurities are in a
form of unreacted -NH groups. Yet, it has also been presented that some non-
associated H would also prevail in AIN film prepared with TMA/NH; CCP
ALD. [63] As mentioned in the results briefly, the difference between Cl impu-
rity concentration levels between the Al-precursors were not as significant due
to the Cl background contamination. Yet, the Cl concentration difference to the
200 °C TMA/N,:H, ICP processes would indicate that AB 6 s plasma time pro-
cess can virtually produce Cl-free film. Even in the case of the thermal
AlCl;/NH; 6 s film the achieved Cl level was lower than in earlier study of simi-
lar process AIN deposited at 500 °C showing 6 at.% of Cl. [68] Reason for this
may lie on more suitable process parameters and instrumentation.

In the case of the different N precursors (NH; and N./H.) studied, no com-
parable differences between the PEALD AIN films outcomes can be said to
exist since their process conditions differed considerably. Also, no significant
effect from ICP ALD N./H. flow ratio tuning to growth and properties of AIN
was observed (Publication III), thus indicating adequate supply of each. It
should be noted that earlier research of ICP ALD AIN N,/H., flow ratios have
showed that >1/1 N,/H. ratios (20 sccm total flow) leads to non-ALD growth.
[60] However, in our case the N./H. ratio of 3/1 (100 sccm total flow) is still
resulting to self-limiting ALD growth. It is likely that these differences can be
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attributed dominantly to the differing flows but also ALD reactor design solu-
tions and different process pressures have an influence since they effect to the
flow dynamics and lifetimes of the radicals.

The plasma source and deposition temperature had also a major influence on
the overall film growth and properties. The low-temperature CCP based pro-
cesses had an overall lower film quality in comparison to the high-temperature
ICP based process films in terms of mass density, refractive index, (002) crys-
tallinity, Al/N ratio and degree of impurity concentrations. This difference can
be mainly credited to the higher temperature based reactivity of the precursors
which yielded to more stoichiometric and dense films. However, the GPCs of
the high-temperature AICl;/NH; process films are much lower than the low-
temperature TMA/NH; process films indicating that the halide based reaction
chemistry has less favorable surface saturation despite the higher temperature.
This observation can be further validated by comparing enthalpies of Al-Cl
(502 kJ/mol) and Al-C (267.7 kJ/mol) bonds which show that Al-C requires
only half of the bond dissociation energy of the Al-Cl. [70] Another factor af-
fecting the GPC is likely the difference between ICP and CCP sources since ICP
delivers lower radical density on the substrate and this might have slowed
down the —Cl surface group removal because the reaction kinetics required
more time. Also, the ICP based N,/H. 200 °C films had lower material proper-
ties performance than the CCP based NH; films deposited at 200 °C, excluding
Al/N ratio which in this case is less valuable metric due to the high impurity
concentrations. Still, the CCP processes have relatively low densities and high-
er degree of impurities.

The crystalline-amorphous structure of the AIN films is predominantly influ-
enced by the deposition temperature as shown by the TEM and XRD analysis
of the high-temperature AIN having distinct (002) preferential crystalline
grains. Secondly, the low-temperature (150 °C to 300 °C) CCP ALD process
films showed increasing preferential (002) orientation crystallinity with in-
creasing deposition temperature (Fig. 4.1). Thirdly, the ICP 200 °C process
AIN was amorphous. On the basis of these, results it seems that the higher
deposition temperatures of PEALD AIN favor predominantly (002) orientation
growth despite the plasma source. The deposition temperature affects funda-
mentally to the degree of crystallinity through stoichiometry and impurity
amounts thus usually films with Al/N ratio of >0.9 are found to be crystalline
if the amount of other impurities are also low. [64] Besides the temperature,
also substrate and substrate pretreatments have shown to influence greatly on
the crystallinity of PEALD AIN: for instance, Nepal et al. [64] showed epitaxial
AIN PEALD with TMA/N.:Ar process at 500 °C on GaN/a-plane sapphire hav-
ing rocking curve FWHM of 670 arc sec which is comparable than with MBE
and MOCVD grown much thicker AIN films. For the PEALD films grown with
that same process on Si(111), the Al/N ratio was 1.2 while C and O concentra-
tions were 4 at.% and 3 at.% respectively highlighting the significance of fa-
vourable substrate and role of Al/N ratio for highly crystalline films.

Specific plasma conditions can also significantly influence the stoichiometry
and impurity concentrations and thus the degree of crystallinity and crystal-
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line structure (as seen in the case of the moderate vs. high bias CCP process
AIN). These differences can be attributed to the higher radical densities and
ion-induced growth effects of the CCP reactor. [20] [21] Especially, favorable
ion energies and fluxes to the substrate are known to cause adatom migration
and enhancing adsorption (see section 2.3) which are highly likely affecting to
the more favorable properties of the high bias AIN. Yet, the intense plasma
exposure might also be harmful as was seen with the ICP >3 s plasma exposure
times which caused blistering of the films even though the mass densities and
elemental compositions showed high structural quality films. In this case, the
blister formation could be assumed to be compressive stress-driven since the
other AIN films under more tensile stress had not similar signs of structural
deformation.

4.2 Mechanical Properties and Annealing Behaviour of PEALD
AIN

In the Publications I and III mechanical properties (including residual stress,
elastic modulus, hardness, tribology and adhesion) and high vacuum anneal-
ing behaviour (400 to 1000 °C) of PEALD AIN films were predominantly stud-
ied. Earlier studies of PEALD AIN have not covered material performance on
challenging environments such as under mechanical wear and thermal loading
even though those would give important information about the lifetime and
applicable limits of the thin films.

4.2.1 Mechanical properties of PEALD AIN

The mechanical properties with complementary composition analysis of re-
mote CCP ALD AIN films were studied in the Publication I. The sputter depos-
ited AIN films were chosen as a reference thin film material due to its high
structural quality and the techniques established position for flat surface and
MEMS/NEMS fabrication (e.g. for piezoelectric actuators). The CCP ALD AIN
films had a nominal thickness of 100 nm and were deposited on (100) Si sub-
strate. The varied PEALD parameters and sample naming convention is simi-
lar as presented in the previous section for the CCP TMA/NHj, process films.
The residual stress, hardness and elastic modulus result of the AIN film are
presented in Table 4.4.

Residual stress, hardness and elastic modulus
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The biaxial residual stress of the CCP ALD AIN films was moderately tensile
(<1 GPA). The induced stress state was directly proportional to the deposition
temperature with tensile stress increasing with temperature. The exact reason
for this correlation is unknown but it is likely that increased (nano)crystallinity
might have stressed the film. At least the relatively minor differences on Si and
AIN thermal expansion coefficients (TEC) should not cause such differences.
In addition, the nanomechanical hardness (15.2 to 19.6 GPa) and elastic
moduli (160 to 175 GPa) showed a similar trend with respect to deposition
temperature (150 to 300 °C). Interestingly, the 200 °C, high bias voltage AIN
film had practically as a high hardness and elastic modulus as the 300 °C de-
posited film but with slightly compressive stress of -47 MPa thus revealing the
possibility to tune residule stress simply with control of bias voltage. This rela-
tionship arising from increased bias voltage could be attributed to the in-
creased ion energies and bombardment causing densification of the AIN film
which in turn caused more compressive packing of the structure. In the case of
the N,/H, (note: prepared with lower plasma power of 60 W), the hardness
and elastic modulus values were the lowest and the residual stress was 450
MPa. The residual stresses were also measured from the ICP AlCl;/NH; pro-
cess films and they were found to shift from slightly tensile (ABC 3 s process
films) to highly compressive (AB 6 s process film) with increasing plasma
times. In contrast, the thermal AIN film was measured to be strongly tensile
(~1 GPa).

Table 4.3. Density, residual stress, hardness and elastic modulus results of
the CCP ALD TMA/N-precursor films. For the residual stress, minus sign
stands for compressive stress and positive values tensile. Reproduced from
Publication I with permission of The American Vacuum Society.

Varied Temp. Density Residual Hardness Elastic Modu-
parameter (°C) [g/cm3 ] Stress (MPa) (GPa) lus (GPa)
temp. 300 276 £0.1 846 +53 19.6 £0.7 175+ 4

temp. ref. 200 2.7+0.1 220 +18 16.9+0.4 157+4

temp. 150 2.63+0.1 175+£20 152+0.5 160 + 10

high bias V.= 200 290+0.1 -47+9 19.1+1.0 180+ 10
N,/H, 200 246+0.1 450+34 14.0£0.3 155+6

The hardness and elastic modulus results show clear correlations with the
structural and compositional quality of the AIN films. Thus, the higher mass
density, Al/N ratio, degree of crystallinity and lower impurity amounts can be
concluded to lead to higher hardness and elastic modulus figures. In the case
of the CCP ALD AIN residual stresses, there are no similar clear dependencies
between the stress and the overall compositional quality of the films. Instead,
the stress state seems to be dictated by interconnected multivariable effects
with varying degree of contributions from Al/N ratio, mass density, crystallini-
ty, substrate, impurity concentrations and types. However, the process condi-
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tions such as temperature and CCP bias voltage can be concluded to have di-
rect influence on the AIN stress thus enabling stress state tuning. Similar re-
sults have also been obtained with magnetron sputtering pressure and plasma
power tuning which have permitted stress control from tensile to highly com-
pressive. [40] For the ICP AlCl;/NH; process films, the increased plasma time
increased compressive stress, density and refractive index. Even though the
structural properties of the long plasma time films were good, the films exhib-
ited blistering which has been connected to high compressive stresses earlier.
[71] The fundamental cause of the high compressive stress and blisters is likely
ion subplantation or ion migration effects which densify the film. This theory
is supported by a ToF-ERDA result which showed minor (0.06 at.%) presence
of Ar in the long plasma time (6 s) AIN films. Ar was used as a plasma gas with
NH;.

Adhesion and tribological behaviour

Thin film adhesion testing for the CCP TMA/NH; process samples was per-
formed by measuring four different critical load values (Lcsii, Lcsia, Lcam
Lcain:) as defined in the section 3.3.3. The images of the induced scratch chan-
nels are shown in Figure 4.2 and the determined critical load value results are
illustrated in Figure 4.3.

Si

200C
300C
150C

25V

N2/H2

Figure 4.2. Scratch channels of Si substrate and the CCP ALD AIN films. The
denoted sample names on the right side of the scratch channels stand for re-
spective varied deposition parameters of temperatures (200 °C, 300 °C and
150 °C), bias voltage (25 V) and plasma gas (N./H.).

The PEALD AIN films were not able to protect the underlying Si substrate
from cracking because the Lcsi; and Lesi» for bare Si were mainly on the same
level than with the AIN films. Also, the local (Lcsi;) and continuous (Lcsiz) fail-
ure of the substrate took place typically simultaneously with the AIN films with
the exception of the high bias (25 V) process films in which the local failure
happened at low critical load in comparison to the continuous critical load
failure (Lcsin < Lesio). This effect is possibly related to the slightly compressive

2
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stress of the film since the high bias film is the only one having both of these
properties.

The critical loads for continuous failure of AIN films were high (Lcaw: > 1000
mN) but the most of the films experienced local cracking close or with the
Lcsi.. From the samples, the 300 °C deposited films performed best showing
both the highest Lcan: and Leav.. When comparing the critical load results to
the earlier presented compositional analysis of the films, there does not seem
to be systematic correlation between the adhesion performance and the com-
positional quality. Also, earlier studies for example on TiN has shown that the
similar microscratch derived adhesion is relatively insensitive for process con-
dition changes. [59]

1400
=== | CSi1
1200 =t | CSi2
LCAIN1
=0=| CAIN2
1000 —— %
g A
; 800 I T
3
= T
T { \I
o 600
o
400
200
0
Si 200C 300C 150C 25V N2/H2

Figure 4.3. Critical load values from microscratch testing for the Si sub-
strate and the CCP ALD AIN films (from Publication I). The denoted sample
names on the x-axis stand for respective varied deposition parameters of tem-
peratures (200 °C, 300 °C and 150 °C), bias voltage (25 V) and plasma gas
(N./H,). Lcsis refers to the first observed crack in the silicon substrate, Lcsio
refers to the beginning of the continuous cracking of the silicon substrate,
Lcav is the first observed local delamination of the coating, and Lcae is the
continuous delamination of the coating. Reproduced from Publication I with
permission from The American Vacuum Society.

The tribological properties were determined for 200 °C deposited CCP ALD

film with linear Si pin sliding tests. At the beginning of the test the film
showed CoF of 0.2 and increased until it stabilized to a value of 0.6 after 100
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slides. Studying the wear track and Si pin surfaces with microscopy revealed
that Si particles had been transferred from the pin to the film surface and
forming tribolayer. Therefore the increasing friction could be attributed to the
contact of the Si surfaces and the underneath AIN film looked relatively intact
(after 500 slides). As a comparison, magnetron sputtered AIN(100
nm)/Mo(150 nm)/Ti(100 nm) films exhibited similar measured wear and fric-
tion behaviour but were completely removed from the wear track.

4.2.2 Annealing behavior of ICP ALD AIN

Annealing of the ICP ALD TMA/N.:H. processed films was performed in
high vacuum conditions (pw: < 10 mbar) with a Webb Red Devil M furnace.
The heat treatments at 400, 600, 800 and 1000 °C lasted 1 h. The behavior of
impurities in the annealed AIN films was under keen interest together with the
related structural changes. No significant differences on the nanostructure and
chemical composition existed between the two different N./H. flow ratios (1:1
and 3:1) AIN films, but the annealing behaviour was slightly different as shown
in the elemental concentrations.

As shown in the Table 4.2 the as-deposited AIN films contained large
amounts of H of which majority was not clearly detected with FTIR spectros-
copy. According to the thermal desorption measurements and ToF-ERD analy-
sis, the hydrogen effused largely out from the films mainly between 400 to
800 °C annealing temperatures. Furthermore, the films started to oxidize at
>600 °C temperatures as shown by annealing series ToF-ERDA results. The
oxidation could be contributed to residual O inclusion from the annealing pro-
cess and partly to post-annealing oxidation from ambient air moisture. In or-
der to avoid the annealing process oxidation, a usage of forming gas (e.g.
N./H,) would be recommended. Interestingly, the above mentioned (section
4.1.3) dinitrogen triple bonds had disappeared after 1000 °C annealing treat-
ment. This could be connected to increased reactivity and hydrolysis of the
films (Publication III).

Structurally the thermally driven chemical changes caused the AIN films
thickness to decrease during the annealing due to outgassing species. The
films mass densities annealing evolutions did not show a clear trend but it is
likely that 1000 °C annealing increased the density due to residual thermal
oxidation driving the film composition to Al.O; structure. Furthermore, the
films retained their dominantly amorphous structure despite the annealing
and thus it is possible that the impurities stabilized the film against the ther-
mal reconstructioning. Consequently, the 1000 °C annealed AIN showed only
minor nanocrystallinity according to the cross-sectional HRTEM and comple-
mentary fast Fourier transform image analysis. The conducted research results
can be used to map the suitability of amorphous PEALD AIN for operational
reliability considerations on demanding environments, and for thermally load-
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ed processes such as bonding, doping activation and further top-deposition
process steps.

4.3 Anticorrosive and Wear Resistant Steel Protection with Hy-
brid PVD/ALD Nanolaminate Coatings

ALD of Al,O,/TiO, periodic nanolaminate was applied primarily on PVD-
CrN (~3 um) coated steel substrates in order to investigate the effect the ALD
film has to the anticorrosion and wear durability properties of the material
combination (Publication IV and V). As discussed earlier, commercialization of
ALD films for application has to be well justified in order to overcome the rela-
tively high costs of deposition. In the case of this study, one of the most rele-
vant steel protection applications can be found from the field of steel dental
instruments coating. An ideal coating for dental instrument should provide
long lifetime and have high wear resistance, excellent corrosion resistance and
very low solubility in acidic and solvent mediums. Consequently, certain ALD
and PVD film combinations should provide advantages with the latter and
thus are considered promising candidate for dental applications. In the case of
ALD, the unique possibility to provide conformal and anticorrosive film depo-
sition on the inherently defective steel or PVD coating surfaces [72] is a signifi-
cant advantage [73] while the PVD-CrN provides hard and durable coating
against wear. Furthermore, the nanolaminate of amorphous metal oxide films
were chosen as the ALD materials because their material properties pros and
cons are known to be complementary [73]: the ALD Al,O; is a superior diffu-
sion barrier material but is soluble in acidic and basic liquids while ALD TiO,
has excellent chemical stability.

The research can be seen to consist of two parts: first, the ALD parameters
affect to corrosion protection of the PVD-CrN/steel substrates in the Publica-
tion IV, and second, study of the optimized ALD Al,O3/TiO, film on PVD-
CrN/steel during sequential corrosive LSV measurements and mechanical
wear steps in the Publication V. In both of these parts, the role of thin films
and steel substrates surface irregularities were carefully studied to derive
proper understanding of the wear and anticorrosion mechanisms in the mi-
croscale.

4.3.1 Improving corrosion protection of PVD-CrN/steel with ALD of
Al,03/TiO. nanolaminate

The ALD of Al.O5/TiO, nanolaminate thickness (target 20, 50 and 100 nm),
ICP pretreatment (10 min of O, or N»/H. at 2500 W) and deposition tempera-
ture (100, 150 and 200 °C) effect to a high-speed steel (HSS) and the PVD-
CrN/HSS corrosion protection, and partly adhesion, were studied. The nano-
laminates were deposited mainly at 150 °C with sequential TMA/H,O and
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TiCl,/H.O ALD processes with a 5 nm thickness target for each single layer
thus resulting in a thickness structure of n x (5 nm/5 nm) where n is integer
which defines the number of bilayers. XRR analysis showed that the Al.O; and
TiO, had on average 2.90 and 3.79 g/cms3 densities, 4 and 4.9 nm thicknesses,
respectively. Moreover, the measured roughness was on average 0.4 nm for
both materials indicating amorphous structure with abrupt interfaces. Also,
the ellipsometer measured effective refractive index (at 632.8 nm) for the ma-
terial combination was 2.07 being essentially the arithmetic average of the
Al;O; and TiO, refractive indices as would be expected.

The Fig. 4.4 presents the main corrosion test samples including reference,
thickness and preplasma series. The sample images show well defined differ-
ences on the rust formation of the sample surfaces. These more qualitative
results are also substantiated by the quantitative LSV analysis results which
are presented in more detail in the Publication IV.

The 50 nm ALD nanolaminate without plasma pretreatment decreased HSS
corrosion current density almost by an order of magnitude which is the same
degree as with PVD CrN film on HSS-alone. Additionally, plasma pretreat-
ments were found to improve the ALD nanolaminate adhesion significantly as
shown by the Rockwell indentation analysis. Increasing the nanolaminate
thickness to 100 nm further decreased the corrosion current density by an or-
der of magnitude while both of the plasma types reduced it in similar degree.
Moreover, changing the temperature had no clear effect on the corrosion po-
tential or corrosion current density indicating no structural changes, such as
polycrystalline grains, which could have reduced the corrosion protection.

(a) (b) (d)

Figure 4.4. Sample images of a) HSS-alone, b) CrN-PVD/HSS, ¢) 50 nm of
nanolaminate with O, preplasma, d) 50 nm of nanolaminate without plasma,
e) 50 nm of ALD nanolaminate with N./H. preplasma, f) 20 nm of nano-
laminate with O, preplasma and g) 100 nm nanolaminate with O, preplasma
after 48 h in the electrolyte and three LSV measurements. All of the ALD
nanolaminates were deposited on top of PVD-CrN. Reproduced from Publica-
tion IV.
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The main results for ALD/PVD/HSS samples show that hybrid coatings pro-
vide better corrosion protection than the ALD nanolaminate alone. Yet, the
conclusion about the ALD nanolaminate variables’ effect on the corrosion pro-
tection are similar: applying plasma pretreatment and thicker film improved
the corrosion resistance results, while changing pretreatment plasma type (O,
or N,/H,) or deposition temperature (100-200 °C) had no effect. Again, the
plasma pretreatments improved the adhesion of the nanolaminate significant-
ly. It is likely that the plasmas were able to remove harmful organic residues
from the substrate surface and in the case of O. plasma, grow uniform oxide
on the surface thus assisting even and favorable precursor surface nucleation.
[27] Furthermore, the time evolution (LSV at 1 h, 24 h and 48 h) of corrosion
current and potential of electrolyte exposed samples were compared to each
others. During the measurements, the ALD/PVD/HSS (with 50 nm, O,
preplasma nanolaminate,) showed dominantly stable potential and current
density while CrN/HSS samples corrosion potential decreased significantly at
24 h (-500 V at 1 h to -850 V at 24 h). Also, the PVD/HSS had about one order
of magnitude higher corrosion current density through the 48 h exposure and
LSV sweeps than the ALD/PVD/HSS samples.

Since it has been hypothesized that steel and PVD coating irregularities (es-
pecially pinholes) are the main pathways for detrimental corrosion currents,
the defects on thin films and HSS were studied with SEM from FIB cross sec-
tion sample. The Fig. 4.5 a) shows a groove on the steel surface with collapsed
PVD CrN which has offered a pathway for corrosion to attack the underneath
steel substrate. In the Fig. 4.5 b), the ALD nanolaminate (seen as lighter color
due to surface charging, which is typical for insulators in SEM) covers the
PVD-CrN film surface and shows sealing of a probable pinhole. Yet, the corro-
sion has been able to open a minor pathway to the steel causing some localized
corrosion induced dissolution due to the defective site. In the both cases, the
progression of corrosion can be seen to dominantly propagate along the PVD-
CrN/HSS interface.

nm

ALD (100 nm)

PVD-CIN

Cofrosion

Steel h
Corrosion

Carbides pmmm— Carbides

Figure. 4.5. Cross sectional SEM images of FIB prepared a) PVD/HSS and b)
ALD/PVD/HSS film samples after 24 h in the electrolyte and two LSV meas-
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urements. Surface areas with SEM detected irregularities in steel or PVD film
were chosen for cross sectioning. Reproduced from Publication IV.

4.3.2 Effect of wear on corrosion protection of steel with PVD-CrN and
ALD-AL;0;3/TiO.

The corrosion resistance behavior of HSS, PVD/HSS and ALD/PVD/HSS
samples were studied as a function of four surface wear steps. The ALD nano-
laminate chosen was based on the optimized process presented in the previous
section being the nominally 100 nm thick [10 x (5 nm/5 nm)] Al,O5/TiO. film
with O. plasma pretreatment and 150 °C deposition temperature. The first
three wear steps were performed with a ball-on-disk (6 mm diameter) configu-
ration tribometer and the last one with sandpaper grinding. During the LSV
measurements the samples were in total 13 h in the electrolyte solution (0.2 M
NaCl). The results are presented in Fig 4.6 and show corrosion potential and
current density results of five consecutive LSV sweep-wear steps for the prima-
ry samples and five LSV sweeps for the non-wear reference samples for com-
parison.

(a) Number of Wear Steps (b) Number of Wear Steps
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Figure 4.6. Corrosion a) potentials and b) current densities with respect to
performed LSV measurements. The top axis denotes the number of wear steps
performed between the LSV measurements. The three first wear steps were
done with controlled rotational tribometry wear and the forth with manual
sand paper wear process. Reproduced from Publication V.

The ALD/PVD films show stable corrosion potential during the first four
LSV-wear steps while the PVD protected steel samples show significantly re-
duced values (-400 to -650 V) after the first wear step. After the last wear step
the corrosion potential of the ALD/PVD film sample is slightly reduced from
its stable level value (-400 to -550 V) whereas the PVD film samples are exhib-
it more negative (-800 V) potential. Furthermore, the ALD/PVD samples have
approximately more than an order of magnitude lower current densities than
the PVD film samples in the LSV-wear series, with exception of the fifth LSV
measurement where the corrosion current densities of the ALD/PVD samples
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are closer to the PVD film samples. The latter corrosion current density differ-
ence is still half lower for the ALD/PVD film samples than for the PVD film
samples which is significant since all of the ALD nanolaminate and >100 nm of
the PVD film was removed in the last wear step. The complete removal of the
ALD nanolaminate was confirmed by profilometer (approximated material
thickness removal), tribometer (CoF value change) and lack of EDS Ti signal.

It can be concluded that the HAR surface ALD nanolaminate plays a major
beneficial role for improvement of the corrosion resistance of steel. On the
basis of this research it seems that the wear steps reduced the corrosion pro-
tection of the ALD/PVD film samples by opening new, non-ALD protected
pathways (flake-like defects, pinholes, voids etc.) for corrosion currents. Yet,
the existing ALD nanolaminate covering the PVD pinholes and defects was
able to significantly improve the corrosion protection of the steel substrate.
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5. Summary and Outlook

The research of ALD and its related materials can be seen as a field between
scientific aspirations, aiming for novel, still theoretical or even unforeseeable
applications, and technological development, aiming to some specific purpose
in an application. Generally, the former can be seen to be more academic re-
search driven while the latter is more relevant to industry, although some
overlap exists. Between these two research drivers, this thesis intended to take
a middle ground by more deeply studying and optimizing known (PE)ALD
processes and related materials without highly specific application focus. Yet,
it is still easy to name applications in which the research results could be uti-
lized due to the advantages of ALD technique.

The goal of this dissertation was to research selected thin film materials de-
posited with the ALD and PEALD methods, and study their fundamental and
technological material properties. This yielded a selection of especially PEALD
process effect studies to mechanical, electrochemical, elemental and structural
properties of thin film materials.

Publication I studied and presented for the first time the mechanical proper-
ties of PEALD AIN films with complementary compositional analysis and
comparison to magnetron sputtered AIN. The PEALD process (TMA/NH;)
conditions had significant effect on the structural and elemental composition
of the films and consequently to hardness, elastic modulus and residual stress,
while adhesion and tribological behaviour were not markedly affected. Inter-
estingly, the deposition temperature and bias voltage of the capacitively cou-
pled plasma source had a major influence on the AIN film properties. An espe-
cially promising result for application and process control stand point was the
demonstrated PEALD capability to control the residual stress from tensile to
slightly compressive. These findings could pave the path to conformal PEALD
AIN functional layer based devices especially if these material property results
are successfully connected to improved crystalline quality.

Publication II presents TMA/N,:H, PEALD AIN process and annealing be-
havior study with a focus on structural, elemental and chemical composition
changes. The films contained a large amount of hydrogen, which largely ef-
fused out during the annealing treatment from 400 to 1000 °C. Furthermore,
the AIN films went through chemical changes such as triple nitrogen bond
breakage related probable hydrolysis and slight oxidation despite the vacuum
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environment of the annealing furnace. Structurally the film thicknesses re-
duced and they maintained their amorphous structure during the annealing.
This study could be utilized to progress usability and processability of PEALD
AlN films in high temperature conditions such as bonding and top-depositions
or reducing the hydrogen content by a certain degree.

In Publication III, rarely studied (PE)ALD chemistry of AICl;/NH; process at
high process temperatures (~500 °C) was presented. The developed PEALD
process showed (002) preferential crystallinity, low impurity concentrations
and high refractive index and density values with sufficiently long NH,/Ar
plasma exposure while the thermal ALD films showed lesser quality with these
respects. Furthermore, the residual stress of the films was found to be control-
lable with plasma exposure time from tensile to highly compressive. This ICP
ALD result shows the opposite stress behavior from the results of the Publica-
tion I CCP ALD films, thus highlighting the versatility of the PEALD process
conditions and the instrumentation effect to the film properties. The
AICl;/NH; plasma process films have many favorable properties and could be
potential candidate, e.g. on piezoelectric applications that take advantage of
the reasonable conformality of PEALD films.

Publications IV and V cover application of ALD Al,O;/TiO, nanolaminates
and PVD CrN films for corrosion protection of steel and expand to investigate
the effect of wear for corrosion protection mechanisms of hybrid film surfaces.
The results show how the complementary natures of the ALD nanolaminate
and PVD film help to improve the corrosion current densities by approximate-
ly two orders of magnitude. The utilization of an O, plasma pretreatment step
and a thicker nanolaminate thickness of 100 nm were found to provide opti-
mal anticorrosion conditions for steel protection. These results were then ap-
plied for consecutive wear-corrosion environment exposure steps which re-
vealed that the corrosion protection of the original ALD/PVD film combina-
tion were on a high level even after the surface nanolaminate and some PVD
film were removed. This study effectively showed the high importance of con-
formal sealing of PVD pinholes and other surface irregularities for elevated
corrosion protection of steel. Therefore, the ALD films wear resistance capabil-
ity is secondary whereas the pinhole sealing is the core function for ALD in this
application. The results could be used to allow usage of mechanically very fa-
vorable high speed steel with the suggested films for dental instruments where
the relatively high costs can be balanced by increased lifetime.

To conclude, this thesis has partly demonstrated the prominence of ALD
technology for various new applications and aimed to progress the thin film
materials utilization. Especially, from the multitude of ALD advantages, the
conformal deposition on high aspect ratio structures has been acknowledged
as one of the most significant driver for this technique. As a tangible proof,
more and more of our everyday consumer electronics relying on memories and
microprocessors are being designed and manufactured with ALD conformality
as a guiding star.
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