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List of Abbreviations and Symbols

ALD

Atomic layer deposition, atomic-layer-deposited

BF

Bright-field

BOX

Buried oxide

BSE

Back-scattered electrons

CBED

Converged electron beam diffraction

CCD

Charge-coupled device

CMOS

Complementary metal-oxide-semiconductor

CVD

Chemical vapor deposition

DF

Dark-field

DIW

De-ionized water

DSC

Differential scanning calorimetry

ED

Electron diffraction

EDX

Energy dispersive x-ray spectroscopy

ETD

Everhart-Thornley detector

FFT

Fast Fourier transform

GIXRD

Grazing incidence x-ray diffraction

GOX

Gate oxide

GPC

Growth per cycle

HAR

High aspect ratio

HEMT

High-electron-mobility transistor

HRTEM

High-resolution transmission electron microscopy

HV

High vacuum

IC

Integrated circuit

LED

Light-emitting diode
5

MEMS

Micro-electro-mechanical system

MOCVD

Metal-organic chemical vapor deposition

NBED

Nanobeam electron diffraction

PEALD

Plasma-enhanced atomic layer deposition

PECVD

Plasma-enhanced chemical vapor deposition

PVD

Physical vapor deposition

SAED

Select area electron diffraction

SE

Secondary electrons

SOI

Silicon on insulator

STEM

Scanning transmission electron microscopy

TEM

Transmission electron microscopy

TMA

Trimethylaluminum

ToF-ERDA

Time-of-flight elastic recoil detection analysis

WDX

Wavelength dispersive x-ray spectroscopy

WPOA

Weak-phase object approximation

XRD

X-ray diffraction

XRR

X-ray reflectivity

d

Thickness

I

Intensity

p

Pressure

R

The gas constant

T

Temperature

V

Crystal potential

γ

Surface free energy

ΔG

Change in Gibbs free energy

λ

Wavelength

σ

Interaction constant

Ψ

Electron wavefunction

ω

Angle between a surface and the incident beam
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1. Introduction

The key enabler in enhancing the digital world for tens of years has been the
ability to miniaturize electronic devices. The miniaturization process has been
steadily following Moore’s law where the number of transistors on a die of the
same size doubles every 18 to 24 months 1. Moore’s law has worked well in multiplying the computing power modern computers provide but it has not provided means for a more diversified digital world. The smartphone provides a
great example of a more diversified digital world. A smartphone is certainly not
operating merely as a pocket computer or as a phone. A smartphone is also a
camera, global navigation satellite system, gaming device, and so much more.
They key driver behind this is the concept of More than Moore (Fig. 1.1) 2. Both
continued transistor scaling (More Moore) and device diversification (More
than Moore) impose continuous challenges on the semiconductor industry: the
increased demand of diversified functions requires additional innovation in design and manufacturing.

Figure 1.1. Transistor scaling combined with new technologies, such as miniaturized sensors,
can produce more diverse, higher value systems. At the time of this dissertation the state of
the art transistor node was around 10 nm. Adapted from 2.
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New materials, new processing techniques, and the adaptation of already-developed materials are all required to meet the innovation challenges faced when
extending Moore’s law and developing more diverse applications. Perhaps one
of the best-known examples of a recent paradigm shift in semiconductor processing was when the state of the art complementary metal-oxide-semiconductor (CMOS) gate processing and materials changed from a thermally grown SiO2
gate oxide (GOX) and a polysilicon gate metal to an atomic-layer-deposited
(ALD) HfO2-based stack GOX and a metal-based gate. A major reason for selecting ALD was its ability to control the film thickness down to individual
atomic layers, conformality on high aspect ratio (HAR) structures, and uniformity over large diameter wafers. The same properties of ALD can also be exploited in sensor and actuator applications for the functional diversification. Micro-electro-mechanical systems (MEMS) often have complex three-dimensional shapes which require conformality only provided by ALD. In addition,
applications such as biochips can require protective, biocompatible coatings
that need to be fully conformal. Outside of microelectronics, ALD coatings can
be used as barrier layers against moisture and corrosion in applications where
irregular surfaces need to be covered.
A bit over 40 years since its discovery, ALD films are found in many applications 3. However, other deposition techniques may have trumped ALD in terms
of film quality in the older technology nodes and at a time of less diverse selection of integrated devices. However, ALD has become increasingly more attractive as the new transistor nodes require thickness control in the order of single
atomic layers, transistors have become three-dimensional (fin field effect transistor, FinFET) 4, and sensors 5,6 and semiconductor packages 7,8 have complex
HAR structures. Therefore, more efforts are needed to come up with new ALD
materials and to engineer the already-developed ALD materials to be suitable in
new applications. The thin film engineer needs to work in close collaboration
with the designers and process engineers to understand the complete process
flow and the final requirements of the film. A film deposited at the beginning of
the process flow may see elevated temperatures and harsh chemicals which may
modify the film’s microstructure, stoichiometry, the presence of impurities, film
interface structure, film total thickness, and stress state. A film deposited at the
end of the processing, such as a barrier film, needs to be robust with respect to
the intended use of the application and its lifetime. Furthermore, if the protective film is deposited on a moving sensor element, its properties, such as residual stress, need to be thoroughly understood and modifiable.
This dissertation aims to reconcile the deposition of high-quality ALD AlN and
Al2O3 films and their thermal treatment to simultaneously further refine their
microstructure and to study their high-temperature stability. The films are investigated for their quality and from the perspective of stability in demanding
environments, which can either be the environment during processing or the inuse environment. The intended use of the both films include applications in microelectronics such as silicon on insulator (SOI) buried dielectric layer (AlN and
Al2O3) and barrier layer for corrosion protection (Al2O3). SOI-based integrated
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circuits (IC) could benefit from replacing the current dielectric, SiO 2, with a dielectric layer of better thermal conductivity and on-par dielectric properties.
The better thermal conductivity of the buried dielectric would alleviate transistor self-heating, which causes degradation of many transistor parameters and
presents reliability concerns 9. An Al2O3-based SOI, on the other hand, would
enhance HAR micromachining of MEMS as the etch stop capability of alumina,
in terms of the etch rate of the mask, is orders of magnitude lower than that of
SiO2 10,11. Finally, for similar reasons as for the HAR etch stop capability, i.e.
chemical and physical robustness, alumina can be utilized as a protective layer
against wear and corrosion. Both materials are well characterized in their bulk
form, while as ALD films their thermal and chemical stability are not well understood.
The research questions were divided into three aspects:
i)
ii)
iii)

Finding suitable process parameters for the deposition of high-quality ALD AlN and Al2O3 films. [I], [II], [IV]
Exposing the films to thermal treatments to understand their thermal stability and to refine their microstructure. [I]–[III], [V]
Using microstructure refinement to make the films chemically and
thermally stable. [II], [V]

The contents of this dissertation are arranged in the following way. First, the
term “film quality” and its dependency on the processing conditions are defined
in Chapter 2. Chapter 3 discusses the fundamentals of atomic layer deposition
and the relevant film quality aspects from the perspective of AlN and Al 2O3.
Chapter 4 details the characterization methods utilized in this work and shows
practical examples of the type of information that can be obtained from thin
films. In Chapter 5, the thermal and chemical stability are discussed and how
one can affect them by selecting the appropriate annealing conditions to refine
the film microstructure. Finally, in Chapter 6, the prospects of the achieved results are demonstrated and discussed to lay the groundwork for applying the
results in further engineering work.
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2. Thin Film Processing–Quality Relationships

Thin film deposition methods for microelectronics can be roughly divided into
three categories: chemical vapor deposition (CVD), physical vapor deposition
(PVD), and liquid phase deposition methods.12,13 Vacuum-based CVD and PVD
methods are suitable for the accurate process control demanded when depositing films in the thickness range of 10–1000 nm, while liquid phase deposition
methods, such as electroplating, become more feasible in the film thickness
range of microns.13 This thesis focused on the deposition of films in the range of
tens of nanometers and the liquid phase deposition methods are not discussed
in the following text. The process–quality relationships are also different for the
three categories of deposition methods as the physics are different. PVD is based
on particles being physical ejected from a target and landing on a substrate, CVD
on chemical reactions of vapors that take place at the substrate, and liquid deposition methods on a variety of mechanism in which the film precursor is in the
liquid form. Since ALD is a subset of CVD, this chapter briefly discusses the processing–quality relationships of thin films mainly from the perspective of CVD
type methods.
All CVD methods include similar reactions that take place as highlighted in
Figure 2.1. The decomposition and subsequent reactions of the source gas are
achieved either via thermal activation, via plasma-assisted reactions in plasmaenhanced CVD (PECVD), or through photon activation and the combination of
thereof. Likewise, ALD can also be thermally activated, plasma-enhanced
(PEALD), or photo-assisted 14. An activation energy is required to be overcome
to start the chemical reactions of the reactants (source gases) which will form
the products (thin film) on the wafer. The change in the Gibbs free energy of the
forming film is negative, i.e., the free energy of the film is less than that of the
reactants, therefore making the film stable in the deposition conditions.
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Figure 2.1 The principle of thin film growth via CVD methods. Figure is from

13.

The forming film can manifest various solid phases, such as different crystalline transition phases, a distorted stoichiometry, and the byproducts of the reaction may get trapped in the film. The resulting microstructure including the
crystallinity, phase, defects as well as the trapped impurities in the film depend
on the deposition conditions. For example, higher deposition temperature
means that larger activation energies can be overcome to drive the reactions to
the most stable phase of the film and the reaction byproducts can desorb more
efficiently 15. In other words, a higher activation energy means that a reaction
depends more on the deposition temperature. Consequently, the kinetics of a
higher activation energy process are slow at a lower deposition temperature
meaning that reactions with a low activation energy, and less dependency on
temperature, are favored. However, a higher temperature may also cause selfdecomposition of one of the reaction gases causing unwanted impurities to get
embedded in the film 16.
Furthermore, since the coefficients of thermal expansion (CTE) typically differ
between the substrate and the film, there will be residual stress in the film at
room temperature 17. For example, an ALD alumina thin film on Si (CTEAl2O3 >
CTESi) is in tensile stress at room temperature 18. The alumina film strives to
shrink more than the Si substrate as the film-substrate stack is cooled down to
room temperature. The thick Si substrate restricts the shrinking alumina thin
film causing tensile stress in the film. However, the CTE mismatch may not fully
explain the film stress. For example, in 18 the ALD Al2O3 films deposited at lower
temperatures had higher biaxial tensile stresses at room temperature than the
films deposited at higher temperatures. Other effects, such as cluster coalescence, have to take place during the film growth to induce additional stresses
19,20. High stresses in films can cause defects such as cracking and delamination.
Therefore, the deposition temperature needs to be optimized from the perspective of stress.
The growth mechanism also affects the quality of the forming film. The activation energy is modified if the film growth takes place on a surface with reactive
sites, such as OH groups in the case of trimethylaluminum-based deposition, or
on a template and epitaxial or substrate-assisted growth takes place 21. An additional stress component can arise from the lattice mismatch of the growing film
and the substrate in the case of heteroepitaxy 22. The larger the lattice mismatch,
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the more defects, such as dislocations, are needed to accommodate the epitaxial
growth.
A third mechanism for additional stresses in thin films is related to the
plasma-activation: the high-energy ions may collide with the substrate and the
growing film causing collision cascades and densification of the film and thus
modify the stress state of the film 23. Post deposition thermal treatments can be
utilized to alter the film quality by inducing crystallization, degassing of unstable byproducts that were embedded in the film, and modifying the stress state.
In summary, the processing–quality relationships are an interplay between
the deposition activation mechanism (temperature, plasma), source gases including the atmosphere (product vs. reactants free energy, self-decomposition),
and substrate (growth mechanism, substrate vs. film CTE). It should be noted
that the term “quality” can be understood in many ways within the context of
depositing thin films. In addition to the previously discussed impurities, film
phase (crystallinity), stoichiometry, and stress, other important processing–
quality-relationships, such as uniformity, thickness control, interface abruptness and structure, conformality, and deposition selectivity should not be neglected 15.
The adequate quality of a thin film also depends on the purpose. For example,
an optical coating in a hermetic package will see a very different environment
and further process steps compared to an etch stop layer or a CMOS gate dielectric. The following chapters will discuss such processing–quality relationships, the effect of additional thermal treatments on the film quality, suitable
characterization methods for characterizing the film quality, and the impact of
the film quality on its microstructural stability during thermal and chemical solvent treatments. Most notably, transmission electron microscopy (TEM) was
utilized heavily in studying the microstructure-related aspects, such as crystallinity, grain orientation, interfaces, and their development from as-deposited to
annealed films.
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3. Atomic Layer Deposition

Atomic layer deposition was used in this thesis to deposit AlN and Al2O3 films.
This chapter covers the principle of ALD and processing–quality relationships
mainly from the perspective of stoichiometry, impurities, and microstructure.
AlN and Al2O3 from Publications [I], [II], and [IV] are compared to the literature and other ALD films.

3.1

Principle, Stoichiometry and Impurities

The desired thin films are typically grown from two precursors in ALD. Both
precursors are self-terminating in the ideal case. For example, an organometallic precursor reacts with the substrate via one of the ligands detaching and the
organometallic attaching to a reactive site at the substrate. The detached ligands
are flushed out during a purge cycle. After the purge cycle the second precursor
is introduced. The second precursor can be for example water vapor in the case
of oxide films and ammonia in the case of nitride films. The remaining ligands
from the first cycle, still attached to the core of the first precursor, react with the
second precursor and detach while the core of the second precursor reacts with
the first core forming a monolayer of the desired film. The reacted ligands are
flushed out subsequently. These cycles are repeated until the desired thickness
is reached (Fig. 3.1).
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Figure 3.1. The ideal ALD cycle where one monolayer of the desired film is produced on the
substrate. The surface is covered with ligands or simple atoms, for example hydrogen atoms,
from the reactant B which serve again as reactive sites for the next cycle. Adapted from 24.

The ideal ALD process is in practice rarely reached. This means that various
impurities may get embedded in the films via various reaction routes:
x
x
x
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Precursor ligand related (for example carbohydrates when using organometallics)
Second precursor related (for example hydrogen from ammonia)
Excess precursor core atoms distorting the stoichiometry
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The embedded impurities and poor stoichiometry can result in inferior material properties and poor thermal and chemical stability of the films and are typically undesired. The suitable number of precursors is vast. Ritala et al. 25 list
the following attributes as ‘must’ requirements:
x
x
x
x
x
x

Sufficient volatility
Aggressive and complete reactions
Thermal stability (no self-decomposition)
No etching of the film or substrate material
No dissolution into the film substrate
Sufficient purity

A good idea of the vast number of different precursors that have been studied
can be obtained from the review by Miikkulainen et al. 26. Although the review
is more concerned with the crystallinity of ALD films, it is still possible to deduct
something about the role of impurities in ALD films. The amount of impurities
and the film crystallinity are likely linked as more complete precursor reactions,
i.e., energetically favorable and thus crystallization promoting reactions, can
lead to less impurities in films. For example, V2O5 from vanadyl-tri-iso-propoxide and H2O at 150 °C by PEALD produced amorphous films with 22 at.% C,
whereas impurity-free, crystalline films were produced with O2 plasma 27. However, sometimes simply observing the crystallinity of the film is not enough to
make statements about the impurities. For example, in one study TiN grown
from TiCl4 was crystalline despite having 7.7 at.% Cl and 16 at.% H 26. It is expected though that different impurities affect the phase stabilities differently 21.
The two most straightforward routes to decrease the amount of impurities are
to select a suitable combination of precursors and to increase the deposition
temperature. In addition, plasma-enhancement may be viable in decreasing impurities in the film and engineering the stoichiometry. However, the main function of using plasma-enhanced growth, whether being ALD or some other gas
phase deposition, has been typically to lower the deposition temperature. The
effects of plasma-enhanced growth are not always straightforward to interpret
and secondary effects, coming for example from ion peening, can cause unexpected results 23. Finally, the self-limiting growth of ALD requires a uniform and
adequate dose of the reactants over the entire substrate. Hence, looking at the
partial pressures of species inside the chamber may not have been as great of an
interest as achieving the saturated growth behavior. Therefore, the saturated
growth may have occurred in a situation where the ideal stoichiometry is not
favored. On the other hand, it could potentially be possible to minimize certain
impurities by depositing films with partial pressures that would well exceed the
required dose but would inhibit impurities from embedding into the films.

3.2

ALD Aluminum Nitride

ALD AlN films can be deposited by a thermally-activated or plasma-enhanced
process. The most typical precursor for Al is trimethylaluminum (TMA) whereas
nitrogen can be introduced from either ammonia, ammonia plasma, or N2/H2
19

Atomic Layer Deposition

plasma. The impurities coming from the precursor gases are hydrogen, carbon,
and excess nitrogen or aluminum distorting the stoichiometry. Carbon and oxygen may be introduced from the atmosphere due to poor isolation of the reaction chamber. TMA-based deposition is usually carried out below 400 °C due to
the decomposition of the precursor 28. The process can work above 400 °C also
but the amount of carbon impurities may increase. Nevertheless, high crystalline quality AlN has been deposited at 500 °C with a TMA-based process 29.
These films had 4 at.% C and also rather high 3 at.% O content. Hydrogen was
not measured in the study. Hydrogen is not often directly measured due to the
limited availability of tools capable of quantitatively measuring hydrogen. Timeof-flight elastic recoil detection analysis is usually employed when also hydrogen is measured. The amount of hydrogen has been reported to be 13–27 at.%
in PEALD processes utilizing TMA 30 [I]. The amount of hydrogen decreases
with increasing the deposition temperature. When the isolation of the reaction
chamber is good oxygen impurities are reported to be below 1 at.% although
some carbon impurities in the range of 1 at.% are still expected when utilizing
TMA 31. Stoichiometry of the TMA-based PEALD AlN films has been reported
to be both Al and N-rich with about 1.1 Al-to-N ratio being the closest to the
ideal stoichiometry 32.
Lower hydrogen concentrations have been reported for thermal and plasma
processes, when using AlCl3 as the Al precursor, being 2 and 9 at.%, respectively
33,34. In [IV] 6.5 at.% of hydrogen was achieved using AlCl in the PEALD setup
3
while a thermal process resulted in 10.9 at.% of hydrogen. The second reaction
gas has been one containing hydrogen nevertheless. However, the films in 33,34
still contained Cl – 2 at.% in the plasma process and 9 at.% in the thermal process, while in [IV] 0.1 at.% Cl was achieved with the PEALD process and 3.8
at.% in the thermal ALD. The differences may arise from the chamber setup, gas
partial pressures, and different hydrogen analysis methods.
In [I] and [IV] AlN was deposited from two precursor combinations: TMAN2/H2 plasma and AlCl3-NH3 (both thermal and plasma processes were developed). The TMA process was conducted at 200 °C while the AlCl 3-based processes took place at 475 °C and 425 °C for the thermal and plasma process, respectively.
The TMA-based process was conducted with two N2:H2 ratios – 1:1 and 3:1.
The growth per cycles (GPC) were both 0.06 nm/cycle. The thickness non-uniformities of the films were 1–2%. The precursor doses were considered saturated as similar GPCs had been reported in the literature 31,32,35,36 and the nonuniformities were low for a plasma process. On the other hand, the refractive
indices at the wavelength of 632.8 nm were below 1.90 which can be considered
rather low for AlN as the bulk value is roughly 2.10 37 and values close to 2.0
have been reported for ALD AlN 38. As the refractive index is mainly based on
the density and polarizability of the material 39 it can be considered a good estimate for the quality of AlN. Furthermore, the AlN films were deemed unstable
with respect to the amount of outgassing species and development of the microstructure during high vacuum (HV) annealing presented below in Section 5.2.
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The AlCl3-based process was first developed as a thermally-activated one at
475 °C [IV]. Figure 3.2 presents the thermal ALD dose saturation graphs. The
solid AlCl3 precursor container temperature was first optimized with a constant
4-s NH3 pulse (Fig. 3.2a). A 1.5-s pulse was used for AlCl3 with a boosting function where the gaseous precursor coming from the solid source was collected in
advance and then flushed into the chamber. The GPC and the refractive index
of the optimized
process
were 0.07–0.08 nm and 1.93.
p
p

Figure 3.2. Dose saturation graphs for the thermal AlN process. The optimized process was run
with 6-s NH3 pulsing at the AlCl3 bottle temperature of 162 °C. The AlCl3 temperature optimization was conducted with the NH3 pulse being 4 s (i.e. the data points lying at 0.07 nm GPC
in (a) and (b) correspond to the same deposition run). [IV]

The PEALD process was based on the AlCl3 temperature and pulse time (162
°C and 1.5 s with the boosting function). The NH3(Ar) plasma time was varied
and was also used in a configuration where an additional NH3 pulse without the
radio frequency power was introduced between the AlCl3 and the plasma pulses
(Plasma ABC in Fig. 3.3). The GPCs and refractive indices were approximately
0.03–0.04 nm and 1.9–2.0 for both plasma processes. However, the AB plasma
process induced a high compressive stress into the films which caused blistering
[III]. Therefore, the ABC process was used to decrease the compressive biaxial
stress in the films. The biaxial stresses were measured with the wafer curvature
method by applying the Stoney’s equation 17. The AlCl3-based films were not an-
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nealed to further improve the quality in terms of impurities and grain size. Annealing in ultra-high vacuum conditions or in forming gas to prevent oxidation
could be applied to further refine the AlN films.

Figure 3.3. GPC as a function of the plasma time. AB refers to a binary process of AlCl3-NH3(Ar)
plasma and ABC to a process with an AlCl3-thermal NH3-NH3(Ar) plasma sequence. [IV]

3.3

ALD Aluminum Oxide

Alumina is typically grown from TMA or AlCl3 and water vapor.24,26 Also, for example ozone can be used as the oxygen source. Growth temperatures between
below 100 °C and 500 °C have been typically reported although limited studies
exist on higher temperature deposition too.26,40 The upper limit of 500 °C tends
to come from the fact that it is the maximum temperature for which ALD reactors have been designed. The precursor decomposition temperature must be
considered also when developing the process. The ALD alumina deposition is
well established and the films have been reported to have a low amount of impurities. The lower temperature regime films contain more hydrogen, whereas
high-temperature films grown with TMA may contain some carbon. The
amount of hydrogen can be driven very low in both TMA and AlCl3 processes.
At a moderate deposition temperature of 250 °C from TMA 1 at.% of hydrogen
has been reported 41, and at a very low temperature of 33 °C the H concentration
has been reported to be 22 at.% 42. In 41 the carbon content of the film was < 0.3
at.%. It is obvious that despite the metal precursor being the same in both AlN
and Al2O3 the latter one has more explosive reactions (larger driving force) leading to more complete reactions.
In [II] ALD Al2O3 was deposited from TMA, AlCl3, H2O, and O3 at different
temperatures. The films that were deposited at 450 °C from TMA and H2O were
finally investigated the most thoroughly since their GPC of 0.07 nm, refractive
index of 1.66, and non-uniformity of 1% were adequate for further processing
and applications. The process development was carried out at Beneq Oy and is
not presented here. It is worth mentioning though that the same ALD alumina
recipe is used to deposit an ion barrier for electroluminescence displays. The
450 °C TMA-H2O-based films contained 0.21 at.% hydrogen and 0.07 at.% car-
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bon. The small amount of carbon is rather surprising as TMA starts to self-decompose at 370 °C 43,44. However, the degree of adverse effects coming from the
self-decomposition can be minimized with the correct reactor design and deposition parameters.

3.4

Microstructure

A thorough overview of the crystallinity of ALD films is given in 26. In summary,
many types of microstructures are observed in as-deposited ALD films: amorphous [II], nanocrystalline [IV], polycrystalline 45, and even epitaxial 29. Obviously, the deposition temperature plays a dominant role together with the precursors in which phase is manifested in the as-deposited state. However, some
generalizations can be made. For example, typical ALD temperatures result in
an amorphous structure for the thermal process of Al2O3 (Fig. 4.6) while crystalline HfO2, TiN, and TiO2 can be achieved in thermal ALD routinely at the sufficient temperature of each specific process (Fig. 3.4).

Figure 3.4. As-deposited crystalline ALD films. HfO2 46 (a) and TiN 47 (b) showing columnar grains
while TiO2 45 (c) is showing random polycrystalline growth. The images are adapted from their
respective references.
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In [IV] the as-deposited AlN films showed a varying degree of crystallinity
(Figure 3.5). The PEALD-based films exhibited similar columnar growth as the
ones in Figures 3.4 (a) and (b). In the case of AlN, the hexagonal c-axis direction
dominated the growth. A thin amorphous layer was visible between the films
and the substrates in Figure 3.5 because the films were grown on SiO2. However,
the interfacial layer measures too thick to be only SiO2 implying that the first
deposited AlN layers are amorphous and crystalline AlN nucleates later during
the deposition.
Contrary to ALD AlN, the as-deposited Al2O3 films are typically amorphous
but crystallization can be achieved with annealing. 26,48 Figure 3.6 presents the
TMA-H2O-based film from [II] that was annealed at 1000 °C in a flowing nitroത } planes prefgen atmosphere. The film crystallized in the θ phase with the {20ͳ
erentially stacked on the Si (100) substrate. Furthermore, an interfacial layer
formed between the Si substrate and the alumina film which was identified to
be composed of Si, O, and Al. Similar interfacial layer has been observed in References 49–52 too. An interfacial layer is also formed between HfO2 and Si during
processing from a combination of oxidation during deposition from the oxygencontaining precursor and the subsequent high-temperature processes 53. The
thickness of the interfacial layer can be decreased by depositing oxygen gettering materials on top of the HfO2 which will attract oxygen during the high-temperature process steps. Furthermore, the formation and thickness of such interfacial layers, whether in Si-Al2O3 or Si-HfO2, is governed by the stoichiometry of
the deposited material (additional oxygen) and the thermodynamic equilibrium
between the two dissimilar materials.
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Figure 3.5. TEM images of the thermal and PEALD AlN films. The overview TEM images on the
left were recorded with a small objective lens aperture (high diffraction contrast) and show
partly crystalline structures. The high-resolution images on the right display the Si-AlN interfaces and lattice fringes in AlN corresponding to small crystallites. (a)-(b) Thermal AlCl3based AlN. (c)-(d) PEALD AlCl3-based AlN deposited via the ABC 3 s process. (e)-(f) PEALD
AlCl3-based AlN deposited via the AB 6 s process. The electron diffraction patterns were
recorded along the Si <110> zone axis. The indices correspond to w-AlN. The bright, unindexed spots are Si reflections.
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Figure 3.6. TEM images of ALD Al2O3 annealed in N2 at 1000 °C. (a) An overview bright-field
image shows a polycrystalline structure. (b) The select area electron diffraction aperture was
used to select Si and Al2O3 and the lamella was oriented according to the Si <1ͳത0> zone axis
showing a preferential orientation for the crystallized alumina with θ-alumina (20ͳത) planes
along the Si [002] direction. High-resolution images of the Si-Al2O3 interface (c) and the Al2O3
surface (d). (e) A dark-field scanning TEM image shows that the alumina film has crystallized
uniformly.
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4. Structural and Chemical Characterization Methods of Thin Films

The structural and chemical characterization methods of thin films probe the
crystal structure, microstructure, and composition of the films. The surface and
the substrate-film interface comprise of a notable portion of the thin film thickness and need to be characterized thoroughly together with the film to understand the properties and behavior of the complete material system. This chapter
discusses characterization methods which were used in the film characterization
of this thesis. Theory is combined with actual images of different material systems to describe the type of information that can be obtained with the respective
method. Many other methods exist also and the chapter is not meant to be an
exhaustive list of all different thin film characterization methods.

4.1

Electron Microscopy

Electron microscopy is routinely applied in microelectronics research and manufacturing. Scanning electron microscopy (SEM) images are straightforward to
produce with the modern systems and do not require extensive training to qualitatively understand the gray scale contrast of the produced images. It is nevertheless a versatile tool and different detectors collecting secondary electrons
(SE) and back-scattered electrons (BSE) with different incident angles give information about the topography and mass density of the sample. There is no
one-best-way to use an SEM as the produced contrast depends on the sample,
the utilized detector, and electron beam parameters such as the acceleration
voltage. However, as a rule of thumb the SE detectors, such as the EverhartThornley detector (ETD) and in-lens detectors best capture the topography of
the sample, while dedicated BSE detectors are used to collect electrons emitted
from deeper in the sample giving rise to the mass density contrast. Additionally,
other detectors may be integrated into an SEM such as electron back-scatter
diffraction (EBSD) for crystal structure analysis, and energy/wavelength dispersive x-ray spectrometers (EDX/WDX) for composition analysis. Figure 4.1 presents a schematic of an SEM column with different detector arrangements and
the type of information that can be collected from a sample in a well-equipped
SEM.
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Figure 4.1. A schematic picture of an SEM column (a) and images collected with different detectors. Topography in-lens (b) and ETD (c) SE images of an ALD Al2O3 film that had corroded
in water causing aluminum hydroxide growth [II]. (d) A BSE image of an AlAuCu alloy showing Z contrast information of two intermetallic compounds (Alloy 1 in 54). (e) An EBSD inverse
pole figure map of an ALD TiO2 film in the anatase phase deposited on ALD Al 2O3 55. (f) An
SE image and EDX line profile (signal magnitude is in photon counts) of an ALD AlN flake on
Si. The SEM column schematic is adapted from 56. Figure (e) is adapted from 55.

As the physical dimensions in the microelectronics manufacturing have continued to shrink 57, the resolution of SEM and SEM-EDX have become insufficient. The much smaller de Broglie wavelength of electrons in transmission electron microscopy (TEM), operated typically at 200 or 300 kV, makes TEM superior compared to SEM in terms of resolution. The thin, electron-transparent
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samples also emit x-rays for EDX analysis from a much smaller area compared
to SEM-EDX where chemical information is obtained from a volume in the micrometer-order. In contrast, in scanning TEM (STEM) EDX the spatial area for
chemical analysis is in the same order as the probe size – around 1–10 nm (Fig.
4.2).

Figure 4.2. A comparison between the excitation volumes of characteristic x-rays in SEM and
TEM systems. Adapted from 58.

However, the superiority of TEM compared to SEM also means that it is much
more time consuming to operate and master. Furthermore, the sample preparation for TEM is not trivial and requires expensive tools such as focused ion
beam systems. Nevertheless, Figure 4.3 presents a schematic of a TEM and examples of obtainable information. Note that the TEM system comprises of many
lenses and apertures which are manipulated to produce the desired type of image.
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Figure 4.3. Schematics of TEM columns and example images with different imaging modes. The
beam diagrams for obtaining diffraction patterns (a) and images (b) 58. (c) A select area diffraction pattern of an AlAuCu-based superlattice structure 54. (d) A high-resolution TEM image and the respective fast Fourier transform (FFT) image of the same alloy 54. (e) A brightfield image of a similar AlAuCu alloy that has undergone the martensite transformation and
shows twinning 54. The beam diagrams are adapted from 58.

TEM techniques can be roughly divided into diffraction contrast imaging (Fig.
4.3e), electron diffraction (ED, Fig. 4.3c), phase-contrast imaging (Fig. 4.3d),
and analytical TEM (Fig. 4.8 presented later). In analytical TEM the microscope
is typically operated in the STEM mode where bright-field (BF) and dark-field
(DF) imaging give more possibilities to produce contrast-rich images with different information of the sample under investigation. Just as with SEM, there
are several options on what imaging mode to use and the ‘correct’ selection depends on the sample and the type of information that needs to be collected.
However, unlike in SEM some of the imaging modes may require reproducing
the images via simulations to truly understand the contrast differences of the
image.
4.1.1

Electron Diffraction

Coherently scattered electrons are projected onto the screen/camera in the diffraction operation mode of TEM. The ED patterns give information about the
structure of the sample. Most notably amorphous, polycrystalline, and single
crystalline materials form either a halo, rings, or single bright dots, respectively,
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onto the screen (Fig. 4.3 a and c). Furthermore, the ED pattern gives information about the symmetry and lattice spacing of the sample. Based on the symmetry and lattice spacing it is possible to deduct the orientation of the sample
when the crystal structure is known, or to assign a correct crystalline phase to
the material under investigation. When a thin film is deposited on a Si substrate,
one can orient the interface between the substrate and the film to be perpendicular to the electron beam by rotating the sample with the help of the ED pattern
of silicon. For example, on (100) Si substrates the desired perpendicular direction is usually the <110>. Figure 4.4 presents an example TEM image and the
corresponding select area electron diffraction (SAED) pattern of a polycrystalline PEALD AlN with slightly preferentially oriented hexagonal c-axis perpendicular to the Si surface (100) substrate.

Figure 4.4. The lamella has been oriented according to the Si <1ͳത0> zone axis whose corresponding diffraction pattern is visible as the sharp dots in the SAED. The DF STEM image
shows a polycrystalline structure. The indexed SAED pattern shows that the AlN crystallites
are preferentially oriented with the hexagonal c-axis perpendicular to the surface of the Si
substrate with some angular spread. The black area between AlN and Si is a defect (empty
space) caused by wrinkling of the film due to a high compressive stress in the film [III].

In many cases it is useful to simulate the ED patterns by constructing the crystal with a software if the atom positions are known. The atom positions of many
solids have been deducted with x-ray, neutron, and electron diffraction and such
information can be found for example in the Inorganic Crystal Structure Database (ICSD) 59. Figure 4.5 presents an example where a low-index zone axis was
found by trial and error in a ternary AlAuCu metal system 54. There was a good
initial guess of the correct phase based on visual light microscopy, SEM, and
chemical analysis data 54,60,61. The system was constructed based on atomic position data from 60 where either a monoclinic or an orthorhombic unit cell were
proposed. Based on the simulation, the monoclinic unit cell fit the experimental
results better giving confidence on assigning the correct structure for the observed phase.
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Figure 4.5. A ternary AlAuCu alloy that is known to have shape-memory properties was best
indexed as the martensite-transformed monoclinic system after comparing the experimental
pattern with simulations. The BF TEM image was presented in Fig. 4.3e. The SAED pattern
was obtained from one of the twinned crystals by converging the beam slightly to capture the
SAED pattern of only one grain.54

4.1.2

Diffraction Contrast Imaging

Diffraction contrast imaging is a generic name for TEM imaging where the contrast in the image mainly arises from the different parts of the sample diffracting
the passing electron beam with different conditions. The collected electrons lie
in the image plane, i.e., the obtained image is a magnification of the actual sample (Fig. 4.3 b and e). By tilting the sample, hence influencing the arising diffractions, and using the objective lens aperture to select desired reflections, one
is able produce notable differences in contrast coming from the different parts
of the sample. Diffraction contrast imaging is especially useful for imaging defects as the diffraction conditions are extremely sensitive to local deviations,
such as dislocations and nanocracks, in the sample. The contrast may be further
enhanced by tilting a crystalline sample into a two-beam condition, where only
two strong beams are present (central and one diffracted). This will also give
directional information about defects.
The imaging can be either BF or DF type. BF imaging simply means that the
zero-order central beam is included in the image formation whereas in DF imaging the central beam is completely excluded. In this thesis, the most frequently used imaging condition for the diffraction contrast imaging was with
selecting only the zero-order beam with a small objective lens aperture. This
imaging condition highlights amorphous regions in the sample as those regions
will not diffract the beam. An example of the zero-order beam imaging is in Figure 4.6. Many defects will be highlighted too. The contrast differences are further digitally enhanced using a digital software (Digital Micrograph® with Gatan cameras). Metals and other high Z number materials might require the user
to let some of the diffracted beams to pass onto the charge-coupled device (CCD)
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also since the intensity of the zero-order beam might be too low due to the material heavily incoherently scattering the beam. The incoherently scattered electrons are exploited in Z contrast imaging with STEM explained later.

Figure 4.6. A BF image of as-deposited ALD Al2O3 where only the central zero-order beam was
selected. The amorphous alumina scatters the beam little giving high, uniform intensity on
the CCD. [II]

4.1.3

Phase-contrast Imaging

Phase-contrast imaging usually refers to high-resolution TEM (HRTEM) as
phase-contrast is the dominant effect contributing to the HRTEM image formation. Contrary to the diffraction contrast imaging, more than one beam needs
to be selected to achieve phase-contrast. The contrast is produced by changes in
phases of the diffracted waves hence more than the zero-order beams needs to
be selected.62
The crystal potential modifies the phase of an incident electron wave. The projected potential of a crystal in the z direction, V(x.y), modifies the wave function
Ψ of an electron after the sample:
ߖሺݔǡ ݕሻ ൌ  ݁ ఙכሺ௫ǡ௬ሻ ൎ ͳ െ ݅ߪ ܸ כሺݔǡ ݕሻ

(4.1)

where σ is the interaction constant. The ‘almost equal to’ part of Equation 4.1 is
the weak-phase object approximation (WPOA) which assumes the specimen to
be a weak scattering object, i.e., the specimen needs to be very thin with minimal
absorption. To find the total intensity of a transmitted and diffracted beam:
 ܫൌ ߖߖ  כൌ ͳ   ߪ ଶ ܸ ଶ ൎ ͳ since ߪ ଶ ܸ ଶ ͳ ا

(4.2)

That is, no contrast is produced on the CCD due to the interference of the transmitted and diffracted beams that have undergone a phase shift when exiting the
sample. However, the objective lens is defocused to introduce a phase shift of
π/2 in the diffracted beams:
 ܫൌ ߖߖ  כൌ ͳ െ ʹߪܸ   ߪ ଶ ܸ ଶ ൎ ͳ െ ʹߪܸ

(4.3)
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which means that the contrast at the CCD will be a linear function of the projected crystal potential.63 Figure 4.7 presents two HRTEM images. To fully understand HRTEM images they need to be simulated to correctly position the atoms in the obtained image.

Figure 4.7. (a) A HRTEM image of Si-Al2O3 interface. Lattice-level information of Si in the [110]
zone axis is visible. [II] (b) An aberration-corrected HRTEM image of a martensite-transformed AlAuCu alloy 54 with a schematic of the possible unit cell 60. The unit cell model gives
a good qualitative description of the observed image. However, the WPOA may not uphold
due to the high Z number elements and the image may not be true to the actual crystal
potential. The unit cell model is adapted from 60.

4.1.4

STEM, EDX and NBED

STEM and techniques related to STEM provide several possibilities for analytical TEM work. The beam is converged and condensed with apertures to provide
a small probe of sub nm in diameter. The small probe is scanned on the sample
so that it is always perpendicular to the sample surface. The resolution mainly
depends on the size of the probe. However, signal intensity may suffer from a
small probe size as the electron flux on the sample is decreased because the
beam has been cut with the condensers. The transmitted electrons are collected
for imaging purposes using either a high-angle annular dark-field (HAADF) detector, which collects scattered electrons, or an annular bright-field (ABF) detector which collects diffracted electrons together with the zero-order beam.
Electrons scattered at different angles can be collected selectively by changing
the camera length of the HAADF detector. Because the incoherent scattering
angle depends heavily on the Z number, the HAADF detector may be used to
collect Z contrast information (I(HAADF)  ןZ2). Therefore, electrons scattered
at angles of over 5° (short camera length) reveal Z contrast information in the
sample.58 As the camera length is increased (smaller scattering angle) more diffraction contrast will become visible. Figure 4.8a presents a HAADF image of a
Au-Sn-Pt intermetallic system where the image was taken with intermediate
camera length conditions revealing both Z and diffraction contrast information.
Care needs to be taken when interpreting such mixed mode images. For example, Pt looks dark in the image despite its high Z number and the image taken in
the dark-field conditions.
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The STEM-EDX can be utilized in a similar fashion as SEM-EDX: the beam is
scanned on the sample and emitted x-rays are collected pixel by pixel. The spatial minimum size of a pixel containing chemical information is considerably
smaller compared to bulk specimens though. Figure 4.8b highlights the capabilities of STEM-EDX which enabled the analysis of a thin PtSn layer. However,
despite the spatial superiority of STEM-EDX compared to SEM-EDX the quantitative accuracy is not any better or even worse as with SEM-EDX. The quantitative analysis relies on so called k factors which may not be well known and can
be inaccurate for substances that are composed of greatly differing atomic numbers 64.

Figure 4.8. (a) A STEM-HAADF image of a Au-Sn-Pt intermetallic system showing both Z and
diffraction contrast. (b) An EDX line scan was conducted to find the elemental compositions
of the intermetallic phases.65

In addition to STEM and STEM-EDX, which were used in Publications [II]
and [III], STEM was used in the strain characterization of epitaxial III-nitride
thin films used in HEMTs 22,66. Nanobeam electron diffraction (NBED) strain
analysis was used in those studies and is presented here as an example of a less
frequently applied analytical STEM technique. The STEM probe is made as parallel and small as possible by cutting it with very a small condenser aperture
(e.g. 10-μm-diameter). This will leave the reflections at the diffraction plane almost point-like instead of disks that would be observed with a converged beam
(converged beam electron diffraction, CBED). The diffraction patterns are recorded on the CCD pixel by pixel which can be then used to construct a diffraction
pattern map or a line scan. The lattice spacing of each pattern is calculated and
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compared to a relaxed diffraction pattern with a computer program. Figure 4.9
presents an example of the capabilities of the NBED strain mapping where the
SiC substrate is considered the relaxed material to which the epitaxial AlGaN/GaN layers were compared. The gate contact metallization causes deviation in the strain of the epilayers compared to the area with no metallization.

Figure 4.9. (a) A HRTEM image of a gate contact. (b) A DF STEM image overlaid with a normal
strain map in the [002] direction of the hexagonal III-nitrides. 22

4.2

X-ray Diffraction and Reflectivity

X-ray diffraction (XRD) and x-ray reflectivity (XRR) are non-destructive methods for collecting structural and chemical information.67 Both methods are
based on focusing x-rays, typically generated from a Cu target, on a sample. The
x-rays interact with the sample and are diffracted in the case of XRD, or reflected in the case of XRR, to a detector. XRD is typically employed in phase
analysis and can be applied to irregular sample shapes while XRR can be applied
only to smooth surfaces, such as thin films, and gives information about the film
thickness, surface roughness, and mass density.
XRD takes place only on a specific set of angles that fulfill the Bragg’s law and
the extinction rules unique to every crystal structure and combination of atoms
making phase analysis possible. Therefore, diffraction is only visible at certain
angles depending on the geometry of the setup and the orientation of the grains
in the sample. The two common measurement geometries employed in this thesis were the symmetrical θ-2θ and the grazing incidence XRD (GIXRD). Symmetrical θ-2θ XRD detects lattice planes that lie in-plane of the substrate.
GIXRD can be only applied to flat samples, such as thin films, detecting lattice
planes that lie tilted in the film with respect to the substrate. Figure 4.10 presents GIXRD measurements from TMA-H2O-based ALD Al2O3 films after deposition and different thermal treatments showing that the film had crystallized
into the θ phase. The same alumina films were studied in [II], [III], and [V].
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Furthermore, symmetrical θ-2θ measurements were used to approximate the
biaxial stress in the AlN and Al2O3 films [III]. A biaxial stress will affect the inplane lattice planes, i.e., a compressive biaxial stress will elongate the lattice
spacing while a tensile biaxial stress causes the lattice spacing out-of-plane to
be contracted. Therefore, θ-2θ, measuring lattice planes laying in-plane, can be
used to approximate the level of biaxial stress if the Young’s modulus, the Poisson’s ratio, and the original lattice spacing are known. However, the correct, relaxed lattice spacing is typically not known and other methods, such as the sin2
ψ, can be applied to obtain more accurate information for calculating biaxial
stresses 17.

Figure 4.10. GIXRD measurements conducted on TMA-H2O-based ALD Al2O3 films. The films
have crystallized after the 800 and 1000 °C thermal treatments which took place in a N 2
atmosphere for one hour. Various alumina phase diffractograms were compared to the
GIXRD data. θ-Al2O3 indexing gave the best match 68. [II]

Figure 4.11 presents the principle of XRR and a measurement of an ALD AlN
film. The measurement needs to be compared against a simulated fit whose variables include the film thickness, film surface roughness, and film mass density.
The substrate parameters need to be included also but they are typically known.
Interfacial layers, such as the substrate oxide and an oxidized film surface, can
be also included in the model but should be first confirmed with other methods
before being included in the XRR model.
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Figure 4.11. The XRR principle, measured data and a simulated fit. 1. The x-rays reflect from the
film until ω grows large enough. The cut-off angle depends mainly on the film density. 2. The
x-rays start to penetrate the film. Reflections at the interface between the film and substrate
take place causing periodic oscillation (constructive vs destructive interference) in the film.
The measured data is fit to a physical model where the variables include the film thickness,
film surface roughness, and film mass density. The fit was conducted with a program developed in 69.

4.3

Time-of-flight Elastic Recoil Detection Analysis

Composition analyses were carried out in this thesis with time-of-flight elastic
recoil detection analysis (ToF-ERDA) at the University of Jyväskylä.70 The benefits of ToF-ERDA are the capability to detect light atoms encountered in AlN,
Al2O3, and other ALD films including impurities such as hydrogen, the analysis
is quantitative, and depth profiling is possible. Quantitative analysis of hydrogen is critical for the reliability of the films as the trapped hydrogen may outgas
during high-temperature processing causing voiding in applications such as SOI
71 or film blistering 72. Other common impurities in ALD films, such as carbon,
can also outgas during high-temperature processing or affect the phase stabilities by hindering crystallization 26. The reader is referred to 73 for a comparison
between typical composition analysis methods for detecting impurities in thin
films.
ToF-ERDA is an ion beam technique utilizing heavy elements, such as Cu and
Cl, accelerated to energies in the MeV range. The ion beam is forwarded into the
sample where elastic recoil takes place between the target atoms and the highenergy ions. The target atoms are recoiled out of the sample while the heavy ions
scatter deeper into the sample micrometers below the region of interest where
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the ions get implanted. Therefore, ToF-ERDA is also considered to be non-destructive as it does not severely damage the film being analyzed. The recoiled
atoms are analyzed within the flight-tube (i.e. for the time-of-flight of the atoms)
together with their energy to resolve their masses and to conduct depth profiling.33 Figure 4.12 presents an example of ToF-ERDA data demonstrating the
high purity of the ALD Al2O3 that was used in publications [II], [III], and [V].

Figure 4.12. A time-of-flight – energy (ToF-E) histogram and the corresponding depth profile of
an as-deposited ALD Al2O3 film on silicon. The ToF-E histogram is typically presented to
demonstrate the high quality of the measurement data. The depth profile demonstrates the
detection capability of the light impurity elements within a light element matrix. [V]
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This section presents the results achieved in Publications [I]–[III] and [V].
Publication [I] focused on ALD AlN and its thermal stability, while Publications
[II], [III], and [V] were concerned with ALD Al2O3 on Si (100) surfaces and its
stabilization for processability. The ALD AlN process can be considered still
somewhat recent with new publications coming on a regular basis about the
process development such as Publication [IV]. The thermal ALD Al2O3 on the
other hand is one of the best characterized ALD processes and can be considered
more mature. Therefore, the emphasis of the results with AlN was in process
development (Section 3.2) while Al2O3 was studied more from the perspective
of processability in an industrial clean room environment.

5.1

Thermal Budget

A thermal budget is the total thermal energy transferred into the device during
processing. For example, processes such as dopant activation and diffusion, and
CVD require elevated temperatures to take place. Dopant activation and diffusion can be realized by exposing the wafer to very high temperatures for a very
short time (seconds) in rapid thermal processing while CVD can take place at a
lower temperature but may require much longer times (minutes). Despite the
processing temperatures are completely different, their impact on the thermal
budget may be similar due to the differences in the processing times.13,74
Many chemical processes obey the Arrhenius law where reaction kinetics are
exponentially increased with respect to the temperature. Therefore, also adverse
effects, such as unwanted diffusion and reactions between two dissimilar materials, or decomposition, are exponentially accelerated once exposed to the elevated processing temperatures. A thermal budget limit must be then realized for
the bill of materials used in the particular design. High-temperature processing
may be endured within the first steps of the bare wafer processing but once the
complexity of the design and the bill of materials increases, the temperature
limit becomes lower. The thermal limitations and also the thermally-activated
beneficial processes, such as metal contact annealing, of the used materials have
to be understood to ensure defect-free processing.
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5.2

Thermal Stability

In many cases the ALD deposition takes place before various other processing
steps during which the film may experience elevated temperatures. Therefore,
the thermal stability of the film plays a big role on the processability. Poor thermal stability can mean three things. First, the film may react with the atmosphere. Second, the film may react with the other materials that it is in contact
with. Third, the film may outgas volatile products. However, it should be noted
that if the behavior of the film is predictable and well characterized any of these
reactions may be also exploited and can in fact improve the processability. For
example, controlled reactions with the substrate may further enhance the adhesion between the film and the substrate.
The oxidation of AlN and other nitrides with an oxygen-containing atmosphere is governed by the Gibbs free energy change ΔG 75:
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where ΔG0 is the standard Gibbs free energy change for the oxidation, R is the
gas constant, T the temperature, and p’s are partial pressures of nitrogen and
oxygen. Based on Equation 5.3 the standard reaction for the oxidation of AlN to
Al2O3 is favorable over a wide range of temperature and partial pressures. Nevertheless, the total driving force depends on the partial pressure ratio of nitrogen and oxygen. Figure 5.1 highlights the difference in the oxidation behavior of
sputtered AlN films in atmospheres with drastically different oxygen partial
pressures (air 0.21 atm vs. N2/H2 10-16-10-24 atm depending on the temperature).

Figure 5.1. The relative XRD intensities of sputtered and crystalline AlN, δ-Al2O3, and α-Al2O3
phases after two hours of annealing the AlN at different temperatures. Oxidation behavior in
air (a) and in forming gas (b). The oxidation of AlN in air takes place at lower temperatures
than in forming gas. Adapted from 75.
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Consequently, crystallizing AlN starting from an amorphous structure may
not be feasible due to the unfavorable thermodynamics which dictate that AlN
tends to oxidize. However, amorphous or nanocrystalline AlN could also provide to be useful in various applications and has proven to be a stable hard mask
in SF6-based plasma etching 76. The thermal stability of amorphous AlN was investigated in [I]. It is known that the PEALD-based AlN films may contain hydrogen up to more than 20 at.% 30. It was not clear though how the films would
behave in vacuum annealing conditions and whether it would be possible to
drive out the hydrogen. TMA-based PEALD AlN films were deposited at 200 °C,
as described in Section 3.2, and consequently annealed between 400 and 1000
°C for one hour at the corresponding peak temperatures. The ToF-ERDA results
showed a considerable amount of impurities in the films (Fig. 5.2.) The amount
of hydrogen decreased due to the thermal treatments. If additional layers were
to be deposited on such AlN films, further thermal treatments could cause bubbling or delamination of the layers due to the outgassing hydrogen. Furthermore, the films began to oxidize at the higher temperatures despite the high
vacuum conditions. It was not completely understood whether the oxidation
took place during annealing, or if additional oxidation took place after the annealing as discussed in [I].

Fig. 5.2. ToF-ERDA elemental composition data of 1:1 and 3:1 N2:H2 flow AlN films as a function
of annealing temperature. The composition data are from the midsections of the films ignoring the surfaces. [I]
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The development of microstructure of the TMA-based films was also investigated with TEM. Figure 5.3 presents cross-sectional TEM images of the as-deposited and 1000 °C annealed films. Most notably, a small degree of crystallization had taken place from the as-deposited amorphous structures. However, as
seen from Figure 5.2 ERDA data, the stoichiometry of the films had started to
drift from the AlN 1:1 ratio at the higher annealing temperatures indicating the
crystallizing structures may not be AlN. It was therefore concluded that when
starting from similar compositions, it might not be possible to crystallize the
films into the desired hexagonal pure AlN. Compared to the literature there are
reports of crystalline PEALD AlN being deposited at 200 °C 38,77. These films
also have some O, C, and H impurities although less than in Fig 5.2. The amount
of hydrogen was not quantitatively analyzed in either study. Recently, more reports of TMA-based AlN processes at high temperatures (above 400 °C) have
emerged which display promising results of crystalline, oriented AlN 29,78. The
crystalline AlN films are expected to be more robust against oxidation and more
stable during high-temperature processing. However, the amount of hydrogen
remains unknown in the latest and so far best quality TMA-based ALD AlN
films.

Figure 5.3. TEM images of as-deposited and annealed AlN films. (a) 1:1 N2:H2 as-deposited. (b)
1:1 N2:H2 annealed at 1000 °C in high vacuum. (c) 3:1 N 2:H2 as-deposited. (d) 3:1 N2:H2
sample annealed at 1000 °C in high vacuum (the sample is from a different deposition run
and was used in a bonding experiment). Annealed films show a small degree of crystallinity
that could not be assigned to the hexagonal AlN based on the FFTs. [I]
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ALD Al2O3, on the other hand, is expected to be thermodynamically stable during high-temperature treatments. It is therefore possible to crystallize amorphous ALD Al2O3 with heat treatments as discussed in [II] and [V]. However,
just like ALD AlN, also ALD alumina may have impurities such as hydrogen and
carbon which can adversely affect its stability during processing. Indeed, hydrogen-induced blistering of ALD alumina is an issue widely recognized in Si-based
solar cell manufacturing where ALD alumina provides excellent surface passivation 79–82. Blistering takes place during the firing step in the solar cell processing whose purpose is to improve the interfacial quality between Si and
Al2O3. The root-cause for the blistering is not well understood. Hydrogen is released from the alumina films during annealing which gets trapped at the interface between Si and alumina. It has been proposed that the hydrogen gas pressure causes the blister formation. However, Xie et al. 83 recently showed that
that in order to initiate the blister formation from a nm-order defect site, an
unrealistically high gas pressure of tens of gigapascals would be required. Therefore, a subcritical gas bubble should grow first before the macroscopic delamination and blister formation can occur. The study of Xie et al. was conducted on
a bulk Al-Al2O3 system though, whereas in [III] the blistering mechanism was
studied in ALD Al2O3 on Si in HV-annealed samples. Figure 5.4 shows that similar to the study of Xie et al. cavitation of the substrate had taken place at a blister site.

Figure 5.4. HRTEM images of the Al2O3 film annealed in HV at 1000 °C. (a) An overview image
of the blister site shows a cavity in Si with a crack extending from the cavity through the film.
The inset shows the FFT image of Si. (b)-(d) Higher magnification images of the cavity area
did not show defects in Si. The accumulated Si at the edges was stacked epitaxially. (e) An
EDX map did not indicate interdiffusion between alumina and Si. [III]

On the contrary, nitrogen, hydrogen, and low vacuum annealing at similar
temperatures did not produce blisters. [II], [V] The annealing processing window to produce crystalline, mechanically, and chemically stable Al2O3 was proposed in [V]. Figure 5.5 summarizes the different surface states of the alumina
films that resulted from the different annealing environments. Above 1050 °C

45

ALD Film Stability

annealing caused cracks in the films. 1300 °C annealing in H2 changed the appearance of the film completely. Annealing at 1000 °C in high vacuum conditions caused blistering. ALD Al2O3 films that were crystalline and free of macroscopic defects were achieved by annealing the films up to 1050 °C in H2 and N2
atmospheres. The films were deposited on Si (100). The type of ALD Al2O3 films
in Figure 5.5d are expected to be stable during high-temperature processing in
temperatures below the annealing temperature and resistant to aggressive
chemicals as described in the next chapter.

Figure 5.5. (a) Cracks were seen in films that were processed at temperatures above 1050 °C.
(b) The alumina films annealed in 1-bar H2 at 1300 °C completely changed their visual appearance and did not show XRD peaks. A similar observation of the deterioration of ALD
alumina at very high temperatures has been made by Zhang et al. 52. (c) High vacuum annealing at 1000 °C caused blistering. (d) Annealing in a suitable environment up to 1050 °C
produced defect-free crystalline Al2O3 films. [V]
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5.3

Chemical Stability

Chemical stability is understood in this thesis as the film’s ability to resist
changes in its composition in environments that do not include high temperature thermal treatments. Examples of chemical stability can be a stable composition in room-temperature storage or resistance to dissolution or corrosion in
wet environments. Chemical stability of ALD films is of paramount importance
as structural, protective, and functional coatings are expected to maintain their
performance over the lifetime of the device or during processing. Especially
ALD Al2O3, TiO2, and their nanolaminates have attained considerable interest
as barrier coatings 84–88. Furthermore, ALD Al2O3 can be an excellent hard mask
in HAR micromachining with improved performance compared to SiO2 10,11.
However, ALD alumina in the as-deposited state is amorphous and susceptible
to water corrosion 84,87,88, while good stability has been demonstrated with
Al2O3/TiO2 nanolaminates 88 and crystalline ALD Al2O3 84,89,90.
The chemical stability of one-layer ALD Al2O3 films was studied in [II]. The
simple one-layer alumina was selected due to the maturity of the deposition process making it a feasible candidate for industrial-scale processing. However, in
order to implement the ALD Al2O3 processing in an industrial cleanroom environment the film has to remain stable in wafer cleaning solutions used in the
Radio Corporation of America cleaning procedure 91,92. The ALD Al2O3 films
were annealed in HV conditions and in a nitrogen atmosphere at 1000 °C and
were subsequently etched in SC-1 (ammonium hydroxide and hydrogen peroxide) and de-ionized water (DIW). The HV-annealed films showed blistering
studied in [III] and were not selected for the chemical stability investigations.
The stability of the as-deposited films was poor as demonstrated in [II], while
the crystallized films (annealed in nitrogen) showed stability in SC-1, DIW, and
dilute HF. Figure 5.6 demonstrates the behavior of the films after SC-1 and HF
treatments.
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Figure 5.6. The changes in thicknesses and refractive indices of TMA-H2O-based ALD Al2O3
films with respect to immersion time. (a) SC-1, and (b) HF. The dashed lines represent the
thickness changes and solid lines the changes in the refractive indices. [II]

Despite the films annealed at 800 °C showed stability over the first minutes of
immersion, a prolonged exposure had caused changes in their refractive indices
and thicknesses. Both 1000 °C and 800 °C N2-annealed films had crystallized to
the same θ phase. However, TEM inspection revealed that the 800 °C annealed
film in SC-1 had deteriorated at the Si-film interface and along its grain boundaries. It was concluded that to obtain fully chemically stable ALD Al2O3 it would
be desirable to obtain crystallization-wise developed θ phase alumina. Figures
5.7 and 3.6 present TEM images of the deteriorated film and fully stable film,
respectively.
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Figure 5.7. TEM images of the sample annealed in N 2 at 800 °C and immersed in SC-1 for 60
minutes. (a) A BF-TEM image at a defect site showing that most of the chemical attack had
taken place at the substrate interface. HRTEM images of the defect site at the surface (b)
and the substrate interface (c). (d) The dark areas indicate corrosion in the DF STEM image.
[II]

5.4

Crystallization

Crystallization of an amorphous solid (or liquid) starts from nucleation centers.
The driving force ΔGr for a crystalline, spherical particle of radius r to form is
93,94:
ସ

߂ܩ ൌ Ͷߨ ݎଶ ߛ   ଷ ߨ ݎଷ ߂ܩ௩

(5.4)

where γ is the surface energy between the particle and the amorphous matrix
and ΔGv is the Gibbs free energy per unit volume of the crystalline particle. The
first term is positive and represent the energy required to form a new surface,
whereas the second term is negative owing to the decrease in enthalpy of the
ordered particle. Since the terms depend on the second and third powers of the
radius of the nucleation center, it is evident that there is a particle of a critical
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radius r* that induces growth of that center into a crystallite. The critical energy
to overcome for such a nucleus is:
߂ כ ܩൌ
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(5.5)

Equation 5.5 describes the energy barrier for homogenous nucleation where
nucleation takes place within the amorphous solid. Contrary to the homogenous
nucleation, heterogeneous nucleation includes wetting of a catalyst surface such
as impurities, the substrate, or the surface of the film. The critical energy ΔG* is
modified by considering the surface energies of the catalyst (e.g. substrate),
crystallite nucleus, and amorphous matrix:
߂ כ ܩൌ
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Therefore, the critical energy depends on the wetting that takes place on the
catalyst as illustrated in Figure 5.9. The surface energy between the catalyst and
the amorphous material plays a role in the crystallization when heterogeneous
nucleation takes place.

Figure 5.9. The wetting of the catalyst surface modifies the critical nucleation energy that needs
to be overcome for crystallization to take place.

In practice, most bulk materials exhibit heterogeneous nucleation. 95 However,
the crystallization of amorphous thin films (or ALD films) is relatively little
studied and it is also possible that homogenous nucleation could be experienced. For example, NiTi thin films have been studied due to its shape-memory
alloy effect for MEMS applications 96–98. The films were sputtered in the amorphous form and crystallized in a controlled manner to tailor the microstructure
which heavily affects the shape-memory properties. In the NiTi films it was
found that the films in fact crystallized via the homogenous nucleation from the
bulk of the films 96. The root-cause was likely that the films became oxidized at
the surface, and at the substrate side interdiffusion had taken place. As both
reactions modified the Gibbs free energy per unit volume of the amorphous
NiTi, the homogenous nucleation in the bulk became favored.
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The crystallites grow while more crystals keep nucleating. At some point the
complete film has crystallized. The crystal size distribution is therefore determined based on these two competing processes: nucleation and growth. Controlling both with temperature also provides the possibility to control the microstructure of the film. Crystal growth continues if the annealing process is
prolonged at an elevated temperature because of the energetically unfavorable
large surface area of small grains.
Typically, crystallization kinetics – the studies of nucleation and growth rates
– are studied utilizing differential scanning calorimetry (DSC). Both isothermal
and ramped experiments provide information about the changes of the latent
heat in the system. The DSC experiments provide the required data to find critical parameters related to crystallization kinetics which then can be used to deduct information such as the type of crystal growth: 1, 2, or 3-dimensional, diffusion-controlled growth, or polymorphous crystallization (no long-range mass
transportation required). However, DSC experiments have practical limitations
with respect to ALD films. Typically, several milligrams of material are required,
preferably without the substrate, to improve the signal-to-noise ratio. Consequently, the number of DSC experiments are limited on ALD films 99.
Defining the final (micro)structure of the crystallized thin film is obviously
important besides understanding the crystallization kinetics. The structure investigations typically involve XRD analysis such as in [II]–[V]. Furthermore,
TEM techniques provide detailed information about the interfacial structure,
film morphology, and surface structure investigated in [II]–[IV]. Several polymorphs can exist for a given material. Elevated temperature drives the transformations. The increased temperature will cause the atoms of a crystal to accumulate higher vibrational energy. As temperature increases crystalline solids
tend to phase change into crystal structures that can accommodate the vibrational energy better 39. For example, systems with a higher symmetry can accommodate more degrees of freedom for vibrational states. The transformations depend on many aspects such as the original structure and chemical
composition of the material.
Levin and Brandon 100 propose the temperature dependent transformation
route for amorphous Al2O3 as follows: amorphous → γ → δ → θ → α-Al2O3
where several phases can co-exist. However, other transformation routes exist
too and, for example, in [III] and [V] ALD Al2O3 that was annealed at 1000 °C
in high vacuum conditions showed κ 101, θ 68, and α 102 phases, whereas in [II]
the same film annealed in nitrogen at 1000 °C showed only the θ phase 68. In
[V] the crystallization kinetics of ALD Al2O3 were studied in situ via reflectance
measurements during the annealing while XRD was utilized ex situ to analyze
the resulting phases. Figure 5.10 presents four different annealing runs conducted in different atmospheres at a ramp rate of 0.2 °C/s. A dip in the reflectance is visible around 850 °C associated with a clear change in the structure of
the films. Additional annealing runs were conducted by holding the temperature
just before the dip in the reflectance, stopping the annealing at 950 °C, and stopping the annealing in 1-bar H2 close to the point where a drastic dip in the re-
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flectance is seen at 1300 °C in Figure 5.10 (Transition 4). Furthermore, additional films were annealed in HV conditions at 1000 °C with a dwell time of one
hour. The resulting crystalline structures were then investigated ex situ with
XRD (Fig. 5.11). It was deducted that the vacuum annealing, which induced a
different set of crystallized phases, modified the surface energy of alumina. The
modified surface energy caused either heterogeneous nucleation to the mixture
of three phases or phase transformations after the initial crystallization. Nanocrystalline Al2O3 is known to show different phase stability compared to bulk
Al2O3 where the α phase is the most stable one 103,104. Therefore, the films that
crystallized purely into the θ phase in Figure 5.11 did not undergo phase transitions at the higher temperatures. Finally, crystallization can be controlled by
depositing the film on a template surface that modifies the surface energy at the
substrate-film interface 21. For example, Zhang et al. 52 deposited ALD Al2O3 on
Si (111) substrates which crystallized into the α phase after annealing.

Figure 5.10. The surface reflectances of alumina films annealed in different atmospheres at the
ramp rate of 0.2 °C/s. The dip around 850 °C was associated with the crystallization of the
films. The root cause of Transitions 2 and 3 remained unclear. [V]
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Figure 5.11. Diffractograms of many ALD Al2O3 annealing runs conducted in different atmospheres. The as-deposited (ASD) film shows no peaks (amorphous) and the high vacuum
(HV) -annealed film shows a mixture of phases compared to the other crystallized alumina
ILOPVZKLFKZHUHEHVWLQGH[HGZLWKRQO\WKHșSKDVHLQGH[LQJ The numbers 5±15 refer to the
experiments detailed in [V].
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In discussions with the ALD researchers it is often brought up that TMA begins
to decompose at around 370 °C 28,43. Therefore, the TMA-based processes above
that temperature may not be in the strictest sense ALD type growth. However,
such temperatures are still reasonably low compared to, for example, metal-organic chemical vapor deposition (MOCVD) where above 1000 °C is usually utilized in AlN deposition. TMA-based plasma processes above 370 °C could offer
new perspectives for depositing high-quality ALD AlN as demonstrated in References 29,78. The amount of hydrogen should be still characterized in the hightemperature ALD AlN films. Depending on the application hydrogen may cause
issues. For example, using ALD AlN in HEMT stress engineering as a buffer
layer means that the film would be exposed to temperatures above 1000 °C if
MOCVD is used for the subsequent III-nitride layers. Obviously in the best case
ALD could be used for the complete deposition process of all the required nitrides. Promising results have been demonstrated in 38 although the crystalline
quality was not enough for piezoelectric materials. Using the PEALD process
also offers stress tuning for said buffer layers as demonstrated in [IV]. Amorphous AlN could be also utilized in applications were low surface roughness is
required. Amorphous, rather pure, and low hydrogen ALD AlN could be
achieved by conducting vacuum annealing at around 700 °C. However, the annealing behavior depends on the original stoichiometry and impurities. It could
be also possible to improve the crystallinity of ALD AlN by annealing in forming
gas below 1000 °C, which would likely decrease the amount of hydrogen too,
but its effect on the stress state of the film is unknown.
The decomposition of TMA has, in fact, shown not be an issue in the ALD
Al2O3 process [II]. No adverse CVD-type effects were seen – the GPC was reasonable (thickness control), non-uniformity minimal, stoichiometry close to the
ideal, and the films had a minimal amount of impurities. The second precursor,
for example H2O, is very reactive with the TMA-saturated surface though which
can help in minimizing impurities that could come from the decomposition of
TMA. Deposition above 450 °C, the temperature that was used in [II] and [V],
might in fact produce crystalline alumina films although the decomposition
might also become dominating in some point too. Possible problems with TMA
self-decomposing can be circumvented by using AlCl3 for alumina deposition.
Crystalline ALD Al2O3 from AlCl3 has been demonstrated by Aarik et al. 40 but
the >600 °C deposition temperature for crystalline alumina can be rarely
achieved with ALD reactors. Nevertheless, using the 450 °C process from Beneq
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Oy and the alumina films being annealed in nitrogen at 1000 °C producing crystalline, chemically stable films could be utilized in applications where uniformity, thickness control, and thermal and chemical stability are needed. One
such application is SOI. Figures 6.1 and 6.2 present TEM images of a successfully fabricated SOI substrate on 150 mm wafers. The process was based on depositing also an additional SiO2 layer which was used as the surface for direct
bonding. The ALD Al2O3 was crystallized at 1000 °C in nitrogen, its surface was
chemically cleaned, the SiO2 was deposited on it and further annealed to remove
hydrogen, the SiO2 polished and finally direct bonded to a handle wafer.
Figures 6.1 a and b show the polycrystalline θ-Al2O3 expected based on [II].
What is surprising is that the Si-Al2O3 interface does not have a similar interfacial layer or at least it is not quite as thick (Fig. 6.1c vs. 3.6c). It should be noted
that the SOI stack has experienced, in addition to the Al2O3 crystallization, two
additional heat treatments (SiO2 annealing and bonding annealing). The interfacial reactions are proposed to follow a sequence: Al2O3 and Si do not mix initially → at higher temperatures interdiffusion takes place, the interfacial layer
is initially amorphous → the interfacial layer crystallizes. Another option could
be different defocus conditions but the interfacial layer in the bare annealed film
is also visible in BF TEM and DF STEM images (Figures 3.6 a and e). Continuing
with the Al2O3-SiO2 interface in Figure 6.1d, the interface is diffuse and no clear
boundary is visible. The SiO2 had been deposited on the crystallized alumina so
a small amount of interdiffusion is beneficial for strong chemical bonding. Finally, the bonded SiO2-Si interface is abrupt in a similar fashion as in a directbonded Si-SiO2 pair after annealing would be expected 105. Finally, the EDX data
in Figure 6.2 show sharp interfaces and distinct layers. The characterization of
the Al2O3-Si SOI wafers continues. For example, additional characterization is
needed to understand the device layer crystalline quality, stress of the different
layers, and interface adhesion strength.
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Figure 6.1. Cross-sectional TEM images of an Al2O3-SiO2 SOI wafer. (a)-(b) Overview BF images
showing the SOI stack, polycrystalline alumina, and the SAED pattern in the inset of (a). (c)(e) HRTEM images of the interfaces in the same order from top to bottom as the stack in the
overview images. Images courtesy of Glenn Ross.
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Figure 6.2. A BF STEM image and EDX mapping of the device Si-Al2O3-SiO2 area of the SOI
wafer. The EDX data has been collapsed into a line profile on the right which shows abrupt
interfaces. The intensity of the line profile is in counts. Images courtesy of Glenn Ross.
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7. Conclusions

Continued electronic device miniaturization, increasing performance, and functionality diversification driven by increasing demand impose challenges for the
semiconductor industry. New solutions demand new materials and the adaptation of already-developed materials to enable them. Consequently, processing
the materials requires the adaptation of new deposition tools and further process development. ALD is a versatile deposition method already established in
the semiconductor industry for selected processes such as in the deposition of
Hf-based gate oxides. However, despite ALD meeting many aspects demanded
from a deposition method for the fabrication of semiconductor devices there are
some drawbacks that inhibit the use of specific ALD materials. Most notably,
many ALD materials may not be suitable for processing at the initial steps of
fabrication where harsh chemicals are applied for cleaning purposes and elevated temperatures are used for various processes such as dopant activation.
TMA-based AlN deposited at 200 °C was deemed unstable at high-temperatures due to outgassing a high amount of hydrogen. Furthermore, the AlN films
began to oxidize at and above 800 °C – earlier than compared to crystalline,
sputtered AlN. Contrary to the TMA-based films deposited at 200 °C, AlN films
deposited from AlCl3 showed promising results in terms of crystallinity, stoichiometry, and the amount of impurities. Furthermore, the plasma process enabled stress tuning achieving near-zero biaxial stress. The literature also shows
promising results with high-temperature (>400 °C) TMA-based ALD AlN films
in terms of crystallinity and a low amount of impurities 29,78. Many promising
ALD AlN publications still share the same drawback; the amount of hydrogen is
not measured due to limited access to suitable techniques such as ToF-ERDA.
It should be noted though that the amount of outgassing species and the stress
state may or may not be issues depending on the application and at which point
of device manufacturing the film is deposited. Working closely with the design
teams and understanding the requirements of the industry, keeping in mind the
final application, is a must. The film material properties need to be understood
along the complete process flow for successful engineering. Publications [I] and
[IV] aimed at understanding the thermal stability of ALD AlN, fundamental film
properties that affect the thermal stability such as stoichiometry and crystallinity, and the relationships between the processing parameters and film quality.
The ALD AlN studies were more focused in process development as ALD AlN is
less studied, and hence less mature compared to ALD Al2O3. The highlighted
contributions of the AlN results are:
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i)

ii)

iii)

The amount of hydrogen is high in TMA-based AlN films at temperatures typically employed in TMA-based ALD processes. Hydrogen
can be driven out with additional thermal treatments.
Based on the literature review and AlCl3-based deposition results in
[IV], higher deposition temperatures, in the order of 500 °C, could
be beneficial in depositing high-quality AlN.
The stress state of the AlN films can be tuned over a wide range utilizing the plasma-enhanced process.

ALD Al2O3 was an example of a material that has been studied for a rather long
time. Furthermore, there was a clear indication from the industry for a need of
better etch stop capabilities in MEMS manufacturing for which purposes ALD
Al2O3 has shown promise 10,11. HAR micromachining, realized on SOI substrates,
requires rather thick SiO2 for not punching through the oxide, while ALD alumina could provide the same etch stop capabilities with a fraction of thickness.
A thinner BOX could enable applications such as foldable chips as the device
layer and the BOX thickness together would become flexible as the bending stiffness would decrease dramatically (second moment of area  ןthickness3) by removing the handle wafer or etching the handle wafer locally. Fabricating such
SOI substrates requires the film to be chemically and thermally stable. As-deposited, amorphous ALD Al2O3 is not resistant to the wet chemistries used in
wafer cleaning, while crystallized ALD alumina was shown to be stable and not
contaminate the cleaning solutions [II]. A SOI prototype was finally demonstrated (Fig. 6.1) whose characterization and the associated process development continues. For example, the final stress states of the individual material
layers, important for MEMS, are under investigation. Also, making the assistive
SiO2 of the demonstrated SOI thinner or completely removing it would decrease
the bending stiffness. Many other applications outside the microelectronics industry, such as dental instruments, could benefit from the barrier properties of
chemically and thermally stable ALD Al2O3 106. ALD Al2O3 was studied from the
perspective of further processability due to the film deposition processes being
more mature and resulting in high-quality as-deposited films. Publications [II],
[III], and [V] studied the effects of microstructure refinement on the thermal
and chemical stability of the Al2O3 films. The specific contributions are:
i)

ii)
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As-deposited, amorphous ALD Al2O3 films are susceptible to corrosion and dissolution in various wet chemistries employed in microelectronics manufacturing, whereas crystalline ALD alumina becomes highly resistant to chemical attack.
The annealing atmosphere plays a role in the crystallization kinetics
and can results in a different phase of the crystallized film as well as
in defects such as blisters. Selecting the annealing conditions appropriately results in polycrystalline structure without macroscopic defects such as blisters and cracks.
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