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In this work the characterization of atomic layer deposited (ALD) Al2O3, TiO2 and ZnO thin films is
presented by introducing their conformality in high-aspect ratio pores and their electrical properties
in capacitors, followed by the experimental results. In addition, a literature survey on thin films and
ALD technology is presented. Trimethyl aluminium (TMA), titanium tetrachloride (TiCl4), diethyl zinc
(DEZ) and water vapor (H2O) were used as precursors. The conformality of high aspect ratio pores
was studied by deposition of Al2O3, TiO2 and ZnO films in closed and open end pores and analysis
by using scanning electron microscope (SEM). The ALD deposition process was confirmed
conformal in closed pores, but in open end pores the conformal deposition process was non-ideal.
The electrical properties of Al2O3 and Al2O3-TiO2 laminates in planar capacitors were studied by
deposition of the thin films as the dielectric layer in capacitors with varying deposition temperature,
film thickness, surface area and TiO2 content in the laminate films. The results were analyzed by
measuring the capacitance value, leakage current and breakdown strength of the planar capacitors.
The higher deposition temperature increases growth rate and produces thicker films, which have
lower capacitance values than thinner films. However, higher deposition temperature resulted in low
leakage current. The smaller surface area of the capacitor resulted in low leakage current density.
Laminates with low TiO2 content resulted in low leakage current. The key finding was that capacitors
prepared with TiO2 in the dielectric thin film layer exhibited ability to short energetic peaks without
irreversible failure. Also, low leakage current in ALD Al2O3 dielectric capacitors was achieved with
use of relatively low deposition temperature.
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1. INTRODUCTION
Thin films are thin layers of materials that are deposited on a substrate. Their thickness can vary
from few nanometers to micrometer [1]. The benefit of thin films is in the possibility of tailoring
the material properties. The surface functionality can, for example, be an electronically conducting
or insulating layer [2]. There are multiple thin film deposition methods, of which ALD is a method
that enables surface controlled deposition that is pin-hole free and the film is able to cover 3D
structures evenly. The commonly used materials in ALD are metals and metal oxides [2].
The goals of this thesis are to understand the background and details of the ALD process and the
behavior of the process in deposition of demanding topographies. ALD technology is beneficial
for this study due to the surface controlled deposition process and due to the non-line-of-sight
deposition property to coat topographies behind corners. Also, a goal is to understand the
electrical properties of the ALD thin films and how they can be manipulated. ALD deposited films
are pinhole free, which increases the electrical quality of the film by decreasing the leakage
current.
There are two research questions in this thesis:
1. The conformality of ALD thin films. How good is the conformality of ALD thin films on 3D
structures, such as high aspect-ratio pores or spherical objects? What factors have effect on the
conformality?
2. Using ALD thin films as dielectric layer in planar capacitors. How does the deposition
temperature, film thickness, surface area of the capacitor, and reactor configuration affect the
capacitance? Considering both single layer and multilayer laminates, how will the chosen
materials affect the leakage current characteristics of the capacitor?
The research question no. 1 was studied in laboratory tests by preparing multiple samples of high
aspect-ratio pores and varying the ALD deposition parameters. The results were monitored by
scanning electron microscope (SEM) images on the cross section of diced samples and confirming
the thickness of the thin films from the bottom, middle section and upper part of the high aspectratio pores. The research question no. 2 was studied by fabrication planar integrated circuit (IC)
capacitors with varying the ALD process parameters and performing tests on the electrical
properties of the capacitor.
The precursors and reaction mechanisms introduced in this work are focused on Al2O3, TiO2 and
ZnO, which were the precursors used in the research reported in conference publications (Annex
I-III). ALD is based on sequential use of self-terminating gas–solid half reactions where two
precursors contribute to the film growth in cyclic manner. The two precursors A and B (sometimes
separated by calling them the precursor and the reactant) are cycled ABAB.. and adsorb to the
surface until the desired film thickness has been achieved. The half reactions are separated by a
purge step where the unreacted precursor and reaction byproducts are removed.
This thesis presents an overview of thin film technologies, describes applications of these
technologies, focusing on atomic layer deposition (ALD), and reports the results of experimental
studies on the conformality of ALD films and on ALD-Al2O3 and Al2O3-TiO2 laminates used as
dielectric layers in capacitors. Chapter 2 introduces the general background of thin film
technology describing the definition of thin films and applications, the major thin film deposition
methods and the important material characteristics and mechanical properties. Chapter 3 examines
the chosen materials (Al2O3, TiO2 and ZnO) and their reaction mechanisms and processes taking
10

place on the substrate surface during ALD process, and describes the precursor requirements. Also
plasma-enhanced ALD (PEALD) is discussed. Chapter 4 introduces the thin film capacitors in
order to prepare for Chapter 6. Chapter 5 focuses on the materials and methods. Chapter 6
summarizes the results and discussion of research on film conformality and on ALD thin film
capacitors. In chapter 7 the conclusions are presented and future studies are proposed.
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2. THIN FILM TECHNOLOGY
This chapter collects information on the background of thin films and what kind of applications
the films are used in. This thesis is focused on two aspects, namely thin film capacitors and the
theory behind them and secondly on to studying conformality of ALD thin films. Thin film
deposition techniques are presented to give an idea how unique ALD technology is. Thin film
properties and material characteristics are summarized in order to present the inner structure of the
thin films and how by modification the properties the applicability of the film can be altered.

2.1. What are thin films
Thin films are layers of materials that have a thickness range of a couple of nanometers to
micrometers [1].
Thin films can be made of in principle from any solid material, such as metals and metal oxides.
Examples of these materials are aluminium, aluminium oxide, respectively.
The choice of the materials allows tailoring the thin film properties and result in a specific
functionality in the application through surface modification.
The thin films and bulk material differ mainly on the material properties. The thin film properties
of the same material are in many cases considerably different than the bulk properties. Thin films
can take more mechanical stress before breaking that bulk material (silicon is brittle in bulk
materials, but thin film silicon deposited on flexible substrate may be rolled). Opaque bulk
materials may become transparent in thin films. The better electrical breakdown property allows
thin film integrated circuits to be used at higher voltages before breakdown than integrated circuits
made of bulk material. The advantage of thin film materials is in the savings through reduced
material costs.
Thin films can be deposited by chemical or physical deposition methods from liquid, gaseous or
solid precursors. Examples of the chemical deposition methods are atomic layer deposition
(ALD), chemical vapor deposition (CVD) and sol-gel process. Examples of the physical
deposition methods are sputter deposition, vacuum evaporation and ion plating. These are
introduced later in the chapter 2.3.
Thin films can be deposited as single material layers or laminates. Nanolaminates are thin films
that consist of alternating layers of different materials. For example Al2O3 and TiO2 can be
deposited sequentially to form an Al2O3-TiO2 nanolaminate to employ the beneficial properties of
both films.
The ability of a thin film layer to cover a surface smoothly is described as conformality and the
ability to coat the surface behind corners is described as step coverage. Different deposition
methods result in different conformalities and step coverages.

12

2.2. Applications of thin films
Due to their unique properties, thin films are applied in myriad ways. The functional
characteristics of thin films differ from those of bulk materials. Thin film deposition technologies
are essential for innovation of new devices. Many microelectronic structures are based on material
structures that are built using thin films [2]. Thin film microelectronics industry has an important
role in communications, information processing, storage and display applications. Fruits of this
technology have successfully fertilized thin film uses in diverse areas, such as coatings (optical,
optically reactive, decorative, environmental, corrosion resistant, anti-tarnish, wettable or antiwettable and wear-resistant), biotechnology and the generation of energy and conservation of
energy [3].
In considering the different applications of deposited thin films, the following generic categories
can be identified.
Electronic components. The most of the thin film applications are found in fabrication of
electronic components (e.g. microelectronic integrated circuits) consisting of: semiconductor
materials, dielectric and insulating materials and of metal conductors [2].
Optical coatings. Optical coatings are applied in: 1. Antireflection coatings are applied in
dielectric thin films with known refractive indices and absorption coefficients, e.g. in solar panels,
2. Plate glass infrared solar reflectors are used to increase the luminous flux intensity, 4. Laser
optics are used in metal reflective coatings that can take high radiation intensities and will not
degrade [2].
Magnetic films for data storage. Thin films of magnetic materials have found wide commercial
applications for data storage in computers and control systems. The substrates can be metal, glass
or plastic polymeric materials [2].
Electronic displays. Electronic displays are used for interfacing electronic equipment with human
operators. Different components and device structures are required, such as: Liquid-crystal
displays, light-emitting diodes (LEDs), electroluminescent displays, plasma and fluorescent
displays, and electro chromic displays. The fabrication of these displays requires conductive films,
transparent and conductive films, luminescent or fluorescent films as well as dielectric and
insulating layers [2].
Protective layers. Hard surface coatings, such as carbides, silicides, nitrides and borides are used
for improved metal surface wear characteristics and hardness e.g. for tools, bearings and machine
parts. Diamond-like-carbon is used for material´s heat dissipation properties, resistance to hightemperature, high-energy radiation and electrical insulation. [2]. Silver is tarnished in atmosphere
by corroding and formation of a black layer that contains sulfides. Although tarnishing does not
affect the electrical or contact resistance properties of the silver surface, it is a problem for
appearance. Thin films are used to protect the surface, because they are invisible and they protect
the surface [4].
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2.3. Thin film deposition technologies
In thin film manufacturing the techniques that are used have a large impact on e.g: the electrical
properties, film conformality and impurities in the film depend on the fabrication technique. The
semiconductor device industry is totally dependent on the formation of thin films.
A variety of materials can be deposited from gas, vapor, liquid or solid phase [2]. The deposition
technologies fall into two main categories: gas phase processes and liquid phase processes. The
gas phase processes are (i) Physical Vapor Deposition (PVD) (e.g. evaporation, sputtering) and (ii)
Chemical Vapor Deposition (CVD) (e.g. low-pressure CVD (LPCVD), plasma enhanced CVD
(PECVD), atomic layer deposition (ALD)) and the liquid phase processes are (iii) Liquid Phase
Deposition (LPD) (e.g. Spin-on-methods, smelting) and (iv) Chemical Solution Deposition (CSD)
(e.g. Sol-Gel Procedure) [2][5]. Thin film deposition technologies are illustrated in Figure 1.

Figure 1. Illustration of the common thin film deposition processes. (Modified from [6],
ALD was added to the image later).
Out of the chemical and physical thin film processes, ALD, CVD and PVD will be introduced and
compared in chapters 2.3.1 and 2.3.2. ALD will be introduced in more detail in chapter 3.
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2.3.1.

Chemical gas phase deposition processes

Atomic layer deposition (ALD) is a chemical gas phase thin film deposition method and the
technique is suitable for manufacturing inorganic material layers with thickness down to a fraction
of a monolayer [7]. The technique is based on sequential self-terminating gas–solid reactions [8].
Only one precursor A or B is pulsed to the reactor at a time and between the next pulse, there is a
purge step to clean the reactor before the next precursor arrives. The precursors are pulsed in
..ABAB.. manner. The amount of pulses times the thickness of one layer gives the film thickness.
The reaction occurs only between the gas molecule and the surface [9-10]. The deposition
temperature in thermal ALD is selected so (often ~100 °C – 300 °C is used, depending on
precursors) that thermal decomposition of precursor does not occur and only one monolayer (or a
fraction of a monolayer, because of steric hindrance reason) is absorbed onto the substrate surface
[9].
ALD films are pin-hole free films and a non-line-of-sight technique that coats conformally the
extremely complex shape samples with a uniform film thickness all over, even in high aspect ratio
pores or on sharp points on the sample.
ALD process is possible to operate at atmospheric pressure and at low temperatures to reduce the
cost caused by the vacuum pumps [11-12] and to enable more versatile objects to be coated such
as biological templates, e.g. tobacco mosaic virus and ferritin [13].
ALD-grown materials have a wide range of applications, from catalysts and protective coatings to
electroluminescent displays, devices based on magnetic, superconductive and thermal phenomena,
microelectronics and beyond [2].
Chemical vapor deposition (CVD) is a synthesis process in which the chemical constituents react
in the vapor phase near or on a heated substrate to form a solid deposit. Therefore, if the material
deposited is a product of chemical reaction, the process is classified as CVD [20].
The number of chemical reactions used in CVD is considerable and include: thermal
decomposition (pyrolysis), reduction, hydrolysis, disproportionation, oxidation, carburization, and
nitridation. These reactions can be activated by several methods [14]:
• Thermal activation which typically takes place at high temperatures, i.e., > 900 °C,
• Plasma activation which typically takes place at much lower temperatures, i.e.,
300–500 °C,
• Photon activation, usually with shortwave ultraviolet radiation, which can occur by the
direct activation of a reactant or by the activation of an intermediate.
In the chemical vapor deposition reactor the precursors react first together in the vapor phase near
or on a heated surface to form a solid film.
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2.3.2.

Physical gas phase deposition processes

Physical vapor deposition (PVD). PVD technology facilitates the transfer of atoms from a solid or
molten source onto substrate. Evaporation and sputtering are two most widely used PVD methods
for depositing thin films [15].
The main categories of PVD processing are vacuum evaporation and sputter deposition. Typically,
PVD processes are used to deposit films with thicknesses in the range of a few nanometers to
thousands of nanometers; however they can be used to form multilayer coatings, graded
composition deposits, very thick coatings and freestanding structures [16].
Sputtering is a vacuum process, which is based on eroding the target material by ion bombardment
with ion gun or accelerating the charged particles assisted by plasma. The incident particle hits the
surface of the target and the kinetic energy enables breaking bonds or dislodging the surface atoms
of the target. The removed surface atoms fly to the nearby substrate and form the sputter deposited
film [2]. The benefit of sputtering compared to evaporation is that materials, which have a high
melting point and would be challenging for evaporation method, can be easily sputtered.
Oxides and compounds can be deposited using reactive sputtering, of which an example is using
an aluminium target in the presence of oxygen as the reactive gas. The aluminium is sputtered as a
metal, but it reacts on the surface with oxygen to form an oxide [2].
The vacuum in sputtering processes varies from 0.13 Pa to 133 Pa. Deposition rate scales with
power [2].
Evaporation process is based on heating the target metal in a crucible and transporting the
evaporated atoms to the substrate. Evaporation is a low temperature vacuum process that employs
either high vacuum (0.13-0.13-6 Pa) or ultrahigh vacuum (0.13-6-0.13-9 Pa). The vacuum allows the
atoms to travel to the surface without or very little collisions making it a line-of-sight process [10].
Only evaporated metal atoms hit the substrate at thermal speed bringing only a little energy to the
substrate correlating to room temperature deposition. The heating of the metal can be done with
electron beam. Metals with low melting point can be easily evaporated, such as gold and
aluminium. Electron beam creates a high localized temperature which can melt also high melting
point metals, such as tungsten. The growth rate for evaporation is typically low, 0.1-1 nm/s [10].
2.3.3.

Comparison of ALD, CVD and PVD technologies

The growth mechanism in ALD is unique and different to growth mechanisms of CVD and PVD.
In ALD process, the film forms on the substrate by half reactions, the film growth is sequential,
saturated and self- terminating. The precursors react only with the surface species of the substrate.
In CVD the precursors react in the reaction chamber and the product is deposited on the substrate.
In PVD the target is bombarded with energetic particles. During the bombardment the atoms from
the target are ejected and then fly to the substrate.
The temperature required for reaction to take place is higher in CVD than in ALD. In thermal
activation CVD, the temperature need is <900 °C [17], whereas in thermal ALD the temperature
ranges commonly between 100-300 °C depending on the process, sometimes the temperature can
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be elevated to 500 °C. PVD process does not demand elevated temperatures for the deposition to
take place, although elevated temperatures might improve film quality [16].

Film properties are different in ALD, CVD and PVD deposited films. Comparing these three
methods, there are least pin holes in the ALD deposited films. Regarding thin film conformality
the conformality is poorer in CVD than in ALD. The film thickness is usually thinner on other
side of the sample than where the precursor source is and the step coverage is often uneven. CVD
does not apply to film deposition in high aspect ratio morphologies. The step coverage in different
methods is presented in Figure 2. Because in the PVD process target atoms fly to the substrate, the
process is a line-of-sight process. In ALD and CVD processes the precursors are in gaseous form
in the reaction chamber and they are not line-of-sight methods.

Figure 2. Step coverage. A. ALD method has excellent conformal step coverage. B. CVD has
non-confromal step coverage and the uniformal film growth is poor where there is no line if
sight from the precursor source. C. PVD is a line-of-sight deposition method and the film
will not grow where there is no straight line from the precursor source.
The conformal step coverage occurs when the reactants migrate rapidly after adsorption on the
step surfaces. Non-conformal step coverage occurs when the reactants adsorb and react without
the surface migration and the deposition rate is proportional to the arrival angle of the gas
molecules. [18-19].
Each of these thin film deposition technologies are good at different applications. ALD is suitable
for e.g. use as an electrically insulating layer in capacitors due to the dense film and low pinhole
density. Also, the conformal coating possibility allows coating of possible 3D substrates in a
capacitor. CVD is suitable for e.g. wear resistant coatings and powder production. PVD is suitable
for e.g. use in sensors where metallic lines are needed to electrically connect different parts of the
sensor.

2.4. Properties, Characterization and Material features of Thin
Films
Thin films can be evaluated in terms of their properties. Here the following properties are
discussed: crystallinity, mechanical properties, electrical properties, and the surface and interface
properties. These properties may be adjusted according to the thin film application.
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By combining different materials into a nanolaminate film, it is possible to tailor the material
properties of the layers. For example optical, electrical and morphological properties may be
adjusted [20]. E.g. combining the insulating properties of aluminium oxide (Al2O3) with higher
dielectric value of titanium oxide (TiO2) it is possible to make a more attractive dielectric layer to
be applied in capacitors.

2.4.1.

Crystallinity

Amorphous, crystalline and polycrystalline films. Amorphous solids have no ordered structures
like the crystals in crystalline film. There is only a short range order remaining due to the covalent
chemical bonds [21]. Examples of the amorphous, single crystalline and polycrystalline materials
are presented in Figure 3.

Figure 3. Material structure. Amorphous material (left), single crystalline lattice (middle)
[22], polycrystalline (right) [10].
Amorphous solids do not have the long-range order of crystalline films, but they do have the shortrange order due to the chemical bonds holding the material together (34). Amorphous solids have
different material properties to crystalline films. The etch resistivity, electric insulating properties
are different. Amorphous materials can in many cases resist etchants better than crystalline films
and resist electric current better than crystalline film due to the fact that the charge carriers, such
as electrons, cannot move easily in amorphous material. Nevertheless, the k-value is often smaller
in amorphous films than in crystalline films [22].
Crystalline solids have an ordered and repeating three dimensional structures in the crystal lattice
called the long-range order as presented inError! Reference source not found.Error! Reference
source not found.. In deposition process, the crystals may take one of the seven structures in
crystallography: cubic, tetragonal, orthorhombic, hexagonal, trigonal, monoclinic and triclinic.
The thin film structures can be divided into three categories according to their crystallographic
perfection: epitaxial films, non-epitaxial films and amorphous films [22].
Polycrystalline solids have a large number of grains oriented in different directions and they are
separated by grain boundaries [10]. The grain size can be influenced by the deposition conditions.
The grain boundaries have secondary effects influencing the mean free path of electrons [21].
Amorphous films can remain amorphous or transform to polycrystalline form in high temperature
process step. Single crystalline solids tend to stay single crystalline during processing. It is
possible to change the crystalline lattice to amorphous by ion bombarding. Polycrystalline films
stay polycrystalline, however during heating, the crystals can grow [10].
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The thin films materials deposited by ALD can be either: amorphous, polycrystalline, epitaxial
and in rare cases single crystalline depending on the material and on the deposition temperature.
The crystallinity may be affected by post annealing.
Growthmechanism. There are three possibilities on how the initial crystalline growth takes place
in the first cycles of ALD film growth. In the first mechanism the film starts as amorphous and
the nuclei for crystallization form randomly and the crystals grow bigger as the film grows thicker
when the material in the new layers adopts the crystalline structure and the next to the crystal the
material continues to grow as amorphous. The film ends up as crystalline; because the
neighbouring crystals eventually touch and the new layer of materials adopt the crystal structure of
the whole surface. In the second mechanism the growth starts as in the first scheme, but the
amorphous film next to the crystal becomes crystalline. In the third mechanism the film growth
begins as crystalline only on certain sites on the surface. During the film growth only the crystals
grow and eventually they touch forming a uniform crystalline surface [19].
External factors. Several external factors affect crystallinity. An overview of these factors are:
temperature, impurities, reactants, plasma enhancement, substrate, and film thickness.
Temperature influences in inorganic materials the phase transition from amorphous material to
crystalline material and temperature influences the phase transition in crystalline material e.g.
whether the crystals grow on 100 orientation or 001 orientation [19] of the crystal. At low
temperatures 100 orientation [19] is most often found, whereas the 001 orientation [19] is most
often found at high temperatures. Increase in deposition temperature affects other ALD growth
parameters that in turn affect crystallinity. The reactions get faster and so does the mass transport
kinetics. With increasing deposition temperature the concentration of the impurities often decrease
[19]. Al2O3 films deposited at 110 °C contain residual hydrogen 11.3 at.% whereas Al2O3 films
deposited at 300 °C contain residual hydrogen 1 at.% [23]. The impurities may have a notable
effect on hindering the crystallization [19].
Impurities have a notable effect on crystallinity and it is affected by other ALD parameters
mentioned above (temperature, reactants, use of plasma and sometimes even the substrate affects
impurities). Carbon as an impurity effectively inhibits crystallization leading to amorphous films.
Chloride and hydrogen impurities affect film crystallization at higher concentrations. Some trace
impurities remain in the film that come from the ligands of the reactants [19-20].
Certain processes produce different crystalline phases. The main reason is the reactants ability to
remove ligands of the metal reactant. Water in most cases is not sufficiently reactive, but oxygen
plasma is reactive enough to effectively remove the ligands by combustion. Oxygen plasma
produces films of higher purity that affects the crystallization. Films of reactions that use
alkoxides, alkylamides, silylamides and aminoalkoxides are generally amorphous [19]. With
metalorganic reactants one factor is the carbon impurities on crystallinity and generally films
using alkylamides are deposited at lower temperatures than halides [19].
Plasma enhancement effects crystallization mainly on the decreased impurity content of the
PEALD processed films that allow crystallization. Temperature is another factor; the additional
energy may lead to increased local temperature which induces crystallization. Plasma
enhancement can either lead to amorphous or crystalline films [19].
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The effect of substrate on crystallinity is caused by the substrate surface. The adsorption sites on
the surface dictate how the film growth starts. In crystalline films the substrate can guide the size
of the grains. [19].
Film thickness affects the growth of crystallinity films and it is cross fertilized with other growth
parameters such as temperature and substrate. In a certain material a thin film may be amorphous
and when the film grows thicker the film growth changes to crystalline growth. Increasing film
thickness may turn the crystalline phase from one phase to another phase due to a competition of
surface and bulk energy contribution. [19]. The film thickness limits the size of the grains. Smaller
grains produce thinner films. [24].
When using CVD methods for producing titania, one can easily select which type of crystalline
structure is wanted for different types of applications simply by varying the deposition
temperature. Amorphous titania forms at low temperatures. Using ALD method, the temperature
is 80 °C [25] and it may be the best choice if the whole wafer processing must be done at low
temperature or the target is an optical coating, where amorphous titania has better optical
properties than crystalline forms [26]. Anatase and rutile in turn, are composed at elevated
temperatures (anatase 300-400 °C; rutile 400 °C [26]). Both of these crystalline forms have their
uses. Anatase is better for photochemically active layers and rutile is used for micro-electrical
coatings.
Influencing the properties. The film structure strongly influences the mechanical, thermal, optical
and electronic properties of thin films. The film being amorphous or crystalline (mono- or
polycrystalline) has effect on its properties in etching or electrical conductivity. In the case of
crystalline films, the epitaxial growth of the next film is affected. As an etching mask the
crystalline film performs a bit poorer than amorphous films. The grain borders in the crystalline
films may allow the etchants to go through the film. The grain lines may stop the electrical current
from passing through the film and decrease the conductivity. In addition, gases and impurities may
diffuse through the film using the grain borders [21].
Effect of process parameters on structure. ALD Al2O3 films that are grown below 600 °C are
amorphous. The common process temperature to grow amorphous alumina ranges with trimethyl
aluminium (TMA)-water process from 30 °C to 300 °C. ZnO thin films are commonly crystalline,
but when deposited as a thin layer on certain substrates, the ZnO film is amorphous. TiO2 is in
most cases crystalline. However, in certain conditions, it is possible to coat amorphous titanium
oxide film, especially when the substrate is amorphous alumina and the deposition temperature is
low [19]. Post deposition annealing can be used to transform amorphous film to crystalline film.
TiN films may be deposited both amorphous or crystalline, depending on the process parameters:
crystalline films can be deposited by using halide reactants and amorphous films can be deposited
by using alkylamide reactants. The reason to this behaviour is in the impurities. In halide
precursors the oxygen content is large and the deposition temperature is above 300 °C, whereas in
alkylamide precursors the carbon content is large and the deposition temperature is 150-250 °C
[19].
Epitaxial and non-epitaxial films. Epitaxial films are grown on a substrate with all atoms arranged
predictably in their correct place mimicking the substrate. There may be small defects, such as
vacancies, interstitial atoms or impurities. Non-epitaxial films are usually polycrystalline [21].
Dielectric constant of crystalline material is often higher than that of an amorphous material [19].
It has been well known that post annealing step of ALD thin films can have both beneficial and
inhibitory effects on the electrical and physical properties of the film [19]. The dielectric constant
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increases by annealing due to the formation crystalline phases, but with HfO2 thin films the
leakage current increases up to 2 orders, because of formation of the grain boundaries in
crystalline film [27].
2.4.2.

Mechanical properties

Four materials properties are essential for mechanical device stability. They are: 1. Elastic
modulus (Young´s modulus) that is a measure of stiffness of an elastic material; 2. Yield strength
(stress at which materials begins to deform plastically); 3. Interfacial adhesion and 4. Film
fracture toughness [10].
Measurement of stresses. These stresses can be measured directly or indirectly. Direct
measurements are: MEMS-based mechanical system and indentation tests. Indirect measurements
are: elasticity (Young´s modulus, plasticity (yield stress), fracture (toughness), viscoelasticity,
viscoplasticity and fatigue strength. An example of a stress measurement method is
nanoindentation, which is a versatile tool for a fast measurement of many mechanical properties.
A small needle is pushed into the film and the force and depth of the needle are monitored. Elastic
modulus, hardness, interfacial adhesion and film fracture toughness can be measured by
nanoindentation [28].
Compressive and tensile stress. Thin films are under either compressive or tensile stress when
deposited on subsrates [10]. The mechanical properties of thin films are different from those of
bulk materials, because of their unique microstructure, large surface-to-volume ratio, reduced
dimensions and the constraints caused by the substrate [29]. See Figure 4 [10]. This elastic strain
causes the substrate to deform elastically in biaxial bending (consisting of stress in the x- and yaxis) [29].

Figure 4. Thin-film stresses. A) Tensile stress (positive stress) is the stress of the film that has
to be elongated to fit a wafer. B) Compressive stress (negative stress): is the stress of the film
that has to be compressed to fit the wafer [10, p.58].
Substrates are significantly thicker than thin films and because of all solids have similar elastic
constants, for example silicon wafer which thickness is about 1000 times higher than film have
stresses and strains are about 1000 times less than those of films [10].
Extrinsic and intrinsic stresses. Stresses consist of extrinsic stress that is caused by mismatch in
the thermal coefficient between the film and the substrate [10]. Intrinsic stress depends on the film
microstructure and on the deposition process, which has an effect of the whole stress of the thin
film [10]. Evaporated metal films are usually under tensile stress. Sputtered films can be under
tensile or compressive stress and their stress can be tailored by process parameters and by post
annealing [30].
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Extrinsic stress is produced by the mismatch in thermal expansion coefficient between the film
and the substrate. The extrinsic stress can be estimated from thermal expansion coefficient
differences. The parameters affecting this phenomenon are: Young's modulus, Poisson's ratio,
coefficient of thermal expansion between film and substrate, and the temperature difference
between the film and the substrate. Young's modulus defines the stiffness of an elastic material.
Poisson's effect is the phenomenon when material is stretched in one direction; it tends to expand
in the direction perpendicular to the stretching direction. Poisson's ratio is the ratio of percentage
of the expansion divided by the percentage of the compression. Extrinsic stresses are in most cases
tensile at room temperature [29].
Intrinsic stress is also called growth stress [28] and it is induced by the growth process. It is the
component of stress that is not induced by differential thermal expansion effects between a film
and its substrate [31]. Deposited polycrystalline films are not at their energy minimum. A low
deposition temperature means that the arriving atoms don´t have enough energy to reach the
energetically favourable positions. This is forcing the film to grow in an unrelaxed way. Voids and
incorporated foreign atoms affect the stress. Processes that lead to volume changes (e.g.
crystallization, phase transitions, out-gassing) lead to stress changes. Intrinsic stresses are in most
cases compressive at room temperature [29].
When calculating the stress values, Stoney´s law can be used. Stoney´s law for calculating stress
values is presented in Equation 1.
Equation 1. [30]

E= Youns modulus
vs = Poissons ratio
tf = substrate thickness
R0 = Wafer curvature radii before deposition
Rf = Wafer curvature radii after deposition
Influence of temperature on stress of thin and thick films. According to a study in [30] it was
indicated that when measuring the mechanical stress of ALD deposited Al2O3 thin (<20 nm) and
thick films (25-60 nm) at room temperature and during thermal cycling up to 870 °C the films
were generally under tensile stress. For thin films (5-20 nm) the stress values increase slightly and
for the thick films (60 nm) the stress values are nearly constant. Tensile stress was shown to
decrease with increasing temperature; 500 MPa at 200 °C deposition temperature to 50 MPa at
500 °C. With 60 nm film (Figure 5, left) the sharp increase of stress to ~1000 MPa at about 780 °C
is caused by an irreversible phase change from amorphous to crystalline Al2O3 and the volume
reduction due to the phase change is the main reason for increase in tensile stress. With 25 nm
film (Figure 5, right) the tensile stress increases to < 2500 MPa with temperature increase to 800
°C and the stress values decrease reversibly during cooling almost the same way as during heating.
Possibly, the film crystallization is inhibited by small film volume and therefore the stress
behavior during heating and cooling was different with thin films (< 25 nm) to thick films (60
nm)[30].
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Figure 5. Effect of film thickness to stress evolution of Al2O3 using two thickness 60 nm (left)
and 25 nm (right). For 60 nm thickness, the stress remains constant during temperature
increase. An irreversible phase change from amorphous to crystalline occurs at 780 °C and
this decreases the volume of the film and increases the tensile stress (60 nm, left). For 25 nm
thickness the small volume of the film inhibits crystallization of the film and the stress
behavior is different compared to thicker 60 nm film. [30].

2.4.3.

Electrical Properties

Thin films can be electrical conductors, semiconductors or insulators. The definition of
conductors, semiconductors and insulators can be described by their electrical conductivities.
Conductors have high conductivities from 104 - 106 S/cm (Siemens per centimetre). Insulators
have very low electrical conductivities in the order of 10-18- 10-8 S/cm and semiconductors have
electrical conductivity between insulator and conductor. The differences in the electrical
conductivities can be explained by the energy bands (valence and conduction bands). The
electrical properties of thin films are one of their most important physical features and they differ
from bulk materials due to the dimensions of the thin films. The biggest factor affecting the
electrical properties of the thin film is whether the material is a conductor, a semiconductor or an
insulator (also called a dielectric) [18, 21].
Conductors have electrons in the valence band and the conduction band is partly filled. With some
materials the bands may even overlap. Electrons are free to move with only a small applied field
in the conductor, because there are many unoccupied states close to the occupied energy states.
[18, 21].
Semiconductors have a small energy gap between the valence band and conduction band. All
electrons are in the lower valence band at T= 0 K making semiconductors poor conductors at low
temperatures. At room temperature and normal atmosphere the electrons can be thermally excited
from the lower energy state, the valence band to the higher conduction band where there are many
empty states. A small applied potential can move these electrons and cause the semiconductor
material to conduct moderate electrical current. [18, 21].
In an insulator material the valence electrons form strong bonds between the neighbouring atoms
and they are difficult to brake. This results to absence of free electrons to participate in current
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conduction at or near room temperature. Insulators have a large band gap between the lower
valence band and the higher conduction band. Thermal energy or energy from an applied field
cannot raise electrons from the valence band to the conduction band. All electrons occupy the
valence band and the conduction band remains empty resulting in high resistivity of the insulator
material. [18, 21].
Effect of material properties on electrical properties. The material's phase has an effect on
electrical properties of thin films. The phases are either an amorphous solid or a crystalline solid.
In the crystalline solid, it makes a difference for the electrical properties if the material is
polycrystalline or single crystalline. One material may have multiple crystalline structures. TiO2
has three crystalline forms: anatase, rutile and brookite, which have different electrical properties.
Film crystallinity can b single crystalline or polycrystalline. In crystalline lattice disturbances in
the electric conduction in a conductor or semiconductor thin films are caused by a deviation to the
normal periodic lattice. These deviations increase resistivity and they can be: lattice vibration,
impurities or lattice defects such as dislocations, grain boundaries, vacancies, surfaces, scattering
by grain boundaries or scattering at the surface [18, 21]. Carbon and hydrogen impurities affect
the electrical properties of thin films by increasing electrical conductivity [32-34].
In thin films the surface to volume ratio is higher than in bulk material, so the electrons scatter
more when meeting a surface [18]. Decreasing thin film thickness decreases the dielectric constant
of ALD Al2O3 thin films. The decrease in dielectric constant is suggested to be explained by
formation of interfacial oxide layer [35]. By doping silicon with arsenic (p-type) or boron (n-type)
either acceptors (vacancies) (p-type) or donors (extra electron) (n-type) are formed in the lattice
affecting the electrical conductivity. In amorphous semiconductors the electrical conductivity
consists of band conduction and hopping conduction. In hopping conduction the electrons hop to
nearest neighbour sites by emitting or absorbing phonons [18, 21].
To simplify the electrical properties of conducting or semiconducting thin films, electrical
conductivity is caused by movement of electrons and electrical resistivity is caused by the
scattering of these electrons by the lattice.

2.4.4.

Surface and Interface Properties

The innate properties of the substrate that affect the film growth include the crystallographic
orientation. For instance, some films prefer to grow on 100-surface and others on 111-surface. The
orientation affects the surface roughness and hence the topography. Either the deposited thin film
can neglect or adopt the topography of the substrate into its own topography. The dangling bonds
are an innate property of the substrate. When the substrate e.g. a silicon wafer is formed, the atoms
that used to have other atoms next to them in the lattice are suddenly the surface atoms and the
extra bonds are left dangling and it is energetically unfavorable. The surface atoms will rearrange
themselves in order to reach energetically more favorable state and even be more reactive.
The external properties of the substrate that affect the film growth include ligands that create steric
hindrance and may reduce the reactive sites on the substrate by shielding them. Contaminations,
impurities, absorbed gases and catalytic/inhibitory substances can affect the nucleation effects and
thus the film growth mode that affects the type of film that will grow. Stress between the substrate
and the film causes the wafer either to bend concave or convex and the film can crack or buckle.
The surface and/or interface properties of the substrate that can drastically influence the film
characteristics are presented in Table 1.
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Table 1. The properties that influence film growth and their effects on deposited films
Surface/ interface properties
Surface contamination
Nucleation effects
Surface mobility

Chemical surface reactions

Adsorbed gases

Catalytic or inhibitory effects on film
growth

Surface topography

Crystallographic orientation

Stress effects due to thermal
expansion mismatch

2.4.5.

Effect on the film characteristics/ growth
Alter the work function in EL-devices, affect electrical
and optical characteristics [36].
Affects the growth mode of the film (island growth, layer
growth, island + layer growth) [37].
Surface mobility is needed to deposit smooth and uniform
films [38] but high surface mobility may lead to voids in
the film [39].
Affect the number of active surface sites where a bond
may form, number of dangling bonds and the diffusion
rate of molecules on the surface [40].
Can affect the film growth mode [37]. May change the
surface topography through affecting the film growth
mode [41].
Catalysts such as iodine can enable the CVD deposition of
copper thin films [42]. Poly(methyl methacrylate)
(PMMA) has been proved to inhibit film growth either by
passivation the surface against growth or PMMA can be
exploited as a lift-off layer [43].
Affects film roughness if the substrate is rough, in ALD
surface topography does not change during film growth
[42].
GaAs grows fast on atomically flat 100-surface and
slowly on 111-surface. Crystal orientation affects the
surface roughness and nucleation centres [44].
Stress between thin film and substrate causes tensile or
compressive stress. They will lead to film buckling or
cracking. [10].

Physical and chemical properties

The material characteristics of thin films include the physical and chemical properties of the films.
Physical properties, e.g. electrical properties such as electrical conductivity or electrical insulating
properties affect whether the film will be an optimal or a challenging choice when applied to an
electronic device. Thermal and mechanical properties of the film will affect to the stress it will
experience in regard to that of the substrate. The film's morphology such as crystalline orientation,
conformality and microstructure affects the future process steps that can be done on top of the
film. Optical properties of the film dictate its use e.g. as anti-reflection coatings.
The chemical properties of thin films are variable. Toxicity and carcinogenicity of the film is an
important factor when considering the product for the occupational health of the manufacturer or
the end user. Corrosion, wear resistant, anti-tarnish and anti-wetting coatings have myriad of
applications. The physical and chemical parameters to be considered when choosing a deposition
technology are presented in Table 2.
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Table 2. Physical and chemical parameters of thin films [2].
Character
Electrical

Thermal
Mechanical
Morphology
Optical
Magnetic
Chemical

Parameters
Conductivity for conductive films, Resistivity for resistive films, Dielectric
constant
Dielectric strength, Dielectric loss, Stability under bias, Polarization,
Permittivity, Electromigration, Radiation hardness
Coefficient of expansion, Thermal conductivity, Temperature variation of all
properties, Stability or drift of characteristics, Volatility and vapor pressure
Intrinsic and residual stress, Anisotropy, Adhesion, Density,
Fracture, Ductility, Hardness, Elasticity
Crystalline or amorphous, Structural defect density, Conformality/ step coverage,
Planarity, Microstructure, Surface topography, Crystalline orientation
Refractive index, Absorption, Birefringence, Spectral characteristics, Dispersion
Saturation flux density, Coercive force, Permeability
Composition, Impurities, Reactivity with substrate and ambient, Thermodynamic
stability, Etch rate, Corrosion and erosion resistance, Toxicity, Hygroscopicity,
Impurity barrier or gettering effectiveness, Carcinogenicity, Stability
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2.5. Conformality
Conformal coating produces films that are of same thickness everywhere on the sample. The
benefit of the ALD process is that the film is deposited conformally even on demanding 3Dstructures e.g. high aspect ratio pores and sharp features on the substrate. The PVD deposition
method does not coat the substrate conformally since it is a line-of-sight deposition method and
the film is dependent on source distance to substrate. An example of conformal coating of a very
challenging morphology is presented in Figure 6.

Figure 6. Example of a conformal film growth using a cross section of a micro engine. 10 nm
ALD film was deposited as a wear resistant coating. At the two measurement points on the
far right depicted with red arrows, the measured film thickness was 10 nm and at the
furthest measurement point on the far left, the film thickness was 10,5 nm, which is a result
no other film deposition method can achieve [45].

2.5.1.

Conformality of low aspect ratio and high aspect ratio
structures

The process recipe that is optimal for conformal coating planar or shallow structures will not
necessarily produce conformal coating in 3D structures where the surface area is much higher.
The exposure time increases as a function of the second power of the aspect ratio. Conformality in
3D pores is enabled by sufficient precursor dose to fill the higher surface area, surface residence
time and long enough purge time.
When changing from low aspect ratio structures to high aspect ratio pores, the flow model changes
from viscous flow to molecular flow, which causes challenges in conformal coating of the pores.
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In a viscous flow, reactions are limited by the surface reaction times and in molecular flow; the
rate limiting step is the Knudsen diffusion of the larger precursor molecules. In the viscous flow
model the time it takes to completely saturate a surface is relatively short and decreases with
higher pressures. However, when in the molecular flow regime, the mean free path between two
molecules is so large that the flow is dominated by gas-wall collisions, taking a longer time for a
reactant to find an active surface site.
To add to the complexity of the process is that conformal coating in to high-aspect-ratio pores is
influenced by precursor reactivity, adsorption-desorption equilibrium process of precursor and
reaction by-products [46- 47].
Another way to achieve conformal coating on through wafer high-aspect-ratio pores has been
achieved with a modified reactor design. In many cases in the ALD reactor configuration the
precursors travel with the carrier gas from the nozzle flow freely on the substrate and flow to the
pumps. In the modified ALD reactor configuration the precursors travel with the carrier gas that is
forced to travel though the substrate and after that to flow to the pumps. The schematics of these
reactor configurations are presented in Figure 7. In this way the cycle times can be nearly as short
as with planar substrates and the amount of wasted precursors is reduced [47].

Figure 7. Reactor design schematics of a common ALD reactor configuration (left) and a
reactor where the precursors are forced to flow though the substrate (right) [47].
In chapter 6 the results are presented on successfully coating through wafer pores by lifting the
substrate from the sides on chips of silicon wafer allowing the gas flow under the sample.
Pores. The hazard with a non-optimized recipe for ultra-high aspect ratio pores is that the ALD
mode may change to CVD mode, if the purge time is not sufficient and the reactants and byproducts do not have enough time to exit the pore before the next precursor pulse enters [48]. The
precursor requirements for high-aspect-ratio pores is that they should be much more volatile than
for planar substrates and the precursor by-products should have sufficient volatility in order to be
effectively removed from the pores. They should be stable against thermal decomposition [46].
Sharp points. ALD is able to conformally coat rough underlying topographies in which sharp
asperities or nano-roughness could potentially limit device performance. ALD nucleation is rather
insensitive to the topography induced nucleation. Coating of a surface with sharp points is
presented in Figure 8. Conformal ALD films cause the surface topography to change with each
deposited layer, ultimately leading to a rounded cap on where the sharp point was and thus
decreasing surface area [48].
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Figure 8. SEM image of a rough surface with valleys and peaks coated with separate three
1000 cycle TiO2 films, the sample was introduced to atmosphere after each cycle. Uncoated
sample (left), coated sample (right) [48].

2.5.2.

Conformality Using Templates

ALD nanotubes can be achieved when nanorods are used as a template and coated with ALD thin
film and then removing the core. ALD deposited thin films produce conformal coating
additionally "outside the pores", on top of rods. If the core material is not removed after ALD,
flexible composite material is achieved and if one still anneals this material in oxygen, oxide
nanotubes are achieved.
Aerogels can be applied as templates to ALD thin films. Aerogels have been called "solid smoke".
They are made cross linking wet gel and then removing the solvent. There are no rivals when it
comes to surface area, which is typically >50 m2/ g [2]. ALD thin films can be used to modify the
properties of the silica, aluminum or carbon aerogel for applications such as catalysts or sensors.
ALD can be deposited at low temperatures, which allows the use of polymer fibers as templates.
This is presented in Figure 9 [49].

Figure 9. SEM image of Al2O3 nanotubes prepared using electrospun poly(vinyl)pyrroline
nanofibres as templates. The template core was removed after coating with Al2O3, and this
left only the hollow nanotube [49].
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3. ATOMIC LAYER DEPOSITION (ALD)
This part of the thesis focuses on atomic layer deposition. The chapter begins with a brief insight
to history of ALD and explains the growth method. The surface chemistry of ALD is introduced
and the precursors requirements. The focus of materials in the experimental work was limited to
Al2O3, TiO2 and ZnO so the precursors and reaction mechanisms to deposit them is summarized.
To help understanding the complexity of ALD process, the concept of ALD process windows and
growth per cycle are introduced. Plasma enhanced ALD (PEALD) is summarized as a method to
modify the material properties even at the room temperature.

3.1.

History of ALD

ALD was originally known as atomic layer epitaxy (ALE), where the term “epitaxy” stands for
“on-arrangement” in the Greek language [8]. The word “epitaxy” was used to emphasize the
sequentially controlled surface reactions upon the previously deposited layer. The word was not
intended to describe the growth of single crystalline film on a single crystalline substrate with a
well-defined structural relationship between the two. Over the years many names were suggested
for the process, but atomic layer deposition is now the widely accepted name [8, 19].
The inventor of ALD is not fully clear since different groups have taken credit of inventing the
ALD-technology. The most commonly acknowledged origin of ALD is from Finland. T. Suntola
and co-workers developed “atomic layer epitaxy” (ALE) according to patent published in the
1970s [9, 44], for which the experiments were made in 1974. In the patent ALD-process was used
to deposit element reactants, such as precursors Zn/S, Sn/O2 and Ga/P to deposit ZnS, SnO2 and
GaP thin films, respectively. Suntola and co-workers demonstrated the ALD-process based on
compound precursors using TaCl5/H2O, Zn(Mn)Cl2/H2S, AlCl3/H2O to deposit Ta2O5, Zn(Mn)S,
Al2O3 thin films, respectively. This research has led to commercial applications of ALD e.g. largearea thin-film electroluminescent displays based on ZnS:Mn introduced already in the 1980s [19].
The less commonly acknowledged origin of ALD comes from the Soviet Union. The group of
professor Aleskovskii worked with the technology in the 1960s. The proceedings of a conference
organized in 1965 and published in 1967, Shevjakov et al. [50] describe using the precursors
TiCl4/H2O and GeCl4/H2O to deposit TiO2 and GeO2 thin films, respectively. The first
experiments in the group of Aleskovskii were made on high-surface-area silica substrates, but
soon dielectric layers were grown on single-crystal substrates. Already in the 1960s, a publication
series on the “molecular layering reactions” was started by Kol’tsov and co-workers [9].

3.2.

Film growth and Surface Chemistry of ALD

3.2.1.

Film growth

What happens in film growth is the phase transition of the material from vapor to solid phase
where atoms condense and adsorb on the deposition surface. However, the adsorbed atoms
(adatoms) may desorb or experience surface diffusion. If the adatoms become bigger clusters by
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aggregation, they reduce the probability of desorption. When the atoms contact the surface they
are still mobile and the film growth is based on these atoms merging with others or incorporating
more atoms from the vapor phase and forming bigger islands and a continuous film. This is
presented in Figure 10. This coalescence occurs due to the minimization of surface energy and
surface area [10].

Figure 10. Thin film growth surface processes [10, p.78].
Sticking coefficient. Film growth may take place because atoms attach to the surface either
through chemisorption with strong bonds resulting that the probability that the atoms leave the
surface through desorption or diffusion is low. This is called the sticking coefficient. In addition,
the atoms can bond trough physisorption with weak bonds and those atoms are loosely bound. The
process parameters (e.g. temperature) can be designed in a way that only chemisorbed atoms stay
on the surface and physisorbed atoms desorb. If the sticking coefficient is high, the atoms will
come to rest on the surface, if the sticking coefficient is low, only the energetically favorable
attached atoms will stick and others will desorb [10].
Adhesion is a challenge in thin film technology where poor adhesion is more common than good
adhesion. Poor adhesion can arise from material properties and reduced surface cleanliness and
deposition method. Some materials, e.g. noble metals do not react and no bond formation across
interfaces occurs. This, however, may be overcome by using an adhesion layer between the two
materials. Titanium and chromium are commonly used adhesion layer materials due to their bond
forming abilities in addition to other oxide forming metals, e.g. aluminium. The strength of the
adhesion may be tested by tape test where a common office tape is attached to the film surface and
pulled off. If the film does not peel off with the tape, it has passed the tape test. Surface
cleanliness is an important factor. Impurities and residues from previous process steps will lead to
poor adhesion. The deposition method used in film growth affects adhesion if, for instance, in
sputtering the energetic atoms kick off loosely bound atoms or contaminants [10].
Surfaces and interfaces. The deposition process and substrate affect the surface roughness. High
temperature processes generally make smoother films. Doping of the film can make otherwise a
smooth film rough, e.g. doped polysilicon has a rough surface, but undoped polysilicon has a
smooth surface. The growing film may take the form of the substrate (epitaxy). A smooth
substrate may result into smooth film. Interfaces between two material layers can vary from: 1.
abrupt interface, 2. interface with interfacial film, 3. diffused interface, 4. reacted interface and 5.
pitted interface [10]. These are presented in Figure 11.
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Figure 11. Different interface structures [10, p.83].

Thermodynamics can be used to estimate whether a reaction between two interfaces is possible or
not. Every system seeks to achieve a minimum of free energy. The difference of Gibbs free energy
for products and reactants tells if a reaction can happen. If the result is negative, the reaction can
take place. If the reaction is positive the reaction cannot happen. An adhesive layer can be used to
deposit a film on a substrate that otherwise would not be possible [10].
3.2.2.

The surface chemistry of ALD

The surface chemistry of ALD can be described in terms of the following features: selfterminating reactions, adsorption and adsorption kinetics to form monolayers, chemisorption of
precursors on the surface, and saturation of the surface. Additionally, growth modes are presented.
Self-terminating reactions. ALD is based on the sequential use of self-terminating gas–solid
reactions [9]. The two gaseous precursor that contribute to the film growth can be named A and B.
In the process, the precursors are cycled ..ABABAB.. as many time as needed to achieve the
desired film thickness. The reactants that contribute to the film growth chemisorb on the surface.
Between the precursor pulses there is a purge step that removes the un-reacted precursor and
reaction byproducts before the next precursor pulse. The reactions are irreversible and they will
saturate the surface. [9, 19].
Adsorption
Adsorption is an interaction between the precursor molecule and the substrate surface. If the
interaction is strong the type of absorption is chemisorption and if the interaction is weak, the type
of absorption is physisorption [51]. In chemisorption, a chemical bond is formed between the
precursor molecule (adsorptive) and the substrate surface (adsorbent). Chemical bonds may be
broken in the process. In chemisorption, the substrate surface accepts only one monolayer of the
adsorbate [51]. In physisorption there are no or minimal structural changes between the molecule
and the surface, but the interaction is based on Van Der Waals force in which the attraction arises
from interaction of dipoles in the molecules, which in turn, allows the absorption to take place in
multilayers [9, 51].
A way to describe the ALD-process is that the process utilizes the difference between chemical
and physical adsorption. By the time the first reactant atoms of molecules reach a solid surface,
there is a strong interaction by chemisorption. Subsequent layers tend to interact with the surface
less strongly by physisorption. If the substrate surface is heated sufficiently one can achieve a
condition that only the chemisorbed layer remains attached [9, 44].
Adsroption kinetics. Precursor molecules attach to the surface and they might also desorb,
depending on their sticking coefficient. Parameters as temperature, partial pressure of the reactant
and reactant concentration affect the rate in which the molecules attached and detach per unit time.
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Adsorption can be considered reversible, which is presented in reactions (Equation 2) and
(Equation 3). A represents the gaseous compound and ||* is the surface site [9]
||* + A(g)→ ra||* A,

Equation 2. [9]

||*A→rd||*+A(g)

Equation 3. [9]

ra= adsorption rate of attaching molecules per a time unit
rd= desorption rate of detaching molecules per a time unit

Reversible and irreversible reactions. Irreversible reactions are needed for the self-terminating
ALD reactions to avoid desorption of material from the substrate during the process. Physisorption
is always reversible and chemisorption can be either irreversible or reversible [9]. The amount of
material that adsorbs during gas–solid reactions can depend on various ways that are presented in
Figure 12. In irreversible and saturating reaction the amount of adsorbed molecules does not
change after the precursor pulse is over and the purge step has begun (panel a). In reversible and
saturating reaction the amount of the adsorbed molecules diminish after the precursor step is over
(panel b). Irreversible and reversible reactions can occur in the same process step, but the
reversible reaction does not contribute to the film growth (panel c). An irreversible reaction may
not be saturating, if the amount of adsorbed molecules is continuing and does not reach saturation
before the process step is over, which is the same for CVD process (the amount of adsorbed
material increases with increasing amount of precursors) (panel d). In order for the reaction to
function in optimal way, the irreversible reaction should not be interrupted (panel e) [9].

Figure 12. Amount of adsorbed material can change with time in different scenarios: (a)
saturating adsorption that is irreversible (self-terminating reaction), (b) saturating
adsorption that is reversible, (c) combination of irreversible and reversible saturating
adsorption, (d) adsorption that is irreversible and non-saturating, and (e) saturating
adsorption that is irreversible and it is not allowed to saturate. The vertical dashed line
marks the end of the reactant supply and the beginning of a purge or evacuation [9].
Monolayers. The type of monolayer differs according to the interaction between the adsorptive
and absorbent. The type of monolayer depends on three factors: chemisorption, physisorption and
ALD deposited films [9, 51]. In chemisorption, the monolayer is described by the amount of
adsorbed molecules which is needed to occupy all adsorption sites. In physisorption the monolayer
is described by the amount of adsorbed molecules needed to form a close-packed array. In ALD
deposited films the monolayer is described as the plane where the material is grown on top of the
substrate in the preferred orientation of growth. The three different types of monolayer are
presented in Figure 13 [9, 51]. However, only in rare cases one monolayer of material is deposited
on a surface during one cycle. Commonly only 5-50 % of a monolayer is deposited [20].
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Figure 13. Three types of ALD monolayers: (a) a chemisorbed monolayer (above: the
reactive sites of the substrate before chemisorption, (b) a physisorbed monolayer, (c) a
monolayer of the ALD-grown material [9].
Chemisorption mechanisms. There are three main classes of chemisorption mechanisms for the
self-terminating reactions. They are 1) ligand exchange [9, 51], 2) dissociation [9, 52] and 3)
association [9, 52].
In ligand exchange, the gaseous reactant molecule (MLn) arrives to the surface and the ligand (L)
of the molecule forms a bond with the surface group (||−a) and forms a reaction by-product (aL),
which will be removed in the purge step. The molecule (MLn−1) chemisorbs to the surface. This is
presented in (Equation 4). The ligand exchange reaction may continue on the surface provided that
there is a free reactive site nearby and the molecule still has a bond to spare with a ligand [9, 51].
||− a + MLn (g) → ||− MLn−1 + aL (g).

Equation 4. [9]

In dissociation, the gaseous reactant molecule is broken onto the reactive sites on the surface
(M´−Z) and the reactant molecule forms surface species with more than one reactive sites on the
surface. This is presented in (Equation 5) [9, 52].
||M´ − Z|| + MLn (g)→||M´ − L + ||Z − MLn−1.

Equation 5. [9]

In association, the gaseous reactant molecule forms a coordinative bond with a reactive site on the
surface and is chemisorbed without a release of ligands (Equation 6). The coordinative bond is
similar to a covalent bond, but instead of the two atoms giving the electrons to the bond as is the
case in the covalent bond, in the coordinative bond the electrons come only from the other atoms
[9, 52].
||+ MLn(g)→||MLn.

Equation 6. [9]

Different chemisorption mechanics are presented in Figure 14.
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Figure 14. ALD chemisorption mechanisms: (a) ligand exchange reaction of the MLn
reactant with surface “−a” groups, the byproduct aL is released, (b) dissociation of the MLn
in surface M–Z sites, and (c) association of the MLn species onto the surface [9].
Factors causing saturation. There are two factors that cause the saturation of the surface with
adsorbed species in a self-terminating gas–solid reaction, as shown in Figure 15: 1. steric
hindrance of the ligands [9, 53] and 2. the number of reactive surface sites [9, 54]. Steric
hindrance of the ligands can cause the ligands of the chemisorbed species to shield like an
umbrella part of the surface from being accessible to the reactant and the reactant finds the surface
being full. There may not be enough of bonding sites on the surface that would require for getting
a full surface of ligands, because there is a not free reactive site for the abundance of ligands.
Irrespective of the factor causing saturation, the chemisorption coverage equals one after the selftermination of the reactions [9].
The temperature dependency of saturation was studied in [23]. Thickness per cycle was tested by
repeating the same pulse for multiple times and the film thicknesses were calculated at different
stages of repeated pulses. Al2O3 films deposited at 300 °C were closer to saturation than films
deposited at 110 °C.

Figure 15. Saturation of irreversible chemisorption of the substrate and factors leading to it:
(a) steric hindrance of the ligands and (b) number of reactive surface sites [9].
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The amount of material that is adsorbed in irreversible and saturating chemisorption is defined by
the reaction mechanisms and the factor causing saturation. The surface chemistry allows the
maximum number of reactive sites on the substrate surface for the ligand exchange reaction. Then
the most ligands are released in the gas phase in the reaction chamber, the reaction will continue
until there are either no more reactive sites left or the steric hindrance declares that the surface is
saturated, a monolayer is finished and the highest growth per cycle (GPC) is achieved [9]. Growth
per cycle can be described as the film growth during an ALD AB cycle, which is may be less than
a monolayer, e.g. due to possible hindrances.
Model I represents the maximum GPC from the size of the MLn reactant shown in Figure 16(a).
The size of the MLn reactant is calculated from the density of the liquid reactant and the area
covered by the reactant, assuming a close-packed monolayer of MLn [14]. Model I corresponds to
a physisorbed monolayer of the MLn molecules. Because the chemisorbed MLz species differs
from the MLn reactant, Model I gives at best a rough estimate of the achievable GPC. [55-56].
Model II represents the maximum GPC from the size and geometry of the adsorbed MLz species
[Figure 16 (b)]. The sizes of the ligand L and the metal M must be known. The bond lengths and
angles must be known or assumed for the adsorbed species. In Model II, the GPC increases in
steps with decreasing size of the adsorbate MLz. [9, 53].
Model III represents the maximum GPC from the size and number of the adsorbed ligands L
[Figure 16 (c)]. A theoretical maximum amount of ligands adsorbed is calculated assuming a
close-packed monolayer of the ligands. [3, 58].

Figure 16. Above: Illustration of maximum GPC from size of the MLn reactant (Model I)
[55-56]. Middle: maximum GPC from from size and ligands (Model II) [53]. Bottom:
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maximum GPC from the size and number of ligands L (Model III ) [58]. Left: side view,
right: top view [9].

The growth per cycle (GPC) means the absorbed layer of material per one reaction cycle [9] and
it may vary with temperature, as illustrated in Figure 17. The decrease of GPC with temperature is
presented in panel (a). In this case the number of reactive surface sites affects the amount and/or
the type of chemisorbed species. The case where the GPC stays constant with temperature is
presented in panel (b). An example of this case is, if steric hindrance causes saturation and the
number of reactive sites does not affect the amount of adsorbed species. Also presented in panel
(b) is the case when the GPC settles to different constant values at different temperatures. The
increase GPC with increasing temperature is presented in panel (c). At higher temperatures,
energy barriers may be overcome and reactions occur, which would not occur at lower
temperatures. The case where the GPC increases first and then decrease with temperature is
presented in panel (d). First, some reactions are activated with increasing temperature, after which
the decreasing number of reactive sites starts decreasing the GPC [9]. For example, when
depositing Al2O3 using TMA and water, increasing the deposition temperature by 100 °C will
decrease the GPC by 20 % using the temperature range of 180 °C to 300 °C. This is caused by the
reduction of -OH groups with increasing temperature [9, 19].

Figure 17. The GPC can vary according the ALD processing temperature in the ALD
window: (a) decreasing GPC with increasing temperature, (b) constant GPC with increasing
temperature (it is possible for GPC to vary at different temperature ranges, presented by
the dashed line), (c) increasing GPC with increasing temperature, and (d) first increasing
and then decreasing GPC with increasing temperature [9].
Growth per cycle can be calculated by the concentration of surface groups that take part in the
reaction cycle, e.g. in the case of TMA and water process, the -OH groups [49]. The thickness of
GPC is commonly 0.01-0.1 nm (depending on material, reactants, temperature). In reality, GPC is
typically in ALD in the range of 5-50 % of a monolayer of the material with the full monolayer
growth being exceptional [49]. During the reaction cycle several reactions can take place at the
same time and cause steric hindrance. This means that one -OH group does not always bind one
aluminum atom to the surface. Depending on the -OH concentration on the surface, binding one
aluminum atom may take three -OH groups. Or by dissociation or association of -OH groups
binding the aluminium atom may take only one oxygen. The different reaction possibilities of
binding one aluminium atom to the oxide surface are presented in Figure 18 [49, 20].
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Figure 18. Possible reactions of trimethylaluminum (TMA) and water on oxide surface. a.)
ligand exchange with one OH group, b) ligand exchange with two OH groups, c.) ligand
exchange with three OH groups, d.) dissociation of OH groups, e.) association of OH groups
[49].
During each ALD process cycle in the first half reaction the absorbed mass of the surface
increases. This mass includes the reacted species and the ligands. During the purge step the
absorbed mass stabilizes and the ligands leave causing a slight reduction in the mass. Fitting a line
in the growth curve gives the average growth rate, which is presented in Figure 19 [20].

Figure 19. Mass deposition during increasing ALD cycles [20].
Growth modes in ALD. Growth mode decides the way the ALD deposited material and all other
deposited thin films are arranged on the surface [9]. The growths modes are: two dimensional
growth [59], island growth [60] and random deposition [61]. The two-dimensional growth is
presented in Figure 20a. The deposited material settles in the lowest unfilled material layer and
one monolayer of the ALD-grown material covers the substrate completely. However, this growth
mode is not universally valid. The island growth is presented in Figure 20b. The new material
units are attracted to deposit on the previously grown ALD material and this is the growth mode
case in several ALD processes. The Random deposition is presented in Figure 20c. It is a
statistical growth mode, where the new material units are deposited with an equal probability on
all surface sites. Because of the self-terminating reactions, random deposition results in smoother
layers in ALD than in continuous deposition processes (“shower model” versus “rain model” of
38

random deposition). Random deposition has been concluded at least for two ALD processes [9,
10].

Figure 20. Schematic illustration with increasing number of reaction cycles n of selected
growth modes possible in ALD: (a) two-dimensional growth, (b) island growth and, (c)
random deposition [9].

3.3.

Precursor requirements and process windows

The most essential issue in ALD thin film technology is the precursor chemistry. The precursors
must be reactive, volatile and thermally stable [62]. They may be gases, liquids or solids.
Volatility of the liquid substances is dictated by their vapor pressure. The precursors have to be
gaseous or vaporizable under the process reaction temperature [63]. Solid substances have a low
vapor pressure; nevertheless it is not a hindrance, but a challenge that needs a special equipment to
characterize the vapor pressure. Precursors must chemisorb on the surface or react rapidly with the
surface groups and react aggressively with each other [62, 63].
Solid precursors are not regarded as optimal in CVD because in that method a continuous and
homogenous reactant feed is needed [64]. With the sublimation of the solid precursors the rate is
varying, because sintering occurs. ALD is more permissive, because the only requirement is that
during the reactant pulse the surface must be saturated but due to the self-limiting growth
mechanism constant precursor feed is not required and therefore solid precursors are more easily
adapted [62-63].
The metal precursors used for CVD are generally suitable for ALD provided that certain
requirements are fulfilled [62]. Since ALD deposition technique allows much more reactive
precursors than CVD technique so many precursors have been synthesized for ALD [62-63]. To
avoid uncontrolled reactions, sufficient thermal stability of the precursors is needed in the gas
phase and as well on the substrate within the deposition temperature range which is typically 80500 °C [62-63]. In the CVD method, a constant flux of precursor vapor is needed to obtain a
controlled process. ALD, in turn relies on self-limiting reactions and only a sufficient amount of
precursor vapor is required during one pulse to cover the adsorption sites on the surface, the
excess will be removed by the inert gas purge. Reaction byproducts should be inert and not
interfere with the film growth [64].
39

Many properties are required of a good precursor in order to develop successful ALD processes
[65]:
 Sufficient vapor pressure at a temperature at which thermal decomposition is negligible
 Volatility
 Self-limiting deposition reactions
 Non-corrosive, non-toxic
 Stable during transport and no ageing during storage

Temperature is an important factor. The reactant must decompose in the gas phase at the selected
temperature. No self-decomposition is allowed below the deposition temperature, because
decomposition destroys self-controlled nature of the reaction. The reaction temperature should be
high enough for chemisorption. Thermal stability of the precursor is enhanced by chelating
ligands, which attach to the metal by more than one bond. Low melting points are shown by
precursors that have low symmetry, which can be provided by decreasing the symmetry of the
ligand and by lengthening alkyl groups on ligands (8).
Most volatile precursors are monomeric and the structure is achieved by having sufficiently bulky
ligands surrounding the metal center [65]. The ligands need to be removed by another reactant
(H2O, O2, O3) to make pure films. Volatility is affected by several factors. Smaller molecules are
more volatile than large. Monomers are more volatile than dimers. Polymers are usually not
volatile. Non-polar molecules are more volatile than polar molecules, because polarity binds
molecules together making them bigger. Surface reactions are more likely to be fast and complete
when the metal-ligand bonds are weaker than the bonds to be formed in the deposited film. Thus
pure metal oxide films are formed more quickly from weaker metal-nitrogen bonds or metalcarbon bonds, than from precursors with stronger metal-oxygen bonds [65].
Reactions are self-limiting when they are fast enough to be completed before any thermal
decomposition occurs. There should be no self-decomposition below the deposition temperature.
Decomposition destroys self-controlled nature of the reaction.
Corrosive effects are often seen with precursors containing halogens, which should not etch the
substrate or the growing film during the process. Toxicity cannot be predicted from the structure of
a precursor, but precursors containing toxic elements, such as arsenic, can be expected to be toxic
no matter what ligands are used with them [65-66].
The precursors must be stable during transport and usually they travel by sea freight. No ageing is
allowed for during storage [65].
Challenges of the precursors. All reactants have their positive and negative features in respect to
the reactivity, stability, gaseous by-products and impurities left in the film. Organometallic alkyls
have a carbon-metal bond and they are very reactive in general. However, many alkyls are not
stable and this limits the choice of deposition temperature in order to avoid decomposition of the
reactants. In the class of halides, chlorides are reactive, stable in many temperatures and available
for many metals. The resulting film may suffer from chlorine residues and of corrosive
hydrochloric acid (HCl) that is a byproduct of a secondary reaction. Hydrides of the non-metal
elements are: water (H2O), ammonia (NH3) and hydrogen sulfide (H2S) and their benefit is that
they have high stability and reactivity in broad temperature range even at high temperatures.
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Ozone is used for deposition of oxides from compounds that do not react with water. The negative
side to ozone is that it is unstable and the deposited film may catalyze the decomposition of ozone.
This limits conformality in high aspect ratio pores. Plasma enhanced ALD (PEALD) enables the
use of molecular elements (O2, H2, N2) that would not be reactive enough otherwise. The
drawback of PEALD is that the conformality of PEALD film is limited due to the finite lifetime of
radicals and charged species. [25].

Process windows. The ALD process is sensitive to control and the settings for each part of the
process cycle require carefully considered adjustments in order to achieve a self-limiting and
saturating process and high quality film. The deposition temperature and purge cycle times need to
be optimized to achieve the self-limiting growth. The adjustment of temperature and purge
parameters within the optimal ALD windows have an effect on the growth per cycle (GPC).
ALD temperature window. Tuomo Suntola introduced the concept of an ALD window, which
indicates the temperature range where the thin-film growth proceeds in a self-limiting manner.
Outside the optimal ALD window, the growth is limited:
At low temperatures by [11, 67]
 Reactant condensation/ physisorption. If the reactants or by-products from the previous stay
behind when the next process pulse and reactant arrive, they can condensate or physisorb to
the surface. This can lead to parasitic CVD mode.


Insufficient precursor reactivity. The reactant is unable to overcome the activation energy
necessary to chemisorb on the surface.

At high temperatures by [11,67]


Precursor decomposition. The precursors decompose at high temperature before they can react
with the second reactant of the cycle (reactant A or B in AB cycle)



Precursor desorption. The precursors desorb at high temperature before they can react with the
second reactant of the cycle (reactant A or B in AB cycle)

The above mentioned issues destroy the self-limiting growth mechanism and the constant growth
rate. ALD temperature window is presented in Figure 21.
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Figure 21. (a) The ideal ALD window, (b) growth rate limited by precursor condensation or
physisorption, (c) insufficient reactivity, (d) precursor decomposition, (e) precursor
desorption (11). Sometimes if the deposition rate is dependent on the number of available
reactive sites as in (f), no actual ALD window is observed [67].

ALD purge window. Besides the ALD temperature window, a similar window of process
parameters can be applied to the purge time. The purge time is a key factor that enables the selflimiting growth during an ALD cycle. An insufficient purge step in the process cycle can result in
poor removal of the unreacted precursors or the reaction by-products can lead to overlap of two
precursors in the process chamber. This in turn allows the ALD process to transition to a CVD
process. The ALD purge window applies to ALD temperature window that is presented in Figure
21 [42].
When the purge time is optimal, the ideal ALD processing window is achieved. If the purge time
is too short and the growth rate is low, then there process is in CVD mode and the reactants are
more likely to react in the gas phase than on the surface. If the purge time is too short and the
growth rate is high, the excess reactants will remain in the reaction chamber and react with the
next precursor pulse increasing the growth rate. This can occur inside of a high aspect ratio pore.
If the purge time is too long and the growth rate is low, desorption takes place. If the purge time is
too long and the growth rate is high, thermal decomposition of the adsorbed species may take
place and lead to film contamination and contributes to the growth rate [42].

3.4.

Materials and reaction mechanisms

The focus of materials in this thesis is limited to aluminium oxide (Al2O3), titanium dioxide (TiO2)
and (ZnO) using the trimethyl aluminium and water (TMA + H2O), titanium tetrachloride and
water (TiCl4 + H2O) and diethyl zing and water (DEZ + H2O) processes. The reaction mechanisms
and processes are introduced.
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3.4.1.

Al2O3: TMA + H2O process

In order to deposit alumina (Al2O3) films, the TMA + H2O process is needed (68-71). The process
is presented in Table 3
Table 3. TMA + H2O process [22, 68].
Al(CH3)3 + H2O
1st step (A)

(-OH)* (s) + Al(CH3)3 (g)  OAl(CH3)2* (s) + CH4 (g)

2nd step (B)

OAl(CH3)2* (s) + H2O (g)  AlOH* (s) + CH4 (g)

The TMA - water process temperature region is 30-300 °C with 300 °C being the maximum limit
to all organometallic aluminium precursors [9]. However, temperature up to 500 °C has been
reported for the process [23].
3.4.2.

Al2O3: TMA + Ozone (O3) process

In energy-enhanced processes, typically utilizing energetic but unstable reactants such as ozone or
plasma, problems with conformality may arise through reactant decomposition, at least on 3D
substrates [6]. The TMA + ozone process is presented in Equation 7.
2Al(CH3)3 + O3 --> Al2O3 + 3C2H6

Equation 7. [72]

There is no significant difference on growth rate or film uniformity when using H2O and O3 as
oxygen source. The difference between is that at low temperatures the growth rate in H2O process
is higher than in O3 process. At high temperatures, above 350 °C in H2O process the growth rate
becomes slower while in O3 process the growth rate slightly increases. The decrease of growth
rate in H2O process is caused by the enhanced dehydroxylation of the Al2O3 surface. The O3
process is controlled by the amount of decomposition of O3. The difference between growth rates
of using O3 and H2O processes as a function of growth temperature is presented in Figure 22 [72].
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Figure 22. Comparison of growth rates as a function of growth temperature between (a) O3
and (b) H2O [72]
3.4.3.

TiO2: TiCl4 + H2O process

In order to deposit titania (TiO2) films the TiCl4 + H2O process is needed. An ALD deposition
cycle is shown in Figure 23. Normally one growth cycle consists of four steps: 1) Exposure of the
first precursor, 2) purge of the reaction chamber, 3) exposure of the second precursor, and 4) a
further purge of the reaction chamber. The growth cycles are repeated as many times as required
for the desired film thickness [8, 73].

Figure 23. An example of ALD film deposition cycle using the TiCl4 - H2O processes: (a)
reaction with hydroxyl group terminated surface and (b) dehydroxylated surface after the
water pulse [8].
Assuming that TiCl4 reacts with one surface hydroxyl group the two step reaction is presented in
Table 4. When the surface temperature exceeds 400 °C and TiCl4 adsorbs on such surface,
exchange reactions are possible. For instance, in the exchange reaction with two hydroxyl groups
two chlorine ligands can be released from adsorbing TiCl4 [74]. The reaction process is presented
in Table 5.
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Table 4. TiCl4 + H2O process. Reaction with one surface hydroxyl group [74]. (* indicates the
surface species.)
TiCl4 + H2O process (reaction with one surface hydroxyl group)
1st step (A)
(-OH)* (s) + TiCl4 (g)  (-O-)TiCl3 (s)* + HCl (g)
2nd step (B)

(-O-)TiCl3 (s)* + 2 H2O (g)  (-O-)TiO(OH)* (s) + 3 HCl (g)

Table 5. TiCl4 + H2O process. Exchange reaction with two hydroxyl groups [74]. (* indicates
the surface species.)
TiCl4 + H2O process (exchange reaction with two hydroxyl groups)
1st step (A)
2(-OH)* (s) + TiCl4 (g)  (-O-)2TiCl2* (s) + 2HCl (g)
2nd step (B)

3.4.4.

(-O-)2TiCl2* (s) + 2 H2O (g)  (-O-)2Ti(OH)2* (s) + 2 HCl (g)

ZnO: DEZ + H2O process

In order to deposit zinc oxide (ZnO) films the diethyl zinc (DEZ) + H2O process is needed. The
two step process is presented in Table 6.
Table 6. DEZ + H2O process [75- 76] (* indicates the surface species)
DEZ + H2O process
1st step (A)

(-OH)* (s) + Zn(C2H5)2 (g)  OZn(CH2CH3)* (s) +C2H6 (g)

2nd step (B)

OZn(CH2CH3)* (s) + H2O (g)  OZn(OH)* (s) + C2H6 (g)

According to mass spectrometry measurements much more ethane is released during the DEZ
half-reaction than during the oxidizing step at all temperatures, but the ethane is shown as
balanced between these two half-reactions for simplicity [75].
ZnO is an n-type metal oxide semiconductor and undoped ZnO films can have a low resistivity
resulting from oxygen vacancies that produce electron charge carriers. [76].

3.5. Limitations of ALD
The major limitation of ALD is its slowness. Usually only a fraction of a monolayer is deposited
in one cycle. Typical deposition rates are 0.1-1 nm/h on flat substrates and on substrates with
high-aspect-ratio 3D structures, the deposition rate is even slower. Therefore it is not very
practical to grow micrometer-thick films by ALD. The slow growth rate can be compensated by
processing large batches of substrates in one process. In microelectronics single-wafer processing
is preferred, but fortunately the films needed for most cases are very thin and thus the slowness of
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ALD is not such an important issue. However, the spatial ALD reactor has been stated to be able
to achieve deposition rate up to 1nm/s [77] and an industrial throughput of 3000 wafers/hour, so
the advancing reactor design may help to overcome the slowness.
The selection of ALD-deposited film materials is wide, but many technologically important
materials (Si, Ge, Si3N4, several multicomponent oxides, certain metals) cannot be deposited by
ALD in a cost-effective way.
The impurity content of the films depends on the completeness of the reactions. ALD technology
uses chemistry and thus there is a risk of having precursor residues as impurities on the sample. In
typical oxide processes where metal halides or alkyl compounds are used together with water as
precursors, impurities found in the films are at the 0.1–1 atom% level [73].
Because of their unique impurity background, ALD-grown materials may have different properties
than those made by PVD [8]. In PVD methods the environment is much cleaner due to the high
vacuum used and the lack of precursor compounds with unwanted elements. The different
properties have been seen in transition metal nitride films, where small variations in composition
markedly affect the electrical properties. Microstructure and morphology of ALD films may differ
from PVD films. Therefore the ALD materials have to be characterized thoroughly before use.
Post-deposition treatments, particularly high-temperature annealing under varied atmospheres may
have both beneficial and adverse effects on ALD thin film purity and microstructure [73].
Ideally all reactors using the same precursors and the same recipe should produce the same
amount of material on the substrate, but this is seldom the case. Most processes have some nonideal factors e.g. the reactants may behave unexpectedly and the reaction is not irreversible or the
reactants start to decompose. The reaction byproducts may not be inert and interact with the just
deposited surface and may block further growth [25].

46

4. THIN FILM CAPACITORS
The motivation of this chapter is to introduce the background of thin film capacitors, before the
results of the experimental work on capacitors is presented in chapter 6.

4.1. Capacitors
A capacitor is an electronic component designed to store energy that is built of a pair of
conductors, the top and bottom electrodes, separated by an insulator, a dielectric. This is illustrated
in Figure 24A. One way to enhance the capacitance is to increase the surface area of the electrodes
by applying 3D structures such as trenches, seen in Figure 24B and Figure 25b. The dielectric can
be a vacuum or a material. When there is a voltage potential difference between the conductors,
an electric field is present in the dielectric and the energy of the capacitor is stored in that electric
field, and the field produces a mechanical force between the plates [6, 78].
A capacitor consists of an insulating layer (insulation to the substrate) bottom electrode e.g. silicon
oxide, a dielectric layer and an upper electrode and a passivation layer e.g. PECVD-oxide. The
dielectric layer can be a thin film or and ALD-thin film (alumina, laminate of alumina-titania). An
example of a planar capacitor is presented in Figure 24A. An example of a supercapacitor with
increased surface area is presented in Figure 24B.

Figure 24. An illustration of a planar capacitor (A) and a supercapacitor (B). In the
supercapacitor the surface area is increased formation on 3D structures by etching high
aspect ratio pores

The SI unit of capacitance is the Farad (F) [78]. Capacitance depends on the geometry of the
capacitor and it is directly proportional to the area A of each plate and inversely proportional to
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their separation d. Capacitance is proportional to the dielectric constant. The definition of
capacitance is presented in Equation 8.

Equation 8. [78]
C = capacitance
A = surface area of overlap of the two plates
εr= relative static permittivity
ε0 = electric constant
d = separation between the plates

4.2. Characteristics of Capacitors
High-quality thin film capacitors have low pinhole density, little leakage of current, low
dissipation factor and low temperature coefficient in addition to reasonably high capacitance per
unit area.
Characteristics of capacitor elements include [6]:
 capacitance per unit area
 dielectric constant
 breakdown voltage
 maximum working stress, the dielectric strength
 leakage current
 temperature coefficient of capacitance
 dissipation factor
The temperature coefficient means the change in capacitance with temperature. Cold temperature
reduces the capacitor's performance. The dissipation factor describes the loss of energy. The
characteristics are described below.
Dielectric constant. The dielectric constant (k) is a measure of the material's ability to store
charge. The higher the value the better the ability to store a charge. The dielectric constant is
defined by the ratio of the capacitance with the dielectric material in between the plates (C) to the
capacitance without any dielectric material between the plates (C0). The definition of dielectric
constant is presented in Equation 9 [6, 78].
k= C/C0

Equation 9. [78]

k= dielectric constant
C= capacitance
C0= original capacitance
A large focus in microelectronics is high-k oxides for Dynamic Random Access Memory
(DRAM) capacitors and Complementary Metal Oxide Semiconductor (CMOS) technology. The
aim is to increase the dielectric value and to make the films more stable by doping the oxide film
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when making thin films that consist of layers of two different materials (nanolaminates) and films
containing three elements (ternary compounds) [19-20].
The dielectric constants of different materials are presented in Table 8. Estimation has been made
on the correlation between the dielectric constant and the surface area to be hundred-fold. If the
dielectric constant value can be increased by hundred-fold, the surface area can be reduced by
hundred-fold. This helps to improve the packing density of integrated circuits [27, 79].

Table 7. Properties of thin film dielectric materials
Film material
Al2O3

TiO2 using Ti-tetraisopropoxide + O3
(250 °C) + post
anneal at 400 °C
TiO2 using Ti-tetraisopropoxide + O3
(295 °C)
TiO2
TiO2 anatase
TiO2 rutile
TiO2 50% oxygen
TiO2 100% oxygen
Al-doped TiO2
TiO2(TiCl4)
Ta2O5
((TiO2)x(Ta2O5) x-1)
La2O3
HfO
SrTiO3

Dielectric constant
6-9
9.6
8.3
9
103

Deposition technique
Sputter
Spray pyrolysis
Evaporation
ALD
ALD

Reference
[80]
[81]
[81]
[82]
[83]

32

ALD

[84]

44
36
89-170
44
21
67
136
20-25
120
23
25-40
265

Sputter
Sputter
Sputter
Sputter
Sputter
ALD
ALD
ALD
ALD
ALD
ALD
Sputter

[85]
[85]
[85]
[85]
[85]
[83]
[83]
[86]
[86]
[82]
[27]
[87]

There are ways to affect the dielectric constant such as:
 annealing (crystallization)
 doping
 oxidation or nitridation

Effect of temperature on the dielectric constant. Structural changes via annealing of HfO2 have
been studied in three temperatures 300 °C, 500 °C and 700 °C. HfO2 films are known to polycrystallize in high temperatures. The film stays amorphous at 300 °C. When the temperature
increases to 500 °C, the crystallization starts from top of the film. By varying the temperature, the
dielectric constant of HfO2 can be changed from k=25 to k=40. However, at the crystalline form,
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the other properties of the film are not beneficial to dielectric layers in capacitors due to the
increase of leakage current [79, 86].
Effect of crystallinity on dielectric constant. It is known that the crystallinity of the film has a
big effect on the dielectric constant in an increasing way. When studying the electrical properties
of amorphous Bi5Nb3O15 thin films deposited by rf sputtering, it was found out that the crystalline
B5N3 phase in the amorphous film had an increasing effect on the dielectric constant value. The
ceramic B5N3 has k value of 200. The film deposited at 550 °C showed a crystalline phase and had
a k value of 160. The film deposited at 200-300 °C showed a crystalline phase inside the
amorphous film and had a k value of 70. It was thus hypothesized that the crystalline phase inside
the amorphous phase contributed to the high dielectric value. In the case of using HfO2 in MIM
capacitors the post annealing step below 500 °C showed an increase in the dielectric value with
the film remaining partly amorphous. However, the post annealing step in 700 °C increased the
dielectric value even more, but the leakage current increased by 2 orders and thus the annealing
temperature was not acceptable [27, 88].
Oxidation. In-situ oxidation by O2 plasma causes micro-structural changes in the film that reduces
the film thickness and thus increases the film density during a short-time process. This has shown
to have an increasing effect on the dielectric constant [27, 88].

Breakdown and dielectric strength. When a dielectric material that normally is an insulator, is
placed under strong enough electric field, the electrons in the dielectric material are kicked loose
from their molecules and in their turn kick other electrons loose from other molecules, creating an
avalanche of moving charge. The insulator suddenly becomes a conductor and causes irreversible
damage to the electronic device. This is called a dielectric breakdown. A side product of this
occurrence can be a spark or arc discharge [6]. The dielectric strength defines the maximum
electric-field that the material can withstand without the dielectric breakdown happening. The
reason for a breakdown is usually stress, thin spots, cracks and impurities within the dielectric
rather than an inherent property of the dielectric material [78]. Breakdown reflects more on the
processing and the quality of the material, and this causes the larger-area capacitors being more
prone to breakdown than smaller ones [79].
Leakage current. Although a material would have a high dielectric constant, it still could have a
high leakage current. All dielectric materials are not optimal insulators. However in our work in
Annex III, it was found out that titania conducts electricity better and the leakage current most
likely in the alumina-titania laminates travelled on the surface of the wafer. Leakage current
slowly discharges a capacitor with time [79].

4.3. ALD capacitors
It is possible by employing the ALD process to make planar stacked capacitors (see Figure 25a)
and supercapacitors with high-aspect ratio topography using non-line-of-sight, conformal film
deposition into the pores with fast pulse times. ALD thin films have low number of pin-holes in
the films that provide better etching qualities than the CVD films. Using PEALD the quality of the
film can reach even higher with higher density of the film and thus etch resistance.
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The surface area in the supercapacitors with 3D topography exceeds greatly the surface area of a
parallel-plate capacitor leading to higher capacitance values (89). Cross section of a multilayer
stack capacitor (supercapacitor) is presented in Figure 25b. The ALD technology provides ability
to conformally coat the high aspect ratio pores, nevertheless the pulse parameters must be well
modified in order to allow sufficient purging and obtaining uniform film throughout the pore.

Figure 25. (a) Illustration of the cross section of a stack capacitor with a triple layers
(MIMIMIM). The capacitors consists of three metallic TiN layers and three insulating Al2O3
layers. (b) Illustration of the 3D multilayer stack capacitor that is deposited in a high aspectratio pore [89]
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5. MATERIALS AND METHODS
The experimental work for this thesis focused on three materials, Al2O3, TiO2 and ZnO. The
precursors used to process these materials are trimethylaluminum [Al(CH3)3] (TMA), titanium
tetrachloride [TiCl4] and diethyl zinc [Zn(C2H5)2] (DEZ). Their reaction mechanisms are
summarized in chapter 3.4. The ALD thin film depositions were performed using the ALD thin
film deposition tools: Beneq TFS500 reactor and Picosun R-series reactor.

5.1. Materials and Reaction Mechanisms
To grow ALD-alumina (Al2O3) film, the TMA + H2O process is used. To grow ALD-titania
(TiO2) film, the TiCl4 + H2O process is used. To grow ALD –zinc oxide (ZnO) film, the DEZ +
H2O process is used

5.2. Methods
The ALD thin film depositions were performed using the following ALD deposition tools: Beneq
TFS500 reactor and Picosun SUNALETM R-150 reactor. The stability ALD thin films were
studied in the most common microfabrication chemicals to explore sample cleaning and post
production options.
Process parameters. Alumina (Al2O3), titania (TiO2) and zinc oxide (ZnO) were deposited using
the Beneq TFS500 reactor. For Al2O3 deposition, TMA was used as the metal precursor and H2O
or ozone was used as the oxygen precursor. The growth temperature was 220 °C for work
presented in Appendix I. The deposition temperature was 60 °C, 80 °C, 220 °C for work presented
in Appendix II. The cycle length for depositing Al2O3 was 7 seconds including 3 s purge after
each precursor cycle. In the case of studying conformality in high-aspect-ratio pores, the precursor
pulse was 1 second and the purge was 30 s. The growth rate was 0.9 Å/cycle for H2O and 0.84
Å/cycle for ozone as oxidant precursor. In order to deposit ~100 nm Al2O3 film, 1000 cycles were
used using H2O as the oxidant precursor and using the ozone as oxidant precursor 1200 cycles
were used to deposit ~100 nm.
For TiO2 deposition, the TiCl4 + H2O process was used. The growth temperature was 350 °C. The
total cycle length was 7.85 s including 3 s purge after each precursor cycle. The growth rate was
0.45 Å/cycle. In order to deposit 100 nm TiO2 film, 2000 cycles were used.
For ZnO deposition, the DEZ + H2O process was used. The growth temperature was 220 °C; the
cycle length was 7 seconds, including 3 s precursor purge after each precursor cycle. The growth
rate was 1.8 Å/cycle. In order to deposit ~100 nm ZnO film, 500 cycles were used.
Using the Picosun SUNALETM R-150 reactor Al2O3 and TiO2 were deposited. For Al2O3
deposition, TMA was used as the metal precursor and H2O was used as the oxygen precursor. For
the work presented in Appendix III: for depositing Al2O3 the TMA + H2O process was used. The
growth temperature was 110 °C, 200 °C and 300 °C; the cycle length was 2.2 seconds including
0.1 second precursor cycle and 1 second purge after each precursor cycle. The growth rate was 0.9
Å/cycle. For depositing Al2O3 film ~20 nm, ~40 nm and ~60 nm, cycles used were 200, 400 and
600, respectively.
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For TiO2 deposition, the TiCl4 + H2O process was used. The growth temperature was 200 °C; the
cycle length was 8.2 s including 0.1 s precursor cycle and 4 seconds purge cycle after each
precursor cycle. The growth rate was 0.45 Å/cycle. For depositing Al2O3-TiO2 nanolaminate thin
films, the TiO2 volume fraction in the film was varied from 0.46 % to 0.73 % by including 6-10
TiO2 layers in the nanolaminate film that had overall film thickness 40 nm.
For stability study of the ALD films in microfabrication chemicals, Al2O3 and ZnO films were
chosen. The thickness of the deposited samples was measured with ellipsometry (Plasmos
SD2300). The film thickness was measured prior and after to dipping in etchants and rinsing in
water. The etch rate was calculated from the results as nm/ min. The etchants used were:
•
•
•
•
•
•
•
•
•
•
•

Phosphoric acid 85 % (20 °C)
Al-etch (50 °C) (85 % o-H3PO4 + HNO3)
Al-etch (20 °C)
BHF (20 °C) (Sioetch NH4F:HF 9:1; ammoniumfluoride: hydrofluoric acid)
BHF (32 °C)
HF 1% (Hydrofluoric acid)
TMAH 25 % (20 °C) (Tetramethylammonium hydroxide)
THAM 25 % (80 °C)
KOH 20 % (20 °C) (Potassium hydroxide)
KOH 20 % (80 °C)
Developer AZ451 (photoresist developer)
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6.

RESULTS AND DISCUSSION

The results present and analyze the experimental work on studies on the conformality of thin films
in high aspect ratio pores and the studies on ALD thin film capacitors.

6.1. ALD Thin Film Conformality in High Aspect Ratio Pores
This chapter presents the results of experiments on conformal coating of ALD thin films in high
aspect pores. In the experimental work reported in the Appendices I and II, a study was made of
the conformal growth of thin films around a spherical object and in high aspect ratio pores in two
cases: through-wafer-pores and closed pores. The focus of the parameters in this study was the
purge pulse.
The manufacturing process for through-wafer pores is presented in Figure 26. The process flow
included four stages. 1. First, lithography was used to obtain even spacing between the initial pits
and then the initial pits were etched in TMAH exploiting the directional etching on 111-oriented
silicon. 2. Etching continues with electrochemical etching in HF: water: ethanol electrolyte. 3. The
wafer is turned around. 4. The backside of the wafer is etched away carefully with ICP etching.
Additionally, commercially available 60 µm thick Anopore membranes (Whatman) with 200 nm
pores (aspect ratio 300:1) were used for the conformality tests.

Figure 26. Left: cross section images on the manufacturing process of through wafer pores.
Right: SEM image of stage 2. Electrochemical etching was performed using
HF:water:ethanol electrolyte.
Coating of closed pores. Closed pores were manufactured using the steps 1 and 2 in Figure 26
and commercial nanopore membranes were used (Figure 27). Deep macropores etched on N-type
100-oriented silicon with HF: water: ethanol electrolyte. Pores with aspect ratio 100:1 were
achieved. The depth of the pores was 200 µm and the width was 2 µm.
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Figure 27. Cross section of deep uncoated macropores presented in SEM-image
Process parameters. The coating of the closed pores with ALD thin films was done using the
Beneq TFS500 reactor. The TMA + H2O process was used for depositing Al2O3 films and growth
temperature 220 °C. The TiCl4 + H2O process was used to deposit TiO2 thin films and the growth
temperature was 350 °C. The DEZ + H2O process was used to deposit ZnO thin films and the
growth temperature was 220 °C.
Conformality of the closed pores. Coating of the deep macropores was successful with double
layers of Al2O3/ZnO and Al2O3 / TiO2. The film thicknesses were ~215 nm ZnO on bottom and
~158 nm Al2O3 on top in the Al2O3/ZnO bilaminate film. The film thicknesses were ~100 nm
Al2O3 on bottom and ~50 nm TiO2 on top in the in the Al2O3 / TiO2 bilaminate thin film. Good
film conformality can be seen in Figure 28.

Figure 28. Cross-section SEM-image of the bottom of a closed pore (left and right). Dual
layers were done with Al2O3/ZnO (left) and Al2O3/ TiO2 (right). The SEM-images show good
conformality
Coating of ~20 nm ZnO into 60 nm pores with aspect ratio 8:1 was performed using the DEZ +
H2O process at 220 °C. Good film conformality can be seen in Figure 29.
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Figure 29. Crystalline ZnO film deposited inside pores of porous silicon. The 20 nm thick
ZnO layer is conformal on top, middle and bottom of the pores.
Through wafer pores. High aspect ratios of 300:1 through wafer pores of Anopore membrane
before and after deposition are shown in Figure 30. Because of the polypropylene ring supporting
the Anopore membrane, the deposition temperature had to be low, 80 °C. 1 s precursor pulse was
used and the purge was 30 s. Achieving uniform film growth requires long reactant exposure times
and long purging times. Otherwise, if the purging is incomplete, the unreacted precursor
molecules stay in the pore and react with the next step causing excess growth of film. In the ALD
reaction chamber the through wafer pores were carefully elevated 400 µm by supporting the edges
of the sample on wafer pieces. This was done to allow the process gas stream to flow through and
under the sample.

Figure 30. a.) Cross section of a commercial Anodisc alumina pores (aspect ratio 300:1). b.)
Pores before deposition. Pore width is approximately 200 nm. c.) Pores after 30 nm ZnO
deposition. Long reactant exposure times and purging times were needed
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Coating the through wafer high aspect ratio pores of 300:1 with 30 nm of ZnO showed that it is
possible to achieve continuous layer of film throughout the pore. This is presented in Figure 31.
The films thickness decreases 24 % from top to center (34.43 nm to 26.08 nm) and 7 % from top
to bottom (34.43 nm to 32.05 nm). The SEM-image shows that the precursor pulse was not
sufficient, but it is evident that better uniformity can be obtained with thorough optimization of the
process cycle parameters.

Figure 31. ZnO coating to high aspect ratio of 300:1 pores. 30 nm film was obtained on top,
center and bottom of the pores using longer cycles of 1s precursor pulse + 30s purge pulse.
The SEM-image shows continuous coating throughout the pore, but the layer thickness was
not uniform. The thicknesses were 34.43 nm (top), 26.08 nm (center) and 32.05 nm (bottom).
Coating of spherical objects. The film conformality was studied by coating spherical polystyrene
microbeads with alumina. This is presented in Figure 32. Later the polystyrene was dissolved and
the hollow alumina shells remained confirming good thin film conformality. The deposition
temperature was low, 60 °C, because of the polystyrene spheres. The polystyrene beads were
coated with 40 nm Al2O3 and then the polystyrene was dissolved in acetone to leave only hollow
Al2O3 coating.

Figure 32. Conformal ALD Al2O3 coating on polystyrene microbeads (left), the only place
left uncoated was the contact point of the microbead to the substrate (middle). Hollow
alumina micro-spheres (after dissolving the polystyrene). The cross section of a micro-sphere
reveals the conformal deposition of the film everywhere, except on the contact points of the
microbeads (right).
Factors affecting conformality. The excellent conformality of ALD thin films can be attributed,
in part to the non-line-of-sight feature of ALD technology and the self-limiting nature of reactions
occurring on the surface of the substrate. However, with severe topographies, such as high aspect
ratio pores, the process parameters have to be adjusted to enable a long purge step. If this is not
done, the unreacted precursor molecules may not have time to leave the pore and remain there
when the next precursor step is pulsed causing parasitic CVD growth.
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The 3D pores drastically increase the surface area of the sample relative to a 2D planar wafer,
resulting to higher need of precursor dose than for a planar wafer.
The time the reactant molecules need to react on the surface is longer when film is deposited in the
pores. The gas flow model changes from the viscous flow mode on the planar wafer to molecular
flow mode in the pores. In the viscous flow model the reactant molecules contribute to the film
growth by finding an active surface site fast. In the molecular flow model the reactant molecules
need more time to move, by gas-wall collisions, to find an active surface site.
Careful adjustment of process parameters is required when conformal ALD thin films are
deposited in high aspect ratio pores. The aspect ratio of the pore changes constantly in increasing
manner as film is deposited in the pore and the cross section of the pore diminishes with
increasing film thickness. This study focused on the purge pulse. More research is needed to study
the effect of the precursor dose.

6.2. ALD Thin Film Capacitors
This chapter presents the results experiments on alumina and alumina-titania laminate thin film
capacitors investigating the effects of variations in temperature of deposition, film thickness, and
reactor configuration on capacitance and the effects of film precursors on leakage.
Capacitors prepared with thin films deposited by ALD methods are described and the benefits of
the different methods are compared.
6.2.1.

ALD Capacitor Characteristics

The results of experimental studies on the electrical properties of capacitors prepared with ALDgrown Al2O3 and Al2O3-TiO2 nanolaminate thin film dielectric layers were reported in the
publication of Appendix III and are summarized below. Deposition temperature and its influence
on film thickness and capacitance, reactor configuration and leakage characteristics of the
capacitors were studied.
Process parameters. The PicosunTM SUNALE R-150 reactor was used to deposit the Al2O3 thin
films. In the test the depositions, the temperature was varied 110 °C, 200 °C and 300 °C while
keeping the film thickness as constant at 40 nm. Then, the film thickness was varied 20 nm, 40 nm
and 60 nm, while keeping the temperature as constant at 200 °C.
The wafer containing 226 capacitors was diced and the capacitance value of the individual
capacitors was measured.
The IC capacitors were manufactured on a silicon wafer (150 mm diameter) and a thermal
oxidation for ~ 1 µm was performed for insulation. The bottom electrode was deposited by 200
nm molybdenum (Mo) by sputtering at room temperature and the bottom electrode was patterned
by dry etching. ~500 nm SiO2 was deposited by PECVD at 300 °C and it was patterned using
buffered oxide etch. The dielectric layer was deposited by ALD films was deposited as described
above and patterned using photoresist AZ451 developer and dry etch. The bilayer upper electrode
was deposited by sputtering 200 nm molybdenum at room temperature and Al:Si 1% sputtering at
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room temperature. Patterning of the bilayer upper electrode was done by wet Al etch. Finally
~500 nm SiO2 was deposited by PECVD at 300 °C and it was patterned using buffered oxide etch.
The cross section of the IC capacitor is presented in Figure 33.

Figure 33. Cross section of an IC capacitor. The top image shows the material layers that the
capacitor is constructed of. The image on bottom left shows a SEM-image of the same
structure and the image on the bottom right presents the thin, ~40 nm thick Al2O3 dielectric
layer seen as black line in the middle of the image.

Table 9 presents the results of studies on the effects of deposition temperature and the calculated
film thickness on capacitance. Because accurate measurement of the dielectric layer in completed
capacitor is challenging, the final thickness of Al2O3 was calculated using Equation 8 assuming
the relative permittivity εr for Al2O3 to be ~8.
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Table 8. Effects of growth temperature (top) and film thickness (bottom) on capacitance
using capacitors with Al2O3 dielectric layer.
Growth
temperature

Capacitance Target
density
thickness

Calculated
thickness

Difference of
calculated
and target
thicknesses

110 °C

2.42 nF

40 nm

29.3 nm

26.8 %

200 °C

2.15 nF

40 nm

32.9 nm

17.8 %

300 °C

2 nF

40 nm

35.4 nm

11.5 %

Growth
temperature

Capacitance Target
density
thickness

Calculated
thickness

Difference of
calculated
and target
thicknesses

200 °C

4.92 nF

20 nm

14.4 nm

28 %

200 °C

2.15 nF

40 nm

32.9 nm

17.8 %

200 °C

1.39 nF

60 nm

51.0 nm

15 %

Interpretation of results. As can be seen, higher deposition temperatures (Table 9, top) produce
slightly thicker film and the capacitance, while acceptable, is lower. The capacitance obtained
with thicker films (Table 9 bottom) is lower than that obtained with thin film. Thus, when the
deposition temperature was increased from 110 °C to 300 °C, the capacitance density decreased
from 2.42 nF/mm2 to 2.00 nF/mm2 when a nominally 40 nm thick Al2O3 insulator was used. When
the film thickness was increased the capacitance density decreased from 4.92 nF to 1.39 nF when
deposition temperature of 200 °C was used.
It was noted that the calculated film thickness was lower than the target film thickness. When, the
deposition temperature was varied (Table 9, top), the difference of calculated and target film
thicknesses was reduced from 26.8 % (110 °C) to 11.5% (300 °C). When the film thickness was
varied (Table 9, bottom), the difference of calculated and target film thicknesses was reduced from
28 % (20 nm) to 15% (60 nm). The reason was assumed to be erosion of the insulator during
photoresist development. Erosion is faster for films deposited at low temperature. Likewise
because of erosion, the capacitance density did not appear to depend fully linearly on the target
film thickness.
During the stability study of the ALD films in the Annex I, using the most common
microfabrication chemicals, it was noted that the etch rate for Al2O3 in AZ451 photoresist
developer is 13nm/min for Al2O3 as is presented in Table 10.
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Table 9. Etch rates of ALD Al2O3 and ZnO. Fast = film is completely etched in one second.

According to the finding of erosion of the insulator film during photoresist development, it is
recommended to plan the deposition process using thicker films. It is noteworthy to take into
consideration of the vulnerability of the alumina film being soluble in several other
microfabrication chemicals that were presented in Table 10.
Effect of reactor configuration on capacitance was studied. The reactor configuration has an
effect on the capacitance values of capacitors. Multiple capacitors were fabricated on a single
wafer and, after processing, the wafer was diced to obtain separate capacitors. Figure 34 presents
two wafer maps of capacitance measurement before the capacitors were diced out of the wafer.
Figure 35 presents the statistical data of the capacitance measurement. The wafer maps present
capacitance values over wafers in a shower-head-type reactor. The map on left refers to alumina
dielectric capacitors and the map on right to alumina-titania laminate dielectric capacitors. The
reactor configuration causes the difference in the maps. With respect to the wafer, the inlet nozzles
for TiCl4, TMA, and water are situated in the top, right and bottom, respectively.

Figure 34. Wafer maps of capacitance value of test capacitors. The dielectric films were
deposited in a showerhead reactor configuration. Map of alumina-titania dielectric
capacitors (left). Map of alumina- dielectric capacitors (right).
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In the wafer map of Al2O3 dielectric (left), the precursors are pulsed from right and bottom,
creating a gradient from lower left side to upper right side. The deposited film is thickest in the
blue section of the map, resulting in lowest capacitance value, and thinnest in the yellow section,
resulting in the highest capacitance value on the wafer. The thinner the film, the higher the
capacitance value.
In the wafer map of Al2O3-TiO2 laminate dielectric (right), the precursors are pulsed from top and
bottom creating a gradient from bottom to top. It is apparent that the TMA precursor nozzle on the
right side did not affect this gradient

Figure 35. Statistical data of the capacitance wafer maps. Capacitors with Al2O3 dielectric
(left) and Al2O3-TiO2 dielectric (right).
For capacitors with Al2O3, the statistical information is presented in Figure 35 (left). The table
indicates that for that all of the 234 diced capacitors were good. The capacitance values ranged
from minimum of 1.96 nF to maximum of 2.07 nF, the difference of which is 0.11 nF (Span). The
median value is 2.02 nF and the standard deviation (σ) is 0.03 nF. In this case the Standard
deviation (Sigma) is meaningless, because the shape of the measured output is not normal and is
restricted in x direction. Better understanding of the variation can be seen looking at the
histogram. The histogram presents the number of capacitors per each capacitance value. It is
visible in the histogram that there are two peaks on both sides of the median value (2.02 nF). This
is explained by the flow of the precursor gas in the reactor and leading in difference in film
thickness, presented by the color gradient of the wafer map that was presented in Figure 34 (left).
For capacitors Al2O3-TiO2 laminates, the statistical information is presented in Figure 35 (right).
The table indicates that all of the 226 capacitors were good. The capacitance values ranged from
minimum of 4.16 nF to maximum of 4.40 nF, the difference of which is 0.24 nF (Span). The
median was 4.30 nF and the standard deviation (σ) is 0.08 nF. The histogram reveals also two
peaks on the edges. A large number of the capacitors have a high capacitance value. Multiple
capacitors have a low capacitance value. This trend is visible in the color gradient in the wafermap
in Figure 34 (right) and it is caused by changes in the film thickness
The difference of capacitance values across the map for capacitors using Al2O3 dielectric is 0.11
nF (span), that is 5.3 %. The difference of capacitance values across the wafer map for capacitors
using Al2O3-TiO2 laminate dielectric is 0.24 nF (span), that is 5.4 %. It is estimated that this will
not compromise the successful performance of the end device, but it is good to acknowledge.
62

6.2.2.

Leakage Characteristics of Capacitors

The results of studies on the leakage characteristics of capacitors prepared with alumina-titania
nanolaminate and alumina thin films were reported in the publications attached as Appendix III
and are summarized below.
Nanolaminate thin film capacitors were studied. Capacitors with Al2O3-TiO2 nanolaminate
dielectric films were manufactured with two variables. The PicosunTM SUNALE R-150 reactor
was used to deposit the Al2O3 and TiO2 thin films. The growth temperature for the Al2O3-TiO2
nanolaminate thin films was held constant at 200 °C.
In the first case, the surface area of the capacitor was held constant at 1 mm2 and the TiO2 content
of the film was varied by pulsing ratio of the precursors between 0.46 % -0.73 %. The values were
calculated from ratio of TiO2 pulses in the laminate film. The results are presented in Figure 36.

Figure 36. The leakage characteristics of alumina-titania nanolaminate. The capacitor
surface area is held as constant and the titania content of the film was varied. The best result
was achieved with the lowest titania content of 0.46 mass%.
The capacitors were tested with a 50 mA current restriction. The results for the leakage
characteristics of capacitors prepared with Al2O3-TiO2 nanolaminate dielectric films indicated that
the leakage current density increased significantly when the TiO2 content of the film was
increased. The best result was achieved with the lowest titania content of 0.46 % that resulted in
the lowest leakage current density value. The highest titania content of 0.73 % resulted in the
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highest leakage current density value. With the laminate thin films a non-reversible breakdown
was not observed.
In the second case the TiO2 content of the film was held constant and the surface area of the
capacitor varied from 0.25 mm2 to 4 mm2. This is presented in Figure 37.

Figure 37. The leakage characteristics of alumina-titania nanolaminate. The surface area of
the film was held as constant and the surface area of the capacitor was varied. When the
surface area was increased, the leakage current increased. The best result was achieved with
the smallest surface area of 0.25 mm2
The capacitors were tested with a 50 mA current restriction. The results for leakage characteristics
of capacitors prepared with Al2O3-TiO2 nanolaminate dielectric films indicated that for the Al2O3TiO2 nanolaminates, the leakage current density increased when the surface area of the capacitor
was increased. The best result for capacitance value was achieved with smallest 0.25 mm2 surface
area that resulted in the lowest leakage current. The highest leakage current density value resulted
from the largest surface area value of 4 mm2.
The merit of the nanolaminate thin film capacitors was that they tolerated heavy electrical
stressing (power) prior to non-reversible breakdown.
Alumina thin film capacitors were studied. The capacitor manufactured for testing ALD alumina
as a dielectric layer was presented in Figure 33. The film thickness was held constant of 40 nm.
The film thickness was estimated to be 40 nm due to the difficulty of accurate measurement of the
film thickness in the fabricated capacitor and the deposition temperature was varied 110 °C, 200
°C and 300 °C. Capacitors with alumina insulators deposited at low temperatures showed very
good electrical characteristics. The results are presented in Figure 38. The permittivity was
assumed to be 8 for Al2O3.

64

Figure 38. DC leakage characteristics of alumina dielectric films with varying deposition
temperatures
The results show that the films deposited at 200 °C and 300 °C behaved similarly. In both cases,
the leakage current remained under 1.00E-11 A/mm2 at voltage of 10 V. The film deposited at 110
°C exhibited somewhat inferior electrical characteristics. The leakage current increased to 6.00E-11
A/mm2 at voltage of 10 V.
The leakage current density test was continued to study the breakdown strength. Aluminium oxide
films was used and the deposition temperature was 200 °C and film thickness was increased to 50
nm. This is presented in Figure 39.

Figure 39. DC leakage for alumina dielectric deposited at 200 °C. The breakdown strength
was 4.7 mV/cm
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The results show that the leakage current densities were below 10 pA/mm2 for alumina films
deposited at 200°C at field strengths up to 3 MV/cm. Such aluminium oxide films, however,
suffered from non-reversible dielectric breakdown in the field of 4.7 MV/cm.
The results of the work reported in the publications of Appendix I show that fabricating capacitors
using ALD thin films as the insulator is an excellent way to achieve high quality devices at low
temperature. The low leakage current aluminium oxide promotes its use in high performance
capacitors over large effective area while nanolaminates endure short energetic peaks without
failure.

6.3.

Discussion

In the first part of the experimental work, the focus was on the conformality of ALD films. In the
tests, both planar and high aspect-ratio topographies were deposited with ALD films with different
parameters. The dependence of conformality to process cycle times and temperature was studied.
The following cycle times were used: TMA: 220 °C 7s cycle including 3s purge, 0.9 Å/cycle;
DEZ: 220 °C 7s cycle including 3s purge, 1.8 Å/cycle; TiO2: 350 °C, 7.85s cycle including 3 s
purge, 0.45 Å/cycle.
It was noted that cycle times did not differ significantly between the two processes. Conformal
coatings were achieved in close-end pores, but in through wafer pores, the film deposition was not
conformal. The total cycle time of 5-10 s is short and similar to the cycle times reported by M.
Ritala et al. [90] where a specially designed through-wafer ALD reactor is used. Longer reaction
cycles for deposition of high aspect-ratio pores of 300:1 are tested using reaction cycles 1 s
precursor pulse + 30 s purge pulse. This cycle time is similar to cycle times reported by G. Pardon
et al [91]. Pt-Al2O3 dual layer was deposited in 16:1 aspect ratio pores using 0.95 s precursor
pulses and 25 s purge pulses. These cycle times are considerably less than e.g. total cycle time of
500 s (300 s reactant pulse and 200 s purge pulse) used for coating silica aerogel (S.O. Kucheyev
et al. [92]). The benefit of the short cycle time of 5-10 s in this experimental work was that it was
possible to achieve similar results that were achieved with significantly longer cycle times. The
long cycle times may be caused due to the process difference and difference in aspect ratios of
coating silica aerogel and porous silicon. The short cycle time saves resources and improves
throughput of the process.
The film conformality in top- middle and bottom of the pore was studied. In SEM analysis of
through wafer pores it was noted that the long reaction cycle did not result in enhanced conformal
film growth throughout the pore. The film was conformal on top and bottom part of the pore, but
in the middle part the deposited film conformality was non-ideal. This is supported by J.W. Elam
et al. [93] who reports coating ultra-high aspect-ratio of 1:5000 pores. The top and bottom of the
open-end pores are coated before the middle part of the pore. Elam et al. also reported that
deposition of a film into pore is either diffusion controlled or reaction controlled, depending on the
sticking co-efficient and aspect ratio.
The work of G. Pardon et al. [92] and F.W. Elam et al. [93] indicates that due to the larger surface
area of high aspect-ratio pores, longer time is needed for the precursor molecules to find a reactive
site and higher precursor doses are needed. The results achieved in this work partially support the
work of G. Pardon et al. and F.W. Elam et al. It was found out that longer cycle times did not
produce conformal coating throughout the pores. Also, the conformality of the ALD deposited
film was similar on planar surface, closed-end pores and through wafer pores. It was found out
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that the inside the pores the conformality was non-ideal. This indicates that a careful adjustment of
the process parameters is needed and the theory in this case is supported.
In the second part of the experimental work, the focus was on electric properties of the ALD
dielectric films in capacitors. Thin films of Al2O3 and Al2O3-TiO2 laminates were studied.
Leakage current dependence on deposition temperature was tested. The film thickness was kept
constant at 40 nm and the deposition temperature was varied from 110 °C to 300 °C. Al2O3 films
deposited at 200 °C and 300 °C showed similar behaviour to each other and good electrical
characteristics. In both cases, the leakage current remained under 1.00E-11 A/mm2 at voltage of 10
V. Films deposited at 110 °C showed poor electrical characteristics. The leakage current increased
to 6.00E-11 A/mm2 at voltage of 10 V. The cause for this behaviour is estimated to be that films
deposited at 110 °C have higher impurity content (than films deposited at 300 °C) of hydrogen
[23, 33-34] and carbon, which increase the electrical properties [32-33]. The leakage current test
was continued with Al2O3 deposited at 200 °C. The results show that the leakage current densities
were below 10 pA/mm2 for Al2O3 films deposited at 200 °C at field strengths up to 3 MV/cm.
Such aluminium oxide films, however, suffered from non-reversible dielectric breakdown in the
field of 4.7 MV/cm. Similar results were reported by K. Kukli et al. [94]. Al2O3 films and Al2O3TiO2 laminates are used to deposit dielectric layer to planar capacitors. The results show that a
thin film of Al2O3 was insulating and a better dielectric layer that the laminate layer including
TiO2, which increases the leakage current. The leakage current density of the capacitor with Al2O3
dielectric layer is 5 nA/mm2. The leakage current density of the capacitor with laminate film
including TiO2 was 900-1400 nA/mm2.
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7. CONCLUSIONS AND FUTURE STUDIES
In the first part of the thesis the focus of the study was on how good the conformality of ALD thin
films is on 3D structures and what are the affecting factors.
The dependence of conformality to process cycle times was studied. It was shown that cycle times
in ALD high aspect ratio of 300:1, 100:1, 50:1 and planar surface deposition processes did not
differ significantly. The conformality on closed and through wafer pores was different. Conformal
coatings were achieved in close-end pores, but in through wafer pores, the film deposition was not
conformal. This was observed when the film conformality in top- middle and bottom of the pore
was studied in SEM analysis of open pores. It was noted that the long reaction cycle did not result
in enhanced conformal film growth throughout the open pore. The film was conformal on top and
bottom part of the pore, but in the middle part the deposited film conformality was non-ideal. The
possibilities of these results cover that long pulses are not needed to coat high aspect-ratio pores.
This results in savings of resources and enhances the throughput of the process. The limitation of
the non-ideal conformality of the film should be carefully evaluated.
The factors that affect the film conformality in this study were deposition temperature and cycle
(pulse/purge) times. In addition, the constantly changing aspect ratio as the thickness of the film
increases causing pore diameter to decrease also affects the film conformality to somewhat extent.
The ALD method is optimal for conformal coating of high aspect ratio pores and spherical objects
due to the non-line-of-sight property of the method and self-limiting film growth. Uniform film
thickness is observed on the walls of the high-aspect ratio pores and on the surface of the
polystyrene microspheres. The experimental work in this thesis has shown that achieving the right
process conditions for depositing ALD thin film conformally in high aspect ratio pores is a
challenging task. Success depends on careful choice of parameters. The aspect ratio of the sample
effects on the precursor dose and length of purge steps.
In the second part of this thesis the focus of the study was on the electrical properties of capacitors
with ALD Al2O3 and Al2O3-TiO2 laminate thin films as dielectric layers. The measurements
included capacitance, dc leakage, and breakdown strength in planar capacitors. It was studied
how the deposition temperature, film thickness, TiO2 content of the laminate film, surface area of
the capacitor and reactor configuration affect the capacitance.
The capacitor value dependence on deposition temperature was tested on Al2O3 dielectric film.
The film thickness was kept constant and the deposition temperature was varied. Increasing
deposition temperature increases growth rate and film thickness. Increasing film thickness
decreases the capacitance value.
It was noted that the calculated film thickness was lower than the target film thickness. The reason
was assumed to be compilation of factors: erosion, change in permittivity and different growth
rate for films deposited at different temperatures. Erosion of the insulator occurs during
photoresist development. Erosion is faster for films deposited at low temperature. Likewise
because of erosion, the capacitance density did not appear to depend fully linearly on the
theoretical film thickness. In addition, it is possible that the calculated film thickness has been
affected by variation in capacitance value.
The reactor configuration was noted to cause variation in the capacitance value over the wafer in
the temperature dependency tests. The precursor nozzles are situated in the used shower-head type
reaction chamber in different places, which causes difference in gas flow inside the reaction
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chamber and causes the film thickness to vary slightly in different parts of the wafer. The
implication of this finding is not significant, but it is good to know.
The implication of these results is that when planning the process flow for the capacitors, it is
important to take the erosion of the dielectric film during the process into consideration and the
possibility of the reaction configuration affecting the capacitance value through variation of film
thickness over the wafer.
Leakage current dependence on deposition temperature was tested. The best results for Al2O3 film
leakage characteristics were achieved with higher deposition temperatures of 200 °C and 300 °C,
which showed similar behaviour to each other and low leakage current, whereas film deposited at
low temperature showed high leakage current.
The impact of the results on the leakage current dependence on deposition temperature is that the
limiting factor is the low deposition temperature. At lower deposition temperature, the impurity
level increases and the insulating properties are compromised by hydrogen and carbon impurities
that increase electrical conductivity. Good leakage current performance can be achieved with films
deposited in higher temperatures. This information makes possible using good quality ALD thin
films in applications that can tolerate high deposition temperature.
Capacitors with Al2O3-TiO2 laminate dielectric film were studied. The TiO2 content of the film
was varied. The results showed that the high TiO2 content of the film resulted into high leakage
current density. The best results were achieved with the lowest TiO2 content. The result is in
accordance with Al2O3 capacitors, where the leakage current is negligible. The lower titania
portion in the film results in lower the leakage current.
The capacitor value dependence on surface area of the film was tested for Al2O3-TiO2 laminates.
The surface area was varied. The results showed that high surface area caused high leakage
current. The best result for capacitance value was achieved with lowest surface area. The relation
of surface area increase to current increase is almost linear, which probably is caused by surface
area effect.
In this work, the Al2O3-TiO2 laminates had a higher dielectric constant than pure Al2O3, and
higher dc leakage. The key finding was that capacitors prepared with TiO2 in the dielectric thin
film layer exhibited ability to short energetic peaks without irreversible failure. Also, low leakage
current in ALD Al2O3 dielectric capacitors was achieved with use of relatively low deposition
temperature.
The outcome of results was as expected in relation to the theory. Both materials, Al2O3 and Al2O3TiO2 laminate thin films are appropriate for use in capacitor applications. Both films have their
advantages and disadvantages. The advantage of Al2O3 dielectric film is that the leakage current
of the capacitors is low. The disadvantage is that the dielectric constant is lower than Al2O3-TiO2
laminate dielectric film and the capacitors are subject to non-reversible breakdown. The advantage
of Al2O3-TiO2 laminate dielectric film is that the leakage current of the capacitors is higher than in
Al2O3 dielectric film. The advantages are that the dielectric constant is higher than in Al2O3
dielectric film and the capacitors are can tolerate high electric stressing prior to non-reversible
breakdown. It depends on the end user of the capacitor application, which property is valuated
more in a capacitor, lower leakage current or reliability against electrical breakdown. The benefit
of ALD process in manufacturing capacitors is the excellent quality of ALD deposited films
compared to other deposition methods e.g. sputtering. The ALD film is denser, there are lesser pin
holes, making the films more resistant to etching, and the method is non line-of-sight process. The
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limitation of the study was that only two materials were tested of the vast amount of possible ALD
deposited materials.
ALD is a beneficial technology to use in IC applications due to short pulse times, meaning faster
output both for the whole process and for the product. The small amount of pin-holes or the lack
of them will enhance the properties of the end product making the film more resistant to etching.
Future studies. There is currently a great demand for research on high-k dielectric materials. It is
possible to tailor the already known materials with post treatments to get higher k-values. For
example post annealing, oxidation or nitridation can increase the dielectric value. However, more
research is called for discovering other innovative methods to enhance the dielectric value.
Discovering new materials and their composites should not be excluded from the research
programme. Research is needed for achieving further knowledge on the complexity of conformal
coating in high-aspect-ratio pores.
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Appendix I
The abstract of Appendix I is presented below and the poster related to the abstract of appendix I
is presented in Figure 40. The abstract and poster was presented at Transducers 2007 Conference
in France,
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Figure 40. Poster of Appendix I
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Appendix II
The abstract of appendix II is presented below and the poster related to the abstract of appendix II
is presented in Figure 41. The abstract and poster were presented at Nanotech Northern Europe
Conference 2007 in Finland.
ALD layers for passivation and functionalization
of micro- and nano pores and membranes

Sari Sirviö 1, Lauri Sainiemi 1, K. Grigoras 1*, S. Franssila 1, V-M. Airaksinen 2

1

Micro and nanosciences laboratory, MICRONOVA, Department of Electrical and
Communications Engineering, Helsinki University of Technology, P.O.Box 3500, FI-02015
TKK, Finland

2

Micro and nanofabrication centre MINFAB, MICRONOVA, Department of Electrical and
Communications Engineering, Helsinki University of Technology, P.O.Box 3500, FI-02015
TKK, Finland

Abstract

Atomic layer deposition (ALD) provides excellent uniformity, conformality and thickness
control of the layer in the nanometer range. Additional advantage of this technique is a relatively
low deposition temperature, what is quite important for polymer substrates and biochemical
application. The range of the possible materials is widening.
The results of conformal coating of high aspect ration structures, including porous silicon and
porous alumina membranes by ALD technique will be presented. Layers of aluminum oxide, zinc
oxide and titanium oxide, several tens to several hundreds of nanometer thick, will be
investigated. Optimization of ALD process parameters will be done for different type and size of
the pores and channels. Several applications of such a functionalized structures will be shown.
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Figure 41. Poster of Appendix II
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Appendix III
The abstract of appendix III is presented below and the poster related to the abstract of appendix
III is presented as Figure 42. The abstract and poster were presented in ALD2008 Conferene in
Belgium.
ELECTRICAL PROPERTIES OF CAPACITORS WITH ALD-GROWN Al2O3 AND
Al2O3-TiO2 NANOLAMINATE THIN FILM DIELECTRIC LAYERS
S.Sirviö, R.L.Puurunen, and H.Kattelus
VTT Technical Research Centre of Finland
Tietotie 3, Espoo, Finland
sari.sirvio@vtt.fi
The quality of the aluminium-titanium oxide nanolaminate dielectrics has been basis for
successful manufacturing of electroluminescent displays during decades. Electrical properties of
the insulator are, however, reported only to a limited extent [1, 2]. Measurement results for
capacitance, dc leakage and breakdown strength in planar capacitors with ALD-grown Al2O3 and
Al2O3-TiO2 nanolaminate thin film dielectric layers are presented in this work. Their uniformity
over the wafer is mapped. Also, possibilities for their use as energy storage in supercapacitors
when fabricated over severe topography are discussed [3].
Capacitors with molybdenum as the bottom electrode, ALD thin film as the dielectric layer and
bilayered Mo-Al as the top electrode were manufactured. Silicon dioxide was used for the
interlevel dielectric and passivation. Two different kinds of dielectric films were used: films
containing only Al2O3 and films containing Al2O3-TiO2 nanolaminates with Al2O3 as the topmost
layer. Five capacitors of different sizes were measured with surface areas from 0.25 mm2 to 4
mm2. The Al2O3 films were grown at 110 °C to 300 °C and the Al2O3 thickness varied from 20 nm
to 60 nm. The Al2O3-TiO2 nanolaminates were grown at 200 °C. In the nanolaminates, the
thicknesses of the constituent Al2O3 layers ranged from 1 nm to 3 nm, while the TiO2 layer was
fixed at 3 nm. The volume fraction of TiO2 in the films varied from 0.46 to 0.73. The number of
Al2O3-TiO2 nanolaminates layer was varied from 6 to 10, targeting to a constant overall film
thickness of ~ 40nm.
The results of the electrical measurements were promising. The films were uniform and pinholefree even when deposited at as low temperature as 110 °C, as observed in measurements of over
200 capacitors on a 150 mm wafer. The capacitance density and breakdown strength for 40 nm
thick aluminium oxide insulator varied as a function of deposition temperature. With the
deposition temperature increasing from 110 °C to 300 °C, the capacitance density decreased from
2.41 mF/m2 to 2.02 mF/m2 and the breakdown strength increased from 0.5 to 0.6 V/nm. The
capacitance density did not depend fully linearly on the deposited film thickness, however,
suggesting that the dielectric may have slightly eroded during the late device fabrication stages
prior to top metallization. For the Al2O3-TiO2 nanolaminates, the leakage current density increased
significantly when the TiO2 content was increased. However, the merit of the nanolaminates was
that they tolerated heavy electrical stressing (power) prior to non-reversible failure.
The results show that fabricating capacitors using ALD thin films as the insulator is an excellent
way to achieve high quality devices at low temperature. The low leakage current if aluminium
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oxide promotes its use in high performance capacitors over large effective area while
nanolaminates are able to short energetic peaks without failure.
[1]. Suntola, T. and Hyvärinen, J.,Ann. Rev. Mater.Sci. 15 (1985) 177-195
[2]. Chen, S.B. Lai, C.H. Chin, A. Hsieh, J.C. Liu, J. Highdensity MIM capacitors using Al2O3 and
AlTiOx dielectrics, Electron Device Letters, IEEE, Apr 2002, Volyme: 23, Issue 4
[3]. F. Roozeboom, J. Klootwijk, J.F.C. Verhoevenm F.C. Can der Heuvel, W. Dekkers, S.B.S.
Heil, J.L. Van Hemmen, M.C.M. van de Sanden, W.M.M. Kessels. ALD options for Si-integrated
high-density capacitors in portable devices. ECS 210th meeting. Abstract 1105.
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