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1. INTRODUCTION

A large variety of electronic and optoelectronic components and devices, such
as capacitors, transistors, integrated circuits, dynamic memories, electro-
luminescence (EL) devices, photodiodes, light emitting diodes, laser diodes,
solar cells, chemical sensors, etc. contain metal oxide thin films as consti-
tutional parts of them. These films are used as insulating layers but they may
also form reflective and antireflective dielectric coatings, tunnel barriers etc. In
chemical sensors and optoelectronic devices, some oxides are applied as semi-
conductive and conductive materials.

Need in smaller dimensions and higher reliability of electronic and optical
devices sets additional requirements on the materials used. Minimization of the
device sizes frequently depends on the possibilities to diminish the thickness of
thin films used in the device structure. Simultaneously other parameters of the
films have to be maintained or even improved in order to achieve expected
performance of the device. Large-scale integration of electronic devices as well
as the minimization of production costs requires an increase of substrates sizes
used in the device processing. Correspondingly, thin film deposition methods
applied in the processing must enable one to grow uniform layers on large-area
substrates whereas the thickness and other film parameters should be precisely
and reliably controlled.

During three last decades significant efforts have been directed to investi-
gation of multilayer structures where quantum effects appear due to the limited
thickness of layers. The thin film thickness at which the quantum effects appear
is typically below 10-20 nm. In addition, extensive studies have been
concentrated on polycrystalline materials where crystallite sizes range from few
nanometers to few tens of nanometers. Because of small crystallite sizes,
quantum effects appear in this kind of nanocrystalline materials as well. As a
result, parameters of such materials may remarkably differ from those of single
crystals and amorphous materials. Frequently the nanocrystalline materials are
applied in the form of thin films. In these cases the crystallite sizes and,
correspondingly, the material properties may depend on the film thickness.
Consequently, a precise control of the deposition process is important in those
applications too.

A number of methods have been applied for deposition of thin solid films.
Vacuum evaporation, ion sputtering, laser ablation and molecular beam epitaxy
are physical methods that have most frequently been used for thin film growth.
Vacuum evaporation in a reactive atmosphere, reactive ion sputtering, chemical
vapor deposition, ion-assisted chemical vapor deposition, photo-assisted
chemical vapor deposition, chemical beam epitaxy, in turn, are some examples
of chemical methods for thin film deposition. In the case of all these methods, a
substrate is simultaneously exposed to all starting materials (precursors) needed
for film formation while the film thickness depends directly on the deposition



time and precursor fluxes. Dependently on growth conditions and substrates
used, thin films can be grown non-epitaxially or epitaxially whereas in the latter
case the thin film structure and its crystallographic orientation are determined
by the crystal structure of the substrate.

In addition to the methods mentioned above, there are techniques, which
give an opportunity to deposit thin films in a self-controlled layer-by-layer
mode. The terms like chemical buildup (see the paper by Aleskovskii and Drozd
[1] and references therein), molecular layering [1,2], atomic layer epitaxy [1,3—
9], molecular layer epitaxy [10—13] and atomic layer deposition (ALD) [14-23]
have most frequently been used to denote these methods. Various terms are
introduced to indicate application of new precursors, for instance molecular
precursors [10-13] instead of elemental ones, or to stress the epitaxial [S] or
non-epitaxial [24] character of the thin film growth. In all cases, however, the
films are formed in successive self-saturated adsorption processes. Such
processes stop by themselves after formation of an adsorbate layer of a certain
thickness and composition. Usually the thickness is below or about one mono-
layer of surface intermediate species formed in the adsorption process. In order
to continue the growth, the surface should be re-activated. Therefore the
deposition process consists of cycles whereas each cycle must contain at least
one exposure to a precursor, and one surface re-activation step. As one or less
than one atomic layer of the thin film material is deposited in each adsorption
step, application of the term “atomic layer deposition”, which has become the
most popular one in the last years [14-23], is well justified. Application of this
term, differently from those containing the word “epitaxy”, is entirely approved
in the case of non-epitaxial deposition modes too.

If the conditions for ALD are properly chosen, then one adsorption step
results in deposition of a material amount, which is almost independent of
modest variations of precursor doses and cycle length. As a very thin layer of
the film material is deposited during a single growth cycle, the cycle must
usually be repeated many times to grow films of required thickness. For these
reasons, the film thickness is very uniform and precisely controlled by the
number of reaction cycles even on large-area substrates and surfaces of very
complex shapes.

Although the layer-by-layer methods of thin film deposition have been
studied for a rather long period, there are still problems, which need more detail
investigation. Those are related, for instance, to mechanisms of surface
reactions, especially in case of molecular precursors used for deposition from
the gas phase in low-pressure flow-type reactors. Similarly, initial stages of the
thin film growth, formation of interfacial layers, dependence of crystallization
processes on process parameters, effect of structure development on the growth
rate, possible influence of the carrier gas on the thin film growth, etc. are not
completely understood yet. For this reason, some of the problems are discussed
in the present thesis.
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The work described in this thesis was performed to investigate ALD
processes of some technologically important oxides, such as titanium dioxide
(Ti0,), zirconium dioxide (ZrO,) and hafnium dioxide (HfO,), and to study the
influence of process parameters on properties of thin films of these materials.
Real-time measurements were used to better understand the reaction mecha-
nisms. Particular attention was concentrated on the effects of crystallization on
the ALD growth and properties of thin films obtained. The thesis is based on
results published since 1999.
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2. RESEARCH BACKGROUND AND OBJECTIVES

2.1. History of development and principles
of atomic layer deposition

Recently Ritala and Leskeld [20] and Puurunen [23] have written extensive
reviews on atomic layer deposition. In addition, reviews by Goodman and Pessa
[6], Suntola [7,8], Niinisto and Leskeld [9], Leskeld and Ritala [18,19],
Nishizawa and Kurobayashi [13], Yong and Jeong [25] and Niinisto et al. [21]
describe different aspects of the ALD method. The papers published by
Goodman and Pessa [6], Suntola [7,8] and Ritala and Leskeld [23] in detail
concentrate on the principles and advancements of the ALD method as well as
on the reactors used for ALD. Therefore those issues do not need detailed
discussions in this work. Nevertheless, some important facts from the history of
ALD and some specific problems related to the present thesis will be mentioned
in this section.

The first systematical studies on the layer-by-layer synthesis of solids in
successive surface reactions were performed in 1960-s while the priority of
these studies belonged to the Prof. Aleskovskii’s group [26-30]. The first
papers published by this group were concentrated on modification of high-
surface-area supports and characterization of adsorption reactions of chlorides
and water vapor with silica gel [26]. However, they also demonstrated that
successive reactions of metal chlorides and H,O with silicon powder resulted in
formation of an oxide layer on the silicon surface [27]. During the exposure of a
hydroxylated surface to a metal chloride metal atoms together with some
amount of chlorine were bound to the surface while during the following
exposure to H,O the chlorine was replaced with hydroxyl (OH) groups. In this
way, both metal and oxygen as constituent elements of the oxide were added
onto the surface and a hydroxylated surface similar to the initial one was
obtained. Later similar reactions were used for deposition of thin films of TiO,
[28] and SiO, [29] on planar silicon substrates too. To denote the deposition
method, its developers introduced the terms ‘“chemical build-up” and “mole-
cular layering” [1].

A method, in which self-saturated adsorption of elemental precursors was
applied for deposition of thin films, was developed in the middle of 1970-s. The
method was given the name “atomic layer epitaxy” and patented by Finnish
researchers Suntola and Antson [3]. Although the method was more frequently
used for non-epitaxial than for epitaxial growing of thin films, the term “atomic
layer epitaxy” dominated during the following 20 years. Suntola and his
coworkers also performed a significant development of the deposition equip-
ment [3,31,32]. As a result, deposition of films with reasonable rate became
possible and the method was considered as one of the most promising
techniques for processing EL displays [7,33,34]. However, the elemental
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precursors could found successful application only in processing of II-VI
compounds [5,24,35-38]. In order to deposit metal oxides [1,2,7-9,11,12,15—
21,28-32,39-87] and III-V compounds [10,13,88—108], complex precursors
were needed because the vapor pressures of many elemental metals were too
low to avoid their unlimited condensation on the solid surface. The simplest and
most reliable complex precursors were chlorides combined with hydrides for
deposition of oxides [1,5,7,8,11,12,18-21,25-32,41-43,46-55,59-62,67,68,73—
84] as well as III-V [101-106] and [I-VI [4,7-9,31,32] compounds while
metalorganic complexes combined with hydrides were widely employed for
deposition of III-V compounds [10,13,88—-100,107,108].

In all ALD processes mentioned above, adsorption of precursors from the
gas phase or molecular beams was utilized to deposit thin films in the layer-by-
layer mode. In addition to this approach, solid films have been grown in the
self-saturated layer-by-layer processes from liquid precursors. These methods
are known as successive ionic-layer adsorption and reaction [109-111] and
electrochemical atomic layer epitaxy [112]. This thesis is concentrated,
however, only on the methods, where the precursors are adsorbed from the gas
phase.

In the simplest ALD processes, two precursors are usually exploited and the
deposition process consists of exposure of the solid surface to the first pre-
cursor, purge period, exposure of the surface to the second precursor and
another purge period. This processing cycle, called an ALD cycle, is repeated to
obtain a film of required thickness. In each exposure to a precursor, a surface
reaction takes place and, as a result, the surface becomes passivated towards this
precursor. In the case of elemental precursors, approximately a monolayer of
precursor atoms should be adsorbed to passivate the surface. In the case of
complex precursors, adsorption usually stops, when the precursor ligands form a
sufficiently dense layer on the surface. The surface concentration of ligands
needed to passivate the surface together with the composition of the adsorbate
layer determine the amount of the film material deposited in this reaction step.
The dependence of these parameters on the processing conditions is one of the
main issues to be discussed in this thesis. The purge period following the
reaction step is necessary to remove the gaseous reaction products and unused
precursor from the reaction zone. However, if the precursor stability is
insufficient, then some changes can also take place in the composition of the
adsorbed species during the purge period, especially when the growth
temperature, 7, i.e. the substrate temperature during the film growth, is high
and the purge period is long. The stability of a surface layer formed in the
adsorption reactions is another significant factor influencing the thin film
growth. During the next reaction step, when the other precursor is adsorbed on
the surface, some amount of the film material is formed, the surface is
passivated towards this precursor and reactivity of the surface towards the first
precursor is recovered. In the following purge period, as in the first one, the
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gaseous reaction products as well as unused precursor are removed from the
reactor and the surface layer is stabilized.

Instead of the second precursor one can also apply a gas that forms volatile
compounds with the adsorption-limiting ligands [113—118], thermal pulse [119],
laser pulse [119] or synchrotron radiation pulse [120,121] in order to recover
the reactivity of the surface to the precursor used in the first reaction step. In
this way, thin films of elemental materials have been grown [113—121]. On the
other hand, for deposition of compound materials, successive exposures of the
surface to more than two precursors are sometimes needed [122] in order to
complete an ALD cycle.

The first applications of ALD were directed to the development of EL
devices [7,33,34], field effect transistors (FET) [92] and diode lasers [93].
Correspondingly, ALD of II-V and III-V compounds needed for these devices
was extensively studied in this period. In the production of EL devices, the
advantages of ALD were mainly due to the uniform thickness of films on large-
area substrates, high EL yield and low degradation rate of devices [7]. In the
case of FET-s and diode lasers, a significant benefit was expected from
improved reproducibility of the deposition process and higher quality of
semiconductor quantum wells and superlattices prepared by ALD [92,93].

Since 1990-s a continuously increasing interest in ALD of oxides has been
observed. Initially corresponding studies were aimed at modification of
catalysts [123,124]. Very soon the main interest was concentrated, however, on
the microelectronic technology. It was realized that, due to downscaling of
component sizes in integrated circuits, the thicknesses of the dielectrics, which
were based on silicon dioxide (SiO,) and silicon nitride (SiNy), had been
reduced close to their minimum acceptable values. Further thickness decrease
that was required to develop a technology for the node size of 70 nm or lower
would have resulted in unreasonably high values of tunnel current through the
dielectric [125,126]. In order to find a way for further development, a search for
suitable high-permittivity (high-k) dielectrics was started in 1990-s [127-136].
These dielectrics were expected to enable achieving sufficiently high
capacitance values of capacitors and gate stacks of FET-s at greater dielectric
thickness and lower tunnel current values. Correspondingly, the further down-
scaling the sizes of microelectronic devices was also expected to become
possible. Together with application of new materials in the microelectronic
technology, a need in advanced deposition methods arose. Among several
alternatives, ALD [131-135] was one of the most attractive choices. For this
reason, the interest in ALD abruptly increased in the last decade [23].
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2.2. Applications and earlier atomic layer
deposition studies of TiO,, ZrO, and HfO,

Titanium dioxide was one of the first oxides grown by ALD [28] whereas the
processes resulting in ALD of TiO, were investigated already in 1960-s [26,27].
High catalytic activity of TiO, was one of the reasons for the extensive studies
of this material, especially in 1990-s [41,47,124]. However, TiO, was also
applied in single- and multi-layer optical coatings [137-139], in chemical
sensors [140,141], microelectronic [127] and spintronic [142] devices, etc.
These applications additionally supported development of novel approaches for
ALD of TiO,. Several routes to ALD of this material were developed already by
the middle of 1990-s [26-28,39,44,45,49,51] while in some cases, effects of
process parameters on thin films properties were investigated in significant
details [15,44,45,49].

The most popular precursors system used for ALD of TiO, in earlier works
was TiCl; combined with H,O [7,8,15,16,26-28,40-43,47,48,50-55,124]. The
reactions of these precursors with porous substrates were described in studies of
Prof. Aleskovskii’s group [26-27] as well as by Lakomaa et al. [41] and
Haukka et al. [47,124]. The crystallization processes of thin films and the
effects of deposition conditions on the crystal structure and some other thin-film
properties were also investigated [15,28,49,51,54,55,143,144]. In addition to the
TiCl4—H,O precursor system, TiCl, combined with H,O, [49] as well as
titanium isopropoxide (Ti(OC;H5)4) [39,44] and titanium ethoxide (Ti(OC,Hs)4)
[45], both combined with water vapor, were employed to deposit TiO, films by
ALD in 1990-s. By the end of 1990-s, however, these processes had not been
studied as thoroughly as the TiCl4-H,O process.

In 2000 an ALD process allowing the growth of TiO, from Tily and H,0,
[145] was published. Using the ALD equipment described in this thesis, this
process was advanced [146—-149] and a hydrogen-free process for growing TiO,
from Til4 and O, was developed [147,149]. In these experiments, Schuisky et al.
[146,149] also realized the epitaxial growth of TiO, on a-Al,O3; and MgO. In
addition, the growth mechanisms and effects of process parameters on the thin
film properties were studied [147,148].

Although growth mechanisms of the TiCl,-H,O ALD processes had been
relatively well investigated on porous substrates [8,26-27,41,47,124] by the end
of 1990-s, similar studies for planar films had been performed only in very
limited cases by that time [150]. Unfortunately, the typical exposure and purge
periods were markedly longer in the case of porous supports [27,41] than in the
case of planar substrates [15,16,42,43]. Thus, the respective deposition
mechanisms could differ significantly and there was a need in much more detail
studies in the latter case. Even less information had been published on the
growth mechanisms of the processes that were based on titanium ethoxide and
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titanium isopropoxide. Therefore corresponding investigations were of great
interest when the research described in this thesis began.

Zirconium dioxide has attracted attention as a catalyst [124], optical [151-153]
and sensor [154] material as well as a dielectric with a relatively wide band gap
[155-161] and high dielectric constant (permittivity) [155,162]. The main
interest in ZrO, thin films has been related to the search for high-k dielectrics
[130-133,157,163,164] that could replace silicon-based dielectrics in micro-
electronic devices. Although application of ZrO, in metal-oxide-semiconductor
(MOS) field effect transistors has become questionable because of insufficient
stability of ZrO, in contact with silicon [165—-172], ZrO, can still be applied in
metal-insulator-metal (MIM) capacitor structures [173], barrier layers of spin-
dependent tunnel junctions [174] and nonvolatile flash memories [175,176]. As
ultrathin films grown with a precise thickness control are needed in these
applications, a marked interest in ALD of ZrO, exists.

In the earliest ALD studies, thin films of ZrO, were grown from ZrCl, and
H,0 [73-75]. Information on the surface reactions responsible for ALD of ZrO,
was mainly obtained from the experiments performed on porous substrates
[74,75], although similar results for processes on planar substrates were even of
greater interest. In addition, the number of papers describing the effect of ALD
process parameters on the properties of ZrO, films was very limited in the
beginning of 2000-s. Thus, investigations yielding information about the growth
mechanisms on planar substrates and about the dependence of thin-film
properties on the ALD process parameters were of significant importance.
Furthermore, search for alternative ALD processes allowing deposition of thin
films with reduced concentration of residues and improved dielectric properties
was also of interest. An example of this kind of research was the development
of the Zrl4-based processes in studies of Kukli et al. [177—179] and Forsgren et
al. [180]. These studies were carried out in parallel with those described in the
original publications of the present thesis whereas the same ALD reactor and
similar process parameters were used in the growth experiments.

Hafnium dioxide is a material with properties that are very similar to those of
ZrO,. The band gap values determined experimentally for HfO, range from 5.1—
5.9 eV [181-186]. As the refractive index of HfO, is also relatively high
[181,186-192], the material has found application in high refractive index
layers of optical coatings [187,188,190,191,193] and waveguides [194—196].
However, the main interest in HfO, has been related to its relatively high
dielectric constant reaching 19-25 at the frequency of 1 MHz [181,192] and
acceptable chemical stability in contact with silicon and SiO, [197,198]. These
properties have made HfO, a promising candidate for a high-k dielectric of
next-generation microelectronic devices while application of HfO, as a gate
dielectric of FET-s is of particular interest [199-207]. The list of FET-s, in
which HfO, has successfully been applied, includes conventional MOS FET-s
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[199-202] as well as semiconductor nanowire [203], carbon nanotube [204,205]
and microtip [206] FET-s. In addition to conventional applications, this kind of
FET-s can be used in scanning-probe-array type memory devices [206] and
bioelectronics [207]. Another important application area of HfO, is capacitor
structures for dynamic random access memories [136,208,209] and nanocrystal
flash memory devices [210-212]. Furthermore, HfO, can be used in spin-
dependent tunnel junctions [213] and chemical sensors [214]. Due to the high
density and fast luminescence of HfO,, scintillator applications of this material
have also been discussed [215]. Finally, it should be mentioned that HfO, forms
several crystal phases whereas one of those has been demonstrated to be
potentially even harder than diamond [216]. Thus, hafnium oxide could be used
in various protective coatings too.

The first paper on ALD of HfO, was published by Ritala et al. in 1994 [78].
The HfCl4-H,O process that was reported in this paper was the only ALD
process for growing HfO, films, which had been published [78,79] before the
research described in this thesis began. Moreover, neither experimental data on
deposition mechanisms nor sufficient evidence of the influence of process
parameters on properties of HfO, thin films had been reported by that time.
During the studies that the present thesis is focussed on, several research groups
proposed alternative ALD processes whereas those based on Hfly [217] were
developed with using the same reactor, which was employed in the experiments
described in this thesis.

2.3. Research objectives

The main objective of the research described in the thesis was to obtain new
information on the growth mechanisms in the processes that were considered to
be most promising for ALD of TiO,, ZrO, and HfO,. An important task was to
get reliable data allowing one to compare different precursor systems used for
deposition of a certain material. At the same time comparison of similar
precursor systems used for deposition of different materials was also of great
interest. Results enabling further optimization of corresponding processes were
expected from these studies.

Particular attention was concentrated on crystallization processes and
influence of crystallization on the growth and properties of thin films. In this
connection, transitions from amorphous to crystal growth as well as formation
of different crystalline phases were of interest. An effect that had not been
investigated earlier was related to the influence of crystallization processes on
the growth mechanism and growth rate. Although it was well known that
crystallization resulted in surface roughening, the possible contribution of the
changing surface structure on the mechanisms of surface reactions and
correspondingly, on the growth rate of thin films in the surface-controlled ALD
processes had not been investigated earlier.
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Finally, the effect of structural changes on the refractive index, absorption
spectra, and optical band gap, E,, of TiO,, ZrO, and HfO, films grown by ALD
was a major task of the research. This task was chosen because there was no
sufficient information on these effects when the study described in the thesis
began. These thin film parameters were important not only in optical but also
(directly or indirectly) in electrical applications. Indeed, E, directly influences
the band offsets between the dielectric and a metal or semiconductor in the
MIM or MOS structures whereas changes in the refractive index are usually in
correlation with those in the dielectric constant. Absorption spectra, in turn, are
needed to determine the band gap values but they can also yield information
about gap states that influence the material behavior in optical as well as
electronic applications. By contrast, direct characterization of electrical pro-
perties, extensively studied by many research groups over the world, was not of
primary interest in the original publications of this thesis.

18



3. EXPERIMENTAL METHODS

3.1. Thin film growth

The growth experiments described in this thesis were carried out with a
homemade hot-wall ALD reactor [218] working at the carrier gas pressures of
0.2-1 kPa. In order to obtain sufficient purity of the reaction zone at high
temperatures, inner reactor parts, which were heated and simultaneously in
contact with reactive gases, were made of fused silica. An exception was a
succeptor that was made of graphite. In a conventional hot-wall configuration,
where only external heating was used [218,I], the substrate temperatures up to
750°C were obtained in the reactor. However, the reactor had also an optional
succeptor with an internal infrared heater [II], which allowed achieving
substrate temperatures up to 1000°C during the ALD growth.

Nitrogen was used as a carrier and purging gas in all growth experiments
[I-XII]. Switching of the flow direction of the carrier gas in a metal precursor
source was used to form the metal precursor pulses. In this approach, the carrier
gas flowing through the precursor source carried the volatilized precursor to the
reaction zone or exhaust line dependently on the flow direction chosen. The
flow direction was operated with a solenoid valve that controlled the balance of
the carrier gas supplied to the inlet and outlet of the metal precursor source. The
flow of an oxygen precursor (H,O, H,O, or O,) was led into the reactor through
a three-way solenoid valve that switched the flow to the reactor or into the by-
pass line, forming in this way the oxygen precursor pulses.

3.2. Real-time characterization of deposition process

The ALD reactor used in the experiments allowed real-time characterization of
the film growth with a quartz crystal microbalance (QCM) [15,60,61,64—
67,147,148,218,219, LIII-VIILX]. For monitoring of the ALD processes in the
real time, the films were grown on a sensor crystal of QCM and changes in the
oscillation period of the crystal were recorded. In the first approximation, the
increase in the oscillation period was proportional to the increase of the film
mass [220]. The approach, in which the oscillation period was measured, was
chosen because it had some advantages compared with the more conventional
mode that was based on the recording of the oscillation frequency [221-225].
As shown by Benes et al. [220], significantly better linearity of the sensor signal
versus film mass dependence was obtained in the former case than in the latter
one.

In order to achieve sufficiently high sensitivity and short sampling period,
quartz crystals with the oscillation frequency of around 30 MHz were used in
the QCM experiments. As the most conventional AT-cut crystals were
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employed, the growth temperature had to be stabilized very accurately, when
the real-time studies were performed at temperatures exceeding 100-150°C.
Indeed, typical values for oscillation frequency shifts were 50, 340, 1400,
3800 Hz/°C at 100, 200, 300 and 400°C, respectively. For comparison, the
frequency changes corresponding to the film growth in a single ALD cycle
usually did not exceed 200-300 Hz. In addition to stabilization of the sensor
temperature, temperature corrections were made to the QCM data using the
QCM signal recorded during relatively long purge periods before and after ALD
process studies [218]. These data allowed extrapolation of the baseline to the
time period, when the ALD process was recorded, and to take into account slow
temperature drifts caused by the instability of heaters and room temperature.
Possible routines for this kind of corrections have been described by Rahtu and
Ritala [224]. It should be noted, however, that one can not separate the
responses of QCM to fast temperature changes from those related to surface
reactions. For this reason, the baseline corrections made in our studies were
always very conservative basing mainly on the first and only in exceptional
cases on the second order approximations. In the case of ALD processes
described in the thesis, this kind of correction was sufficient to compensate the
inaccuracy of the temperature control of the heaters and fluctuations of the room
temperature.

An additional problem of the QCM measurements was the influence of the
precursor pulses on the mass sensor temperature. This effect was related to
temperature gradients existing in any flow-type ALD reactor and changes in the
flow rate, pressure and composition of the gas phase during the precursor
pulses. Corresponding temperature fluctuations occurred simultaneously with
the mass changes and therefore could not be taken into account in the baseline
correction routines. Nevertheless, it was possible to minimize the disturbing
effects using relatively low carrier-gas pressures, low doses of precursors and
well-balanced carrier-gas supply. Finally, the temperature profile was very
carefully adjusted in the reaction zone. Without these measures reliable recor-
ding the mass changes was very difficult, as noticed by other authors too [226].
As a result of the efforts described here, the sensitivity ranging from 0.02 to 0.1
monolayers was realized at the sampling period of 0.5 s and temperatures up to
350°C for the materials studied in this thesis.

As ALD is a surface-sensitive process, the silver electrodes of the sensor
crystals markedly influenced the results of the QCM studies in the initial stage
of the film growth on the crystals. To avoid this disturbing effect, the sensor
crystals were first covered with a buffer layer of the same material that was
deposited in the ALD process investigated. Thus, the results obtained did not
include transition effects, which might appear in the initial stage of the film
growth [222]. The buffer layers used were typically 5—10 nm thick. On the other
hand, the total thickness of a film deposited on a sensor crystal of QCM was
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usually below 40—50 nm. For this reason, the QCM data presented in this thesis
describe the thin-film growth in the thickness range of 5-50 nm.

QCM enabled monitoring of the mass changes in each reaction step (Fig. 1).
Therefore it was possible to observe the character of precursor adsorption as
well as the relative amount of a precursor adsorbed (mass increase Am; in
Fig. 1). QCM also allowed us to determine the instability of adsorbate layer
formed. If the surface species decomposed or were desorbed, mass changes
were observed during the purge periods (e.g. 4m,; in Fig. 1). Dependently on
the properties of the precursors used, exchange reaction between the film
surface and oncoming precursor caused an increase (Am; in Fig. 1) or decrease
(4m; in Fig. 1) of the film mass. Naturally, the overall growth rate, i.e. the
increase of the film mass per growth cycle (4m, in Fig. 1) could also be
determined by QCM. However, to determine the absolute values of the mass
increase per cycle, corresponding calibration of the mass sensor was needed.
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Figure 1. Mass sensor signal of QCM as a function of time in TiCl4-H,O ALD process.

Using the Amy/Am;, ratio, it was possible to estimate a ligand to metal ratio in an
adsorbate layer formed during a metal precursor pulse [LIII-VLX], provided
that the film composition was known and the exchange reaction were
completed. The measurement of precursor pulse delays was also possible with
the QCM in the ALD reactor used [60,64,66,227] but this approach was not
applied in the experiments described in this thesis.
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3.3. Post-growth characterization of thin films

The films used for post-growth characterization were grown on silicon [I-VI,
VIHI-XII], fused silica [I-X,XII] and a-Al,O; substrates [IV,IX]. Thin film
characteristics that were determined included the growth rate, defined as a
thickness (or mass) increase per ALD cycle, concentration of impurities related
to the process chemistry, crystal structure, density, surface morphology and
optical properties. All the parameters were determined for as-grown films.

The thickness values needed to calculate the growth rate were obtained from
spectrophotometry [I-X,XII], ellipsometry [LILXI] and/or X-ray fluorescence
(XRF) [XI] measurements. For composition characterization, the electron probe
microanalysis (EPMA) [LILIV,V,VIL,VIILX], Auger electron spectroscopy
(AES) [LIII-V] and time of flight elastic recoil detection analysis (TOF ERDA)
[XI] methods were applied in the studies. In some cases, the EPMA method was
also employed to measure the mass thickness, i.e. the film mass per unit area, in
order to characterize the growth rate [I'V,VIII].

Structural characterization was performed using the reflection high-energy
electron diffraction (RHEED) [I-VLLVIII-X] and X-ray diffraction (XRD)
[I-V,VII-XII] methods. The former method yielded information from a
relatively thin surface layer that was typically 5-10 nm in thickness [1I,VIII]
while the latter method characterized the overall structure of a thin film.
Information on the surface morphology was obtained from atomic force
microscopy (AFM) studies [V,VILVIII]. Cross-sectional high-resolution
transmission microscopy (HRTEM) measurements enabled characterization of
interface layer formation in HfO,/Si structures [XI].

Refractive indices and absorption coefficients, o, were calculated from
transmission spectra recorded in spectrophotometry studies of the films [I-
X, XII]. From absorption spectra, optical band gaps of the materials investigated
were evaluated [228,IX,XII]. In order to obtain additional data on the band gap
energies and their dependence on the crystal structure, photoluminescence
spectra of some ZrO, and HfO, films were also studied [215,228,XII].
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4. RESULTS AND DISCUSSION

4.1. Titanium dioxide

4.1.1. Growth mechanisms of TiO,

This section summarizes the ALD studies based on 4 different titanium
precursors combined with H,O and/or H,O, [III-IX]. TiCly and Ti(OC,Hs),
were used in combination with H,O [IILV,VII-IX] while Til4 and Ti(OC3;H;)4
were combined with H,O and H,O, [IV,VI].

TiClL,—H,O process. Real-time studies demonstrated that the process based on
TiCly and H,O [III] most perfectly fulfilled the requirements for ALD.
Adsorption of TiCl, saturated in the temperature range of 100—400°C, in which
the QCM measurements were performed. The intermediate surface layer that
was formed as a result of the exposure to TiCl, was stable at lower temperatures
and showed only insignificant instability at 300°C (Fig. 1) and higher
temperatures. Post-growth studies demonstrated that the concentration of resi-
dual chlorine was as low as 0.5 at.% in the films grown at 100°C and markedly
decreased with increasing growth temperature [III]. Consequently, the surface
reactions were complete at these temperatures.

The CI/Ti ratio was 2.5-3.0 in the surface intermediate layer formed at
100°C during the TiCly adsorption as estimated from the results of QCM studies
[III]. This means that at 100°C, from 4 chlorine ligands bonded to titanium
atom in TiCly, in average 1.0-1.5 ligands were removed during TiCl, adsorp-
tion. The rest of ClI ligands were adsorbed together with titanium and blocked
the further adsorption of TiCly; when they formed a sufficiently abundant layer
on the film surface. The removal of chlorine during TiCl, adsorption was
evidently due to exchange reaction with surface OH-groups, which reacted with
TiCl, and formed volatile HCI [27-28,41,42 III]. Thus, the abundance of
surface OH-groups obviously influenced the amount of the chlorine ligands
released.

With the increase of the growth temperature to 300°C the CI/Ti ratio reached
4 in the adsorbate layer formed during TiCly pulse [III]. Consequently the
number of chlorine atoms released during TiCl, pulse decreased with increasing
temperature and practically no chlorine was released at 300°C. These results
were in good agreement with the data of Matero et al. [229] who showed that
the percentage of chlorine ligands removed during TiO, pulse was 40-45% at
150°C and only 10-20% at 300—400°C. It is worth noting that in the latter
study, QCM and quadrupole mass spectrometry (QMS) methods used gave very
similar results. Although the CI/Ti ratio in the adsorbate layer formed at 300—
400°C was very close to that in TiCly, the CI ligands did not have to stay
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bonded to the Ti atom, which they were bonded to in the precursor state. As
discussed by Ritala et al. [42], chemical bonds were likely rearranged in this
way that some chlorine ligands belonging to a TiCl,; molecule became bonded
to the Ti atoms incorporated into the film in previous ALD cycles. The
unsaturated Ti bonds created in this process in a precursor molecule ensured
bonding of additional titanium to the surface oxygen together with the rest of
chlorine ligands.

A probable reason for why no or very few chlorine ligands were removed at
higher temperatures during the TiCls pulse was the low concentration of
hydroxyl groups that had been formed during the previous exposure of the
surface to H,O. It is well known that the equilibrium surface concentration of
hydroxyl groups on a surface of an oxide decreases with increasing temperature
[47,230] and therefore the corresponding increase of adsorbed chlorine is an
expected result. An alternative possibility to explain high Cl/Ti ratio in the
adsorbate layer is to assume re-adsorption of HCI released in the reaction of
TiCly with surface OH-groups [42]. Our real-time QCM studies, in which we
exposed the surface of a TiO, film to HCI, indicated that contribution of this
process to formation of the surface layer could not be significant, however [III].

Independently of the reasons for the increase of the CI/Ti ratio in the
intermediate surface layer, this increase leads to the decrease in the growth rate.
Indeed, due to their relatively great radius, the chlorine ions coordinated to
titanium adsorbed block several adsorption sites. Thus, the CI/Ti ratio in the
adsorbate layer is a factor that determines the growth rate whereas the growth
per cycle decreases with increasing Cl/Ti ratio. It should be mentioned,
however, that the growth rate decrease corresponds to this mechanism only
when the films save their phase composition and surface microstructure with
changing deposition temperature [I11,VII].

An interesting result was a modest self-limited decrease of the film mass
during the purge after TiCl, pulse (Fig.1). The following reaction of the surface
layer with H,O indicated that even after the decrease and saturation of the film
mass on a new level, the surface layer still contained significant amounts of
chlorine. Therefore the relaxation observed during the purge period was not
related to the reaction of the surface with possible H,O residues in the carrier
gas. An additional important finding was that the effect was stronger at shorter
TiCly pulses. Analysis of the QCM data [III] indicated that the effect was
unlikely caused by variation of the mass sensor temperature. More probably the
effect was due to a limited loss of chlorine ligands adsorbed during the TiCl,
pulse. As discussed in several papers [42,231-233], reactions between
hydroxylated surface and TiCly; might lead to formation of surface species,
which could be described as Ti(OH),Cly , with 0 < x < 4. Later the OH and Cl
ligands could recombine resulting in TiO, formation on the surface and HCI
release into the gas phase. Relatively low rate of this recombination process was
a probable reason for why the mass decrease discussed was greater after shorter
TiCly pulses. In the case of longer pulses, the process obviously proceeded in a
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marked extent already during the exposure to TiCl, and the removal of adsorbed
ligands was compensated by additional adsorption of TiCl,. The latter
adsorption process took place on the surface that contained much less hydroxyl
groups and thus, smaller relaxation was observed during the following purge.

During the H,O pulse a surface reaction between the intermediate surface
layer and H,O led to an expected decrease of the film mass (Fig. 1) because
heavy ClI ions were replaced with much lighter OH-groups or oxygen [III]
whereas formation of OH-groups was more favorable at lower temperatures. As
already discussed, higher concentration of OH-groups allowed more efficient
adsorption of titanium precursor in the next growth cycle. Thus, sufficiently
long H,O pulses and, especially, high H,O partial pressures were needed to
achieve higher growth rates as demonstrated by Matero et al. [234] in the case
of ALD of TiO, and several other oxides. However, if the H,O doses exceed a
certain value, then during the following purge period, the concentration of
OH-groups anyway stabilizes at a level that is determined by the substrate
temperature [230] rather than by preceding dose of H,O. Of course, combining
higher H,O doses with shorter purge periods, one can achieve higher OH
concentrations but in this case, mixing of the precursors in the gas phase and,
correspondingly, deviations from the ALD-type growth become also more
probable. In addition to the lower substrate temperature, higher H,O dose and
shorter purge period, the reduced flow rate of the carrier gas may lead to an
increase in the surface concentration of OH-groups and higher growth rate
[235]. Unfortunately, employing lower carrier-gas flow rates may also cause
mixing of the precursors in the gas phase because of less efficient purging of the
reaction zone.

Til,-H,O and Til,-H,0,-H,O processes. Although first attempts of applying
Tily and H,O for ALD of TiO, were not successful [145], the process was later
realized and studied [IV]. The concentration of residual iodine did not exceed
0.15 at.% in the films deposited at as low temperature as 135°C and the O/Ti
ratio of all films studied by EPMA corresponded to stoichiometric TiO, [IV].
The following differences from the TiCl;-H,O process were more significant.
Firstly, the ligand to Ti ratio was lower in the intermediate surface layer formed
during Tily pulse [IV] when compared with the corresponding ratio obtained
under similar conditions during the TiCly pulse [III]. For instance, average
values of the I/Ti ratios were 2.0 £ 0.3, 2.5 £ 0.3 and 2.1 £ 0.4 at 135, 200 and
300°C [IH] while the respective Cl/Ti values were estimated to be 3.1 £ 0.3,
3.9+ 0.4 and 4.0 £ 0.2. Secondly, differently from the CI/Ti ratio [III], the I/Ti
ratio decreased with the increase of temperature from 200°C to higher values
[IV]. Thirdly, the growth per cycle did not show complete saturation with
increasing Tily; pulse duration [IV]. All these results demonstrate that the
ligands were more readily released from Tily than from TiCls, especially at
higher temperatures, at which the concentration of OH-groups contributing to
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the exchange reactions was lower than at lower temperatures [230]. This
significant difference was probably related to lower thermal stability of Til,
compared with that of TiCly [236]. Simple thermodynamic analysis demonst-
rated [IV] that lower stability of Til4 explained why ALD of TiO, was realized
from Til4 and O, [148,149] but not from TiCl; and O,. QCM studies of the Tily-
O, process confirmed that at temperatures exceeding 200-250°C, surface
hydroxyl groups were not necessary to release iodine ligands during Tily
adsorption [148]. The I/Ti ratios observed in the adsorbate layer after Til,
adsorption ranged from 1.8-2.6 at 250-350°C in the Til4-O, process [148]
being very similar to those determined for the Tils,~-H,O process at comparable
growth temperatures [IV].

The substitution of H,O for the H,O,-H,O mixture in the Til;-based ALD
process caused considerable changes only in the growth rate of very thin films
deposited at 130-200°C provided that a commercial 35% solution of H,O, was
used as the oxygen precursor source [IV]. Somewhat higher growth rates, which
were typical for the Tily-H,0,-H,O process, were due to the higher reactivity of
H,0, compared to that of pure H,O. Application of the commercial H,O,-H,O
solution instead of H,O did not result, however, in marked differences in the
reaction mechanism. Moreover, this substitution did not influence the growth
rates of thicker films either [IV]. The result that the oxygen precursors
differently influenced the growth rates of films with different thicknesses was
related to dissimilar crystallization in the Til,-H,O and Tils-H,0,-H,O pro-
cesses [IV]. In more detail, these effects are discussed in Section 4.1.3.

Ti(OC,Hs5),-H,O process. In the case of the process, which was based on
titanium ethoxide as the titanium precursor, the growth was not self-limited at
temperatures exceeding 275-350°C [45,V]. At these temperatures, decompo-
sition of titanium precursor became significant and, as Ti(OC,Hs)4 contained
oxygen, TiO, was formed without supply any additional oxygen precursor. At
lower temperatures, Ti(OC,Hs)s could successfully be applied for ALD-type
growing of TiO,, when combined with H,O [45,V,VIII]. QCM studies
demonstrated that ligand to Ti ratio was 2.5 £ 0.3, 2.8 £ 0.4 and 3.4 + 0.4 at
150, 200 and 250°C in the adsorbate layer formed during the Ti(OC,Hs), pulse
[V]. These relatively high ratios, indicating a release of only 0.6-1.5 ligands
during Ti(OC,Hs), adsorption, were in good agreement with the data of QMS
studies of Rahtu et al. [237], who showed that at these temperatures, C,HsOH
formed in the surface reactions was released during the H,O pulse rather than
during the Ti(OC,Hs)4 pulse. According to our QCM studies the number of
ligands released during Ti(OC,Hs), adsorption abruptly increased with the
increase of the substrate temperature from 275°C to higher temperatures. This
was, however, mainly due to thermal decomposition of the precursor as the
results of QMS studies confirmed [237]. Post-growth characterization of the
films demonstrated that the concentration of carbon residues increased from

26



0.5-0.7 to 6-12 at.% with the decrease of 7 from 150 to 100°C [V]. Moreover,
the hydrogen concentration was as high as 12.5 at.% in the films grown at
100°C [238] indicating that the surface reactions were not complete at the
precursor doses used. Probably for this reason, the QCM data showed unexpec-
ted dependence of the growth mechanism on temperature at 100-150°C [V].
According to the QCM data, the ligand to titanium ratio established in the
surface layer during the Ti(OC,Hs), pulse increased from 2.5 to 3.0 with the
temperature decrease from 150 to 100°C [V]. This kind of behavior could be
explained only assuming that the exchange reaction between surface OH-groups
and Ti(OC,Hs), was not complete at lower temperatures.

Ti(OC;H,);-H,O0 and Ti(OC;H;)-H,0, processes. Decomposition of the
titanium precursor also influenced the processes based on titanium iso-
propoxide. In these ALD processes, the growth rate markedly increased and the
self-limited character of the surface reactions was lost at temperatures
exceeding 275-300°C [44,VI]. At 100-275°C, self-limited ALD-type growth
was observed in the Ti(OC;H7)4,-H,O as well as Ti(OC3;H7)4-H,O, process [VI].
Both processes resulted in the films with relatively low impurity concentrations
even at the lowest growth temperature used. The carbon concentrations
measured by AES were 1.3-1.6 at.% in the films grown from Ti(OCs;H7)4 and
H,0 and 0.6-1.0 at.% in the films grown from Ti(OC;H7); and H,0O, at 100°C
[VI]. In addition to the lower impurity concentration, significantly higher
growth rates were obtained at 100-150°C in the Ti(OC;H7)4-H,O, process than
in the Ti(OC;H5)4-H,O process [VI]. In this connection, it is worth noting that
in the Ti(OC;H7)4,-H,0, process, concentrated H,O, was used as the oxygen
precursor while application of the commercial 35% H,0,-H,O solution instead
of pure H,O did not cause marked effect.

The growth mechanism determined from the real-time QCM measurements
also depended on the oxygen precursor used in the Ti(OC;H7)4-based processes.
In the Ti(OC;H7)4-H,O process, the ligand/Ti ratios stabilized in the adsorbate
layer during the Ti(OCs;H7)s pulse were 1.5-1.8 and 1.0-1.2 at 100-250 and
300°C, respectively [VI]. For comparison, Rahtu and Ritala [239] determined
the values of 1.9-2.0 and 2.4 for this ratio at temperatures of 150-250 and
300°C from QCM and QMS measurements. The agreement of the results
obtained in these two studies was relatively good at 150-250°C while a signi-
ficant difference was observed at 300°C. A possible reason for the difference
was decomposition of Ti(OC;H5), that influenced the results obtained at higher
temperatures and could cause marked variation of the adsorbate layer
composition even at small dissimilarities in experimental conditions.

In the case of the Ti(OC;H5)4-H,0O, process, the ligand/Ti ratios of 1.1-1.4,
2.3-2.8 and 1.3—1.8 were obtained at 100, 200-250 and 300°C, respectively, in
the adsorbate layer formed during the Ti(OC;H;)4 pulse [VI]. Hence, at lower
temperatures, application of H,0O, instead of H,O led to more efficient ligand
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exchange during titanium precursor adsorption. Consequently, the preceding
exposure to H,O, had to cause more complete exchange reaction and surface
hydroxylation than the exposure to H,O did. At higher temperatures, on the
contrary, the substitution of H,O for H,O, resulted in less efficient ligand
exchange in the Ti(OC;H5), adsorption process. Therefore under these condi-
tions the concentration of OH-groups, which were formed during H,O, pulse
and took part in exchange reactions during the following Ti(OC;H5), pulse, was
lower than that formed during the H,O pulse. At 150°C, contribution of surface
OH-groups to the surface reactions was similar in these two processes according
to QCM data [VI]. The growth rate was, however, 1.5 times higher in the
Ti(OCsH7)4-H,O, process than in the Ti(OCsH7)s-H,O process [VI]. An
explanation for this non-trivial result is that although H,O and H,O, created the
same OH abundance of the TiO, surface, H,O did not remove all isopropoxide
ligands. These ligands reduced the number of adsorption sites during the next
Ti(OCsH;)4 pulse and in this way the growth rate as well [VI].

4.1.2. Influence of reaction mechanism on growth rate of TiO,

In the case of ALD processes discussed above, the ligand to titanium ratios
reached the value of 4 in the adsorbate layer formed during a titanium precursor
pulse. Thus, the ligands coordinated to an adsorbed titanium atom occupied a
larger surface area than that of a titanium adsorption site. Consequently, the
steric hindrance influenced the growth rate in the processes described. QCM
measurements performed for relatively thin (5-50 nm) films confirmed
contribution of steric effects to the mass increase per cycle in the TiCls;-H,O
[ILVI], Til4-H,0,-H,O [IV] and Ti(OCs;H;)4-H,0O, [VI] processes. In these
cases, the decrease of the ligand to titanium ratio in the adsorbate layer during
the metal precursor pulse was always accompanied by an increase of the growth
rate. In the Ti(OC,Hs)4-H,O and Ti(OCs;H;)4-H,O processes, this qualitative
relationship was fulfilled only at temperatures exceeding 200-250°C. At lower
temperatures, the surface exchange reactions were evidently incomplete leaving
metal precursor ligands on the surface even after the oxygen precursor pulse. At
the same time comparison of the growth rates and compositions of films, which
were deposited in the processes employing different oxygen precursors,
indicated that the latter ligands, although they reduced the growth rate, did not
stay in the films. Therefore the surface layer compositions formed by the end of
an ALD cycle, on one hand, and the film compositions determined in post-
growth studies, on the other hand, might differ from each other. This difference
was a probable reason for the disagreement between the changes in the growth
rate and ligand/Ti ratio formed on the surface during the titanium precursor
pulse.
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Even more significant disagreement between the growth rate and ligand/Ti
ratio obtained on the TiO, surface after a titanium precursor pulse was
observed, when growth rates of thicker (80—300 nm) films were compared with
each other (Table 1). In Table 1, the ligand/Ti ratios and growth rates are given
for temperatures, at which the processes enabled reliable ALD-type growth and
resulted in the film compositions that did not deviate significantly from the
stoichiometric one. In several studies [ITI-VIIL148], growth mechanisms as
well as growth rates were determined. In these cases, the ALD process
parameters used for QCM measurements and growing the films for post-growth
characterization were similar. Table 1 also contains some data taken from the
works, in which either growth mechanisms or growth rates were determined.

Table 1. Ligand to titanium ratios determined on the surface after titanium precursor
pulse and mean growth rates of TiO, films with thicknesses of 80-300nm

Precursors T; °C Ligand/Ti  Growth rate, nm/cycle References
TiCl,-H,O 100 2.8+£0.3 0.078 +0.003 1L VII
150 31+£03 0.048 £ 0.002 L VI
150 2,124 - 229
150 - 0.04-0.06 240
300 40+0.2 0.072 + 0.004 L VII
300 3.2-3.4 - 229
300 - 0.05 234
300 - 0.049-0.054 241
Ti(OC3H7)4-H,0, 100 1.3+0.2 0.120 + 0.005 VI
Til,-H,O 150 22+03 0.075 +0.003 v
300 23+04 0.11 +£0.01 v
Til4-H,0,-H,O 150 22+03 0.075 +0.003 v
300 23+04 0.11 +£0.01 v
300 1.6-2.8 - 147
Til4-O, 300 2.6 0.08 148
Ti(OC;Hs)4-H,0O 150 25+03 0.051 +0.003 V,VIII
300 3.0+04 0.09 +0.01 IV,VIII
300 - 0.06 234

Comparing the data for the temperature range of 100-150°C, one can see an
expected anti-correlation between the ligand/Ti ratios and growth rates, i.e. the
higher the ligand/Ti ratio, the lower the growth rate. It should be taken into
account, however, that the sizes of different ligands differ from each other,
increasing in the sequence halide — ethoxide — isoprpoxide [45]. Furthermore,
due to possible misfit of the sizes of absorbed species and those of adsorption
sites, the closest packing of the species is not possible in the surface layer [242].
One can also see that, contrary to expectations based on the behavior of the
ligand/Ti ratios in the surface layer formed during a Ti precursor pulse,
comparable or even higher growth rates have been obtained at 300°C than at
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100-150°C (Table 1). As shown below, this effect is related to crystallization
processes.

In addition to the ALD processes represented in Table 1, the TiCly-H,0,
[49], Ti(OCH;)4-H,O [243] and Ti(OCsH;)4;-O; [244] processes should be
mentioned, although no information on the growth mechanism has been
available for these three processes. Kumagai et al. [49] obtained the growth
rates of 0.042 nm/cycle at 240°C and 0.065 nm/cycle at 340°C for the
TiCls-H,O, process [49]. These growth rates are very close to those of the
TiCli-H,O process (Table 1). For the ALD process, which was based on
titanium methoxide (Ti(OCHj3)4) and H,O, Pore et al. [243] reported the growth
rates of 0.042 nm/cycle at 200°C and 0.054 nm/cycle at 300°C. For the
Ti(OC5H7)4-O3 process, Kim et al. [244] published the growth rate value of
0.054 nm/cycle for 10—100 nm thick films grown on silicon substrates at 250°C.

4.1.3. Influence of crystallization on growth and
properties of TiO; films

Growth of amorphous and polycrystalline films. As demonstrated earlier
[15,41,42,44,45,54,55,144], crystallization of TiO, films in the ALD processes
depended on the precursors used as well as on the deposition process
parameters. In the processes described above, non-epitaxial crystalline films
grew at relatively low temperatures. On silicon and silica substrates, crystalline
TiO, films were obtained at temperatures exceeding 150°C in the TiCly-H,O
process [15,III], 135°C in the Til;-H,O process [IV], 166°C in the Til4-H,0,-
H,O process [IV] and 180°C in the Ti(OC,Hs)4-H,O, Ti(OC;H;)4-H,O and
Ti(OCsH7)4-H,O, processes [V,VI] provided that neither additional field nor
surface pretreatment was applied. For comparison, using pretreatment of silica
substrates in the flow of TiCl, at 365-530°C, Niilisk et al. [245] were able to
grow crystalline TiO, films with anatase structure from TiCl, and H,O even at
125°C. Moreover, in an electric field, rutile films were grown by TiCls-H,O-
based ALD on silicon substrates at room temperature, as reported by Drozd et
al. [51]. In this thesis, however, crystallization of TiO, without additional fields
on substrates without crystallization-supporting pretreatment is discussed.

The amorphous TiO, phase was preferentially formed in thinner films
[I11,241] and at shorter precursor pulse times [VII], provided that the epitaxial
growth was not possible. Application of an oxygen precursor of higher
reactivity, e.g. HyO,-H,O mixture instead of pure H,O [IV] also seemed to
cause more probable growth of the amorphous phase. Obviously, the crystal
growth was related to agglomeration of film material at nucleation centers in
very thin films, i.e. when the film thickness was comparable to the lattice
constant of a crystalline phase. In this case, crystallization led to marked surface
roughening [15,VILVIII] and increase of the surface area as well as surface
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free energy. If the mean film thickness was small, the decrease in the bulk free
energy accompanying formation of a more ordered structure could not
compensate the increase in the surface energy. Shortening the precursor pulses
evidently reduced the time left for surface migration needed for the crystal
growth and, hence, expectedly resulted in more amorphous films. Similarly,
application of an oxygen precursor of higher reactivity led to more complete
surface reactions, reducing in this way the mean residence time of intermediate
surface species and making surface migration and crystallization less probable.

The main crystalline phases that dominated in the films grown by ALD were
anatase and rutile whereas rutile was usually formed in the films grown at
temperatures exceeding 300-350°C. At some ALD process parameters, the
high-pressure TiO,-1I phase was also formed [143,144,150,246,247]. The latter
phase was observed, however, only in the films grown on the KBr substrates
[246] and also on silica or silicon substrates that were close to soda-lime glass
substrates during the film growth [247]. Thus, the presence of alkali metal
impurities on the surface obviously contributed to the growth of the TiO,-II
phase, although post-growth AES studies did not show corresponding residues
inside the films [247].

As already mentioned, crystalline phases were not always formed in the
initial growth stages of non-epitaxial thin films even if the growth temperature
was sufficient for formation of this phase in thicker films. For instance, up to
7 nm thick TiO, films grown from TiCls and H,O on silicon substrates at 275°C
were amorphous, although the temperature of 150°C was already sufficient for
the growth of the anatase phase in the films with the thicknesses exceeding
25 nm [II]. Similarly, at the temperatures that were sufficiently high for the
rutile growth, films with the anatase structure were formed in the initial stage of
deposition [247]. As a result, these films were structurally and optically
inhomogeneous in the growth direction [247].

Detail studies of the TiO, films grown at temperatures, at which transition
from amorphous to anatase growth occurred, demonstrated that nucleation
started, when a certain film thickness was achieved [15,240,246,VII,VIII]. This
conclusion was based on the results of SEM, AFM, RHEED and XRD
[15,240,VILVIII] as well as HRTEM [246] studies. In the initial stage of
crystallization, the nucleation centers were located relatively far from each other
[15,240,VILVIII]. Growth of crystallites at these centers caused marked
surface roughening observed in the TiCly,-H,O [15,240,VII] and Ti(OC,Hs)4-
H,O [VIII] ALD processes. The surface roughness increased mainly because
the anatase phase grew faster than the amorphous phase did. The real-time
QCM studies performed on amorphous and crystalline buffer layers [III]
demonstrated that TiCl, was more efficiently adsorbed on the crystalline
(anatase) layers. XRD investigations supported this result showing that the
crystallite sizes grew faster in the growth direction than the mean thickness of
films containing mixture of amorphous and anatase phases did [VIII].
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Increasing anatase amount in the growing films resulted, therefore, in the
increase of the overall growth rate. Furthermore, the increase of the surface
roughness led to an increase of the surface area exposed to the precursors
[VILVIII]. For this reason the growth rate additionally increased. As a result,
an abrupt increase of the growth rate was observed [VILVIII], when the
transition from amorphous to anatase growth took place with increasing 7 (Fig.
2) or film thickness (Fig. 3).

In a recent paper, Kim et al. [248] reported a very similar effect for the
Ti(OC3H7)4-H,O process. They also observed a marked increase of the surface
roughness and growth rate under the conditions, which resulted in
crystallization of TiO, films, whereas the onset of crystallization was obtained
with increasing growth temperature as well as film thickness [248]. As a similar
effect occurred in three different ALD processes (TiCl;-H,O [VII], Ti(OC,Hs)4-
H,O [VII] and Ti(OC;H;)4-H,O [248]), the phenomenon was evidently related
to the film material (TiO,) or oxygen precursor (H,O) rather than to the metal
precursors applied in the synthesis process.
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Figure 2. Comparison of growth rates and relative surface areas of TiO, thin films
grown by ALD from TiCl, and H,O at temperatures 100—425°C [VII]. All films grown
at 100-150°C were amorphous while those grown at 175°C and higher temperatures
contained crystalline phases [VII]. The films measured were 130-230 nm in thickness.
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Figure 3. Mass thicknesses and relative surface areas of TiO, thin films grown by ALD
from Ti(OC,Hs), and H,O at 200°C [VIII]. The films grown by applying up to 1400
cycles were amorphous while those grown by applying 2000 or more cycles contained
crystalline (anatase) phase [VIII].

Studies of the surface morphology [15,V,VILVIII] and crystallite (grain) sizes
[241,VIII] demonstrated that the crystallites were larger in the TiO, (anatase)
films grown at lower temperatures. Hence, at lower temperatures, nucleation
was a less probable process and an increase in the sizes of existing crystallites
rather than creation of new crystallites took place.

Expectedly, no preferential in-plane orientation of anatase and rutile was
observed on the silicon substrates. This was mainly because the parameters of
the tetragonal unit cells of rutile and anatase differed from the parameter of the
cubic unit cell of silicon too much (the difference exceeded 10%). Moreover,
amorphous SiO, was easily formed on silicon substrates in the initial stage of
TiO, growth [246]. Therefore the silicon substrates could not influence the in-
plane crystallographic orientation of growing film. Nevertheless, preferential
orientation of crystallites in the direction perpendicular to the substrate surface
was observed on the crystalline silicon as well as amorphous silica substrates.
For instance, anatase films grew in the ALD processes in this way that at the
film surface, the (1 1 0) plane was preferentially parallel to the substrate surface
[15IV=-VLVIILIX]. Development of this orientation with increasing film
thickness [15] indicated that the preferential orientation was related to the
higher growth rate of crystallites in corresponding direction. An interesting
result was that the preferential orientation determined by XRD inside the TiO,

33



films might markedly differ from the orientation determined by RHEED on the
surface [VIII]. This was an additional reason for inhomogeneity that could
influence the overall properties of polycrystalline thin films [247].

Epitaxial growth. Epitaxial TiO, films, i.e. films with the in-plane crystallo-
graphic orientation determined by single-crystal substrates, were grown by ALD
on a-Al,O; [146,149,1V,IX] and MgO [146,149,249,250] substrates. The first
ALD process that enabled successful epitaxial growth of TiO, films was based
on Til; and H,0,-H,O precursors [146]. Somewhat later the Til,-O, [149],
Til4-H,O [IV] and TiCly-H,O [1X,249,250] processes were also used for the
epitaxial growth of TiO,. All the processes enabled epitaxial growth of rutile on
a-Al,O5 and anatase on MgO.

On the substrates, which allowed epitaxial growth of a crystalline phase, this
phase was formed in a wider range of substrate temperatures than on those
substrates that did not allow epitaxy. On the a-Al,Os substrates, for instance,
films containing only the rutile phase were obtained at 350°C and higher
temperatures from TiCly and H,O [III]. For comparison, no pure rutile films
could be grown on silicon and silica substrates at temperatures up to 680°C
[251]. In the Til4~-H,0,-H,O process, single-phase rutile films were grown on
the a-AlO; substrates already at 275°C [146] while epitaxial anatase films
were obtained on the MgO substrates at 200-375°C [146]. Thus, in the tempera-
ture range of 275-375°C, exactly the same process parameters led to the rutile
growth on a-Al,O; and anatase growth on MgO. Very similar, although some-
what weaker, phase-stabilizing role of the a-AlL,O; and MgO substrates
appeared in the Til4-O, [149] and Til4-H,O [IV] processes.

Comparing the growth rates of non-epitaxial and epitaxial films
[148,149,IX], one can see that the former films tended to grow faster than the
latter did. Dissimilar phase composition [149, IX] was one reason for this
difference. However, comparison of the data published in papers of Shuisky et
al. [148,149] and Mitchell et al. [250] leads to a conclusion that even at similar
phase compositions, the growth rate of the polycrystalline films was higher than
that of the epitaxial films. An explanation for this effect is that in non-epitaxial
films, the crystallites were preferentially oriented in the direction of the fastest
growth while in the epitaxial films, the substrate determined the structure
orientation that could markedly differ from this direction. In addition, higher
density of epitaxial films contributed to the difference in the thickness increase
per cycle.

Effect of phase composition on properties of TiO, thin films. The results
presented above demonstrate that in order to grow most homogeneous TiO,
films, one should aim at amorphous or epitaxial growth. By contrast, poly-
crystalline films were inhomogeneous in a general case. The inhomogeneity and
related surface roughening [15,240,VIL VIII] resulted in light scattering [46]
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and increasing optical losses [15]. In the electronic applications, crystallite
interfaces seemed to act as current leakage channels degrading the dielectric
properties of the films [252].

Table 2. Influence of phase composition on refractive indices of TiO, thin films
prepared by ALD.

Phase Precursors T, °C Refractive index  References
(at A =580 nm)
Amorphous TiCl4-H,O 100-150 2.37-2.63 [OLVILIX]
TiCl4-H,O 150 2.4 [42]
Ti(OCsH;)4-H,O 100 2.3 [vn
Ti(OCsH;)4-H,O 150 2.3 [44]
Ti(OC,Hs)4-H,O 100 23 [V]
Ti(OCH;)4-H,O 200-225 2.37-2.48 [243]
Anatase TiCl4-H,O 175-350 2.0-2.5 [OLVILIX]
(polycrystalline)
Til4-H,O 375 2.51£0.04 This work
Til4-O, 235-380 1.8-2.5 [148]
Ti(OC3;H7)4-H,O 225-350 2.5 [44]
Ti(OC,Hs)4-H,O 350 24-2.5 [V]
Ti(OCH;)4-H,O 250-400 2.43-2.53 [243]
Anatase TiCl,-H,O 275 2.65+0.05 This work
(epitaxial)
Rutile TiCl4-H,O 375 2.70 [1X]
(polycrystalline)
Rutile (epitaxial) TiCl4-H,O 425-500 2.80-2.82 [1X]

In the studies that the thesis is based on, significant efforts were concentrated on
characterization of refractive indices (Table 2) of films grown in different ALD
processes [III-VILIX]. This was a convenient way to investigate the effect of
process parameters on the thin film densities, too, because the relationship
between the refractive index and density of TiO, was established relatively well
[253,254]. The results depicted in Table 2 also include those of other authors
obtained for various ALD processes [42,44,148,243]. All refractive index
values depicted in Table 2 were measured at the wavelength of 4 =580 nm.

As can be seen in Table 2, the refractive indices of amorphous and
polycrystalline anatase films varied in relatively wide ranges. These variations
were due to differences in deposition temperatures [243,IIL VILIX] as well as
precursors used. As a rule, the refractive index values were lower at lower
temperatures, if no phase transitions took place in corresponding temperature
range [243,IIL VILIX]. In the case of amorphous films that were obtained only
at relatively low temperatures, the refractive index decrease observed with
decreasing growth temperature was probably related to the increase of impurity
concentrations in the films. In the case of anatase films, corresponding decrease
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of refractive index was obviously due to lower packing density of crystallites in
the polycrystalline films that were grown at lower temperatures. It is worth
noting that due to low packing density of crystallites, the refractive indices of
the latter films were sometimes even lower than those of amorphous films
[243,IILVILIX].

Expectedly, the refractive indices of epitaxial films were clearly higher than
the refractive indices of polycrystalline films (Table 2). When comparing the
refractive index of epitaxial rutile (Table 2) with the corresponding value of
bulk single-crystal rutile [255], one can find no difference. It should also be
mentioned that the refractive indices obtained for polycrystalline anatase and
rutile were comparable to the highest refractive values of TiO, thin films with
similar phase compositions prepared by other deposition methods. For instance,
Bendavid et al. [256] reported the values of 2.56, 2.62 and 2.72 at A = 550 nm
for the amorphous, anatase and rutile films, respectively, deposited by filtered
arc deposition. Using the radio-frequency magnetron sputtering method, Miao
et al. [257] deposited polycrystalline anatase and rutile films with the refractive
indices of 2.657 and 2.849, respectively, at the wavelength of 500 nm.

The optical band gap values that were determined for amorphous TiO,,
anatase and rutile films grown by ALD equaled to 3.40 + 0.03, 3.35 + 0.05 and
3.16 £ 0.05 eV, respectively [IX]. Corresponding values reported for films
grown by other methods ranged from 3.28-3.32 eV for amorphous [258], 3.15—
3.39¢V for anatase [257-260] and 3.02-3.34 eV for rutile [257-260] films,
when estimated assuming indirect transitions near the optical absorption edge.
For comparison, the adsorption edge of anatase single crystals was located at
3.3 eV [261], while the band gap of rutile single crystals was estimated to be
3.062-3.101 eV [262] at room temperature. Therefore results obtained for
different phases of TiO, synthesized by ALD were very similar to the data
reported for single crystals and for most perfect films prepared by other
deposition techniques.

4.2. Zirconium dioxide
4.2.1. Growth mechanisms of ZrQO,

ZrCl4-H;O process. According to results of QCM measurements, adsorption of
ZrCly saturated on the surface of ZrO,, although the saturation was not complete
at the exposure times up to 20 s [X]. At the same time the adsorbate layer
formed during the ZrCl, pulse was very stable. The Cl/Zr ratio determined for
the adsorbed species by QCM was 2.6 £ 0.5, 3.0 £ 0.5 and 2.8 + 0.5 at 180, 290
and 380°C, respectively [X]. Thus, 1.0-1.4 chlorine atoms were removed from
a ZrCly molecule during its adsorption. Variation of this value with the growth
temperature was most probably due to increasing contribution of the surface
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OH-groups to the exchange reactions at lower temperatures and decreasing
stability of ZrCl, at the highest temperatures used in the QCM studies. For
comparison, the Cl/Zr ratios of 1.6-3.5 were determined by Kytokivi et al. [75]
for the surface layer that was formed at 300°C in a similar process on porous
silica and alumina supports. According to data of Rahtu and Ritala. [263], the
same ratio was 2.8 at 300°C and 1.8 at 400°C, when determined from QCM
measurements, and 2.4 at 300°C and 2.6 at 400°C, when determined from QMS
data.

As can be seen, the data obtained from different studies overlapped within
the experimental uncertainty and indicated that at 180—400°C, approximately a
half or somewhat less than a half of the chlorine ligands were removed during
adsorption of ZrCly. The rest of the ligands were replaced during the following
H,O pulse. Post-growth composition studies revealed that the concentration of
chlorine reached 5 at.% in the films grown at 180°C [238,X]. Similarly the
concentration of residual hydrogen was relatively high reaching 6 at.% in these
films [238]. Therefore the exchange reactions were not complete at the lowest
growth temperature used. With the increase of the growth temperature the
concentration of impurities markedly decreased. In the films deposited at 400°C
the concentration of chlorine did not exceed 0.1-0.3 at.% [238,X] while that of
hydrogen was around 0.4 at.% [238]. In the films grown at 180-500°C, the
oxygen/zirconium ratio ranged from 1.9 to 2.1 [238,264], whereas the devia-
tions from the stoichiometric ratio never exceeded the experimental uncertainty
that was + 0.1.

ZrCl4-H,0,-H;O process. Substitution of H,O for the mixture of H,0,-H,O
(commercial 35% solution of H,O, in H,0) did not cause marked changes in the
growth mechanism. The Cl/Zr ratios established according to the QCM data [X]
in the adsorbate layer after the ZrCl, pulse were 2.6 £ 0.5, 3.2 £ 0.5 and 2.9 £
0.5 at 180, 290 and 380°C. Thus, the differences from the ZrCly;-H,O process
were not meaningful. Similarly, the differences in the compositions of the films
grown in the ZrCly;-H,O and ZrCl;-H,0,-H,O processes did not exceed the
experimental uncertainty [X].

Zr1;-H,0,-H,0 process. QCM studies of the Zrl;-H,0,-H,O process reported
by Kukli et al. [177] demonstrated that adsorption of Til, did not saturate
completely and the adsorbate layer formed was not stable, probably due to
decomposition of Zrl, and surface species formed during Zrl, adsorption [177].
QCM measurements performed at 300°C also indicated that the reactivity of the
oxygen precursor towards these surface species might have been insufficient
[177] retaining iodine on the surface even after the H,O,-H,O pulse. For these
reasons, no reliable data could be obtained for the I/Zr ratio in the adsorbate
layer formed during the Zrl, pulse. Nevertheless, the Zrl4,-H,0,-H,O process
resulted in ZrO, films with relatively low concentration of residual iodine. The
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iodine concentration determined from XPS studies was 1.3 at.% at 250°C. With
increasing growth temperature the iodine concentration decreased and stabilized
at the level of 0.7-0.8 at.% in the films grown at 300-350°C [177]. Unfor-
tunately, the experiments performed later demonstrated that the reproducibility
of the Zrl, process was low, making it disadvantageous compared with the
ZrCly-based processes.

Other processes for ALD of ZrQ,. In 2000-s several organic compounds were
investigated as zirconium precursors for ALD of ZrO, [265-276]. Nevertheless,
only in few cases [271,274,275] the reaction mechanisms were characterized.

Hausmann et al. [272] employed zirconium alkylamide precursors
(Zr(NMe,)4, Zr(NMeEt), and Zr(NEt;); where Me and Et are methyl (—~CH;)
and ethyl (—C,Hs) groups, respectively) combined with H,O for ALD of ZrO,.
Using the QCM method for real-time measurements at 200°C, they found that
the data obtained were consistent with the mechanism assuming adsorption of a
zirconium atom with 2 dialkylamide ligands and replacement of these ligands
with 2 hydroxyls during the H,O pulse [272].

Matero et al. [275] studied the reaction mechanisms in the ALD processes
based on Zr(dmae),, Zr(dmae),(O'Bu), and Zr(dmae),(O'Pr), as zirconium
precursors (dmae is dimethylaminoethoxide (OC,HsN(CH;),), O'Bu is tert-
butoxide (OC(CHjs)3) and O'Pr is iso-propoxide (OCH(CHj), ligand). The QMS
and QCM studies carried out at 190-340°C demonstrated, however, that those
zirconium precursors tended to decompose thermally [275]. As a result, the
growth rate did not saturate with increasing precursor doses. In addition, the
films contained up to 5 at.% of carbon and 9 at.% of hydrogen impurities[275]
showing that the surface reactions were not complete. Correspondingly, the
contributions of the most probable decomposition and exchange reactions
depended on several process parameters making impossible the determination
of detailed reaction mechanisms [275].

Niinist0 et al. [276] investigated surface reactions leading to the ZrO, growth
from deuterated water and Cp,Zr(CHj3), where Cp is a cyclopentadienyl (CsHs)
ligand. The gaseous reaction products observed in real-time QMS studies were
CpD and CH;D, whereas at temperatures of 210-400°C, about 90% of CH;D
was released during the Cp,Zr(CHjs), pulse. About 40% of the Cp ligands were
released during the Cp,Zr(CHj;), pulse, while the following D,O pulse removed
the remaining Cp ligands from the surface. It was found that the reaction
mechanism only weakly depended on the deposition temperature at 210—400°C
[276]. In this context, the process was very similar to the ZrCly-H,O and ZrCl,-
H,0,-H,O processes, in which the effect of temperature on the reaction
mechanism was also weak [263,X]. Thermal decomposition of Cp,Zr(CHj3),
started to play an important role at temperatures exceeding 400°C [276].
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4.2.2. Influence of reaction mechanism on growth rate of ZrQO,

Real-time QCM measurements as well as post-growth studies demonstrated a
monotonic decrease of the growth rate with increasing temperature in the
ZrCl4-H,0O and ZrCly-H,0,-H,0 processes (Fig. 4). The general trend of the
growth rate observed was in agreement with an expected decrease of the
contribution of OH-groups to adsorption of ZrCl, at higher temperatures and
corresponding, although relatively weak, increase in the Cl/Zr ratio formed in
the adsorbate layer during the ZrCl, pulse [X]. A similar behavior of the growth
rate was observed by Scarel et al. [277]. In their paper, Scarel et al. [277]
reported a monotonic decrease of the growth rate from 0.14 to 0.09 nm/cyle
with the increase of the deposition temperature from 160 to 350°C in the case of
17-28 nm thick films.
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Fig. 4. Comparison of growth rates of ZrO, thin films determined for ZrCl,-H,O [X],
ZrCl;-H,0,-H,0 [X] and Zrl4-H,0,-H,O [177] processes at similar ALD process
parameters. The thicknesses of the films grown in the Zrl;-H,0,-H,O process
ranged from 27 to 125 nm while those of the films grown in the ZrCl;-H,O and
ZrCly-H,0,-H,0 processes ranged from 180-240 nm.

Cassir et al. [162] reported a more complex temperature dependence of the
growth rate in the ZrCls-H,O process. In their experiments, the growth rate
increased from 0.1 to 0.5 nm/cycle with the increase of the growth temperature
from 350 to 400°C and decreased down to the level of 0.07-0.1 nm with the
further increase of 7; to 425-450°C. This effect was evidently related to
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crystallization processes and changes in the surface morphology [162].
Therefore the possible reasons of this anomaly are discussed in more detail in
the next section.

When comparing the growth rates observed by different research groups for
the ZrCly-H,O process [73,162,234,277-280,X], one can see a significant
scatter of results. For instance, the growth rate values ranging from 0.046 [279]
to 0.13 nm/cycle [X] were measured for ZrO, films of similar thicknesses
deposited at 300°C. This scatter was partly due to dissimilar precursor doses
that influenced the growth rate in some extent [234] but, as demonstrated in a
recent study of our group [280], the flow rate and pressure of the carrier gas had
also a marked effect on the thickness increase per cycle. Obviously the purging
efficiency influenced the equilibrium concentration of adsorbed species and in
this way, resulted in a growth rate decrease with increasing flow rate and
pressure of the carrier gas in the ZrCly-H,O process [280].

Application of the commercial 35% solution of H,O, in H,O instead of pure
H,O in the ZrCly-based ALD process [X] caused neither increase in the growth
rate nor significant changes in the temperature dependence of the growth rate
(Fig. 4). Therefore the reactivity of H,O was sufficient, at least at the H,O doses
and growth temperatures used in this study.

In the case of Zrl4-H,0,-H,O process, Kukli et al. [177] have recorded a
decrease of the growth rate from 0.10 to 0.06 nm with the increase of growth
temperature from 300 to 450°C (Fig. 4). Hence, in this temperature range, the
dependence of the growth rate on temperature was similar to that observed for
the ZrCly-H,O and ZrCly-H,0,-H,0 processes. At the lowest growth tempera-
ture used in the Zrl-H,O,-H,O process, i.e. at 250°C, the growth rate was,
however, as low as 0.03 nm. The low growth-rate value was most probably due
to insufficient reactivity of the precursors and lower concentration of crystalline
phases in these films [177].

The processes based on organic zirconium precursors [265-276] have shown
significant variation of the growth rate. As a rule, these precursors were of
much lower stability than ZrCl, was. Correspondingly, the effect of temperature
on the growth rate was very strong in the processes based on the organic
zirconium precursors [265,266,270]. In addition, the precursor doses had a
significant effect on the growth rate [265,269,275]. Therefore the scatter of
results was large and depended on several process parameters that were not
always specified. This made the meaningful comparison of the growth rate
values reported by different groups problematic and, thus, the corresponding
analysis was not included in the present thesis.
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4.2.3. Influence of crystallization on growth and
properties of ZrQO, films

Growth of amorphous and polycrystalline films. No in-plane orientation of
crystalline ZrO, phases was obtained on single crystal silicon substrates. An
effect of single crystal MgO and a-Al,O; substrates on the orientation of
crystalline ZrO, was observed but, according to the XRD analysis, the quality of
epitaxy was poor. For this reason, the problems of epitaxial growth of ZrO, are
not discussed in this thesis. Instead, the main attention is concentrated on the
growth of amorphous and polycrystalline films.

Crystallization of ZrO, films deposited on the single crystal silicon and
amorphous silica substrates was observed in the ZrCl;-H,O and ZrCly-H,0,-
H,O processes already at 180°C [X], although the films grown at this
temperature contained significant amounts of precursor ligands [238,X] that
made the crystal growth less favorable. Thinner films grown at 180—450°C were
still amorphous. The maximum thickness of films, which allowed amorphous
growth at 180°C, was 50—100 nm whereas this thickness was somewhat greater
for the films grown from ZrCl, and H,0,-H,O than for those grown from ZrCl,
and H,O [X]. With the increase of growth temperature, the thickness corres-
ponding to the transition from amorphous to crystalline phase decreased and did
not exceed 1-2 nm at 450°C and higher temperatures [X]. These results were in
good agreement with the data of Scarel et al. [277] who observed this transition
at the growth temperatures of 200-250°C in the case of 21-26 nm thick films.

Cubic ZrO, was the first crystalline phase, which was formed at lower
temperatures with the increase of the film thickness above the limits allowing
stabilization of the amorphous phase [X]. In a pure bulk material and thick
films, this phase was not stable under normal conditions but in nanocrystalline
materials and sufficiently thin films, it could be stabilized due to noticeable
contribution of the surface to the total free energy of the material [281]. With
the further thickness increase, especially at higher temperatures, the tetragonal
phase of ZrO, appeared in the films [X]. Most probably, this phase was also
stabilized because of surface effects [282]. The monoclinic phase, which was
the most stable one in the bulk material, was formed only in relatively thick
films grown at 230°C and higher temperatures [228, X].

In a very similar sequence, the phases of ZrO, were formed in the Zrl4-H,0,-
H,0 process [177]. The most significant difference from the ZrCl;-H,O and
ZrCly-H,0,-H,O processes was that the cubic phase was more stable in the
films grown from Zrl, and H,O,-H,O. In the latter case, cubic ZrO, was the
only crystalline phase in the films that were grown at 250-275°C and were as
thick as 125 nm [177]. The halide-based precursor systems tested so far resulted
in the preferential orientation of the cubic and tetragonal phases in sufficiently
thick films. In these films the (001) plane of the cubic or tetragonal phase was
preferentially parallel to the film surface [177,X]. In the films that contained
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marked amounts of monoclinic ZrO,, a preferential orientation of crystallites
was also observed whereas, similarly to the (001) planes of cubic and tetragonal
phases, the (001) plane of the monoclinic unit cell was parallel to the substrate
surface [228,X]. This means that the longest edges of both tetragonal and
monoclinic unit cells were preferentially oriented in the direction that was
(nearly) perpendicular to the substrate surface.

Relatively little information has been published on the structure evolution in
the ZrO, films grown by ALD in the processes based on organic precursors,
although a rather great number of papers have described this kind of processes
[265-276]. 1t seems still that a specific feature of those processes is a lower
probability for formation of the cubic and tetragonal phases. For instance, Kukli
et al. [265] and Putkonen and Niinistd [266] reported direct transition from the
amorphous to monoclinic phase growth. Formation of cubic and tetragonal ZrO,
was observed by Yun et al. [283], who described an ALD process where
Zr(N(C,H5)(CH3))4 as a precursor was combined with oxygen plasma. They
demonstrated that an increase of the plasma dose led to preferential formation of
the cubic and/or tetragonal phases. In addition, Nam and Rhee [273] obtained
cubic ZrO, after annealing of an initially amorphous film grown from
ZrCIy(N(SiMes),), and H,O. On the bases of these results, one can conclude that
impurities, which probably stayed in the as-grown films from organic zirconium
precursors, made the growth of the cubic and tetragonal ZrO, phases less
favorable.

Effect of crystallization on growth rate. The growth rate of films deposited in
our experiments on the silicon and silica substrates from ZrCls and H,O showed
no marked dependence on the phase composition, which varied from the
mixture of the amorphous and cubic phases to the dominating tetragonal and
monoclinic phases [X]. It should be noted, however, that at the lowest
deposition temperature used in our experiments, the growth rate was lower in
the ZrCly-H,0,-H,O process than in the ZrCly-H,O one [X]. A possible expla-
nation for this difference was lower crystallinity of the films deposited in the
former process. Very similar effects were observed for the Zrl4-H,0,-H,O
[177,178] and Zr(OC(CHs;)3)4-H,O [265] processes. In the former case, the
growth rate increased by a factor of 2.5-4 when the growth temperature was
elevated from 250 to 275°C (Fig. 4) and well-crystallized films started to grow
instead of poorly crystallized ones [177,178]. In the latter case Kukli et al. [265]
observed transition from the amorphous to crystalline growth at 180-200°C
while the growth rate increased by the factor of 1.5 with this transition. By
contrast, Scarel et al [277] did not see increase of the growth rate when the
crystallization processes started in their experiments. Nevertheless, this is not a
surprising result because these authors studied relatively thin films (17-28 nm)
where crystallization and corresponding surface roughening could not
significantly contribute to the growth rate increase yet.
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As already mentioned, Cassir et al. [162] observed a marked increase of the
growth rate at 375-425°C on soda lime glass substrates. As demonstrated by
XRD studies [162,X], a transition from the tetragonal to monoclinic phase
growth took place at these temperatures. Simultaneously, the crystallite sizes
[228] as well as the surface morphology [162] changed. These changes could
well explain the growth rate increase. However, experiments performed by our
group using the same deposition temperature range but fused silica and silicon
substrates [228,X] did not show this kind of abrupt growth rate increase. Thus
one could suppose that soda lime glass substrates additionally contributed to
crystallization and growth rate variations in the studies of Cassir et al. [162].
This conclusion is strongly supported by the result that in the case of TiO,
films, the soda lime glass substrates influenced the growth rate [42] as well as
crystal structure [247] in a marked extent.

Influence of phase composition on properties of ZrQ, films. Expected
surface roughening related to crystallization was most clearly observed by
Scarel et al [277] who studied the ZrCl,-H,O ALD process at substrate
temperatures of 160-350°C. With the increase of 7 from 200 to 250°C, the
growth of amorphous films was replaced with the growth of crystalline films.
Simultaneously, the surface roughness increased by the factor of 2—4 in the case
of films with similar thickness [277]. For comparison, the surface roughness
was constant in the 7 range of 160—200°C and increased only by a factor of
1.2—-1.5 with the increase of T from 250 to 350°C.

Cassir et al. [162] observed drastic changes in the surface morphology with
appearance monoclinic phase in the films. Their AFM studies demonstrated that
grain sizes markedly decreased with the transition from tetragonal to monoclinic
phase. This result was in good agreement with our XRD studies showing that
the crystallites with the tetragonal structure reached much larger sizes than the
crystallites with the monoclinic structure did [228].

With increasing degree of crystallinity, the refractive index increased up to
2.23 in the ZrO, films with the tetragonal structure and up to 2.25 in the films
with the monoclinic structure grown from ZrCl,; and H,O and measured at
A =580 nm [X]. For comparison, refractive indices of 2.15-2.22 and 2.12-2.18
were obtained for films with cubic and tetragonal structures, respectively,
grown from Zrl, and H,0,-H,O and measured at the same wavelength [177].
Therefore these three crystalline phases showed very similar refractive index
values in the thin films studied. By contrast, with increasing content of the
amorphous phase, the refractive index significantly decreased. The values of
2.05 (at A = 580 nm) were recorded for the predominantly amorphous films
grown at 180°C from ZrCl, and H,O [X]. The dielectric constant also weakly
depended on the ratio of various crystalline phases [264] while the increasing
concentration of the amorphous phase led to a decrease of this parameter too
[264,277]. The values of relative dielectric constant measured at frequencies
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10-100 kHz ranged from 18 to 27 in crystalline films [162,178,264,277] and
from 13 to 14.5 in amorphous films [277].

Absorption spectra of ZrO, depended, by contrast, on the crystalline phase
dominating in the films (Fig. 5). Most important changes were related to the
appearance of an absorption band peaking at 5.4 eV in the spectra of monoclinic
films (see the spectrum of the film grown at 600°C in Fig. 5). This absorption
band was obviously the main reason for large variation of energy gap values
published by different research groups. In the case of thicker films, the optical
band gap was usually determined from relatively low « values (o < 10 um™
[155,228]). Correspondingly, using the model of direct optical transitions, the
band gap values of 5.16-5.28 eV [155,228] were obtained for monoclinic ZrO,
films in good agreement with the absorption spectrum presented in Fig. 5 for a
film deposited at 600°C. In the case of thinner films, these « values are not
sufficiently high for reliable recording the absorption spectra. Thus, only a
range of markedly stronger absorption (& > 10 pum™') can be used to estimate
energy gaps of very thin films. However, using the absorption coefficient range
of 10-70 um™' much higher band gap values (E; = 5.8 €¢V) have been
determined for monoclinic ZrO, from the same model [156,228].
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Figure 5. Room-temperature absorption spectra of ZrO, [228] and HfO, [XII] thin
films grown on silica substrates in ZrCl;-H,O and HfCl;-H,O ALD processes, res-
pectively. The thicknesses of the films ranged from 180 to 380 nm.
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There are several reasons for the non-monotonic dependence of the absorption
coefficient on the photon energy, 4 v. Firstly, this kind of dependence might be
due to the specific band structure of this phase [156]. Secondly, quantum effects
related to small sizes of crystallites with the monoclinic structure (about 20 nm
in 200-230 nm thick films [228]) can cause the feature in the absorption
spectra. Thirdly, exciton formation discussed by Kirm et al. [215] can explain
the appearance of this feature. From these reasons, the quantum effects seem to
be less probable because very similar features (Fig. 5) were observed in the
absorption spectra of monoclinic HfO, films with the mean XRD crystallite
sizes reaching 3447 nm [XII]. Crystallites of these sizes were evidently too
large for causing significant quantum size effects.

For the films with the dominating tetragonal phase (e.g. the film grown at
300°C in Fig. 5), the approach that was used to determine the energy gap for the
direct optical transitions gave the E, values of 5.75-5.78 eV [161,228]. For
comparison, the approach assuming the indirect optical transitions gave the
band-gap values of 5.22-5.26 eV [161,228]. Finally, for predominantly amor-
phous films that were grown at 180°C and contained inclusions of the cubic
phase [X], the energy gap of (5.27 + 0.07) eV was obtained for the indirect
optical transitions from the absorption spectrum presented in Fig. 5. No linear
part of the (ahv)* versus hv curve, needed to determine the energy gap for the
direct optical transitions, was found in the case of these films. One should take
into account, however, that relatively high concentration of impurities reaching
5-6% in those films might influence the band gap as well as the character of the
optical transitions making the indirect transitions more probable.

4.3. Hafnium dioxide
4.3.1. Growth mechanisms of HfO,

HfCl4-H,O process. According to the results of real-time QCM studies,
adsorption of HfCly was self-limited on the surface of HfO, and the adsorbate
layer was stable in the temperature range of 180—400°C studied [I]. The CI/Hf
ratios established in the adsorbate layer were 2.0, 2.4, 2.6 and 3.0 at 180, 225,
300 and 400°C, respectively. The reaction of the adsorbate layer with H,O in
the next ALD step resulted in substitution of the chlorine ligands adsorbed and
formation of HfO, with relatively low concentration of residual impurities at
higher temperatures. For instance, in the films grown at 400°C and higher
temperatures, the chlorine and hydrogen concentrations did not exceed 0.2 and
0.5 at.%, respectively [284,I]. With the decrease of T, the impurity concent-
rations increased. In the films grown at 225°C, the concentrations as high as 4.3
at.% for chlorine and 5.1 at.% for hydrogen [284, I] were measured.
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Using the data of post-growth measurements, the self-limited character of
the HfCl;-H,O process was evaluated at temperatures up to 940°C [II]. As
demonstrated these studies, the growth rate perfectly saturated with increasing
pressure of the hafnium as well as oxygen precursor [II]. Unfortunately, it was
impossible to perform the QCM studies at temperatures exceeding 400°C.
Nevertheless, the growth rate that, in agreement with the increase of the CI/Hf
ratio in the intermediate surface layer, decreased with the increase of growth
temperature from 225 to 400°C continued to decrease in the temperature range
of 400-750°C [280,285,II]. Thus, it is very probable that the CI/Hf ratio
continued its increase observed at lower temperatures. Correspondingly, taking
into account the CI/Hf ratios estimated for the adsorbate layer formed at 225—
400°C, one could conclude that the ratio was close to 4 in the adsorbate layer
formed at 600-940°C where the growth rate was already almost independent of
T [II]. Thus, HfCl, was obviously adsorbed without exchange reactions and
the chlorine ligands were removed only during the H,O pulse at those
temperatures.

HfI-H,O and Hfl;-H,0,-H,O processes. Our QCM studies [217]
demonstrated that the amount of Hfl, adsorbed on the surface of HfO, earlier
exposed to HO or H,0,-H,O mixture saturated with increasing pulse time and
partial pressure of Hfl,. The saturation was, however, not complete. In addition,
a decrease of the adsorbate mass, indicating decomposition of surface species,
was observed during the purge that followed the Hfl, pulse [217]. Fortunately,
the effect of decomposition was not strong at the modest (up to 10 s) pulse and
purge times. The I/Hf ratio, which was stabilized in the adsorbate layer during
the Hfl, pulse, was estimated to be 1.9, 2.0 and 2.3 at 220, 260 and 300°C,
respectively, independently of whether H,O or H,0,-H,O mixture was the
oxygen precursor. The increase of the I/Hf ratio with temperature was evidently
related to the decrease of the surface OH concentration at higher temperatures.
When comparing the I/Hf ratios with the corresponding CI/Hf ratios determined
for the HfCl4-H,O process, one can see that the former values were somewhat
lower. Thus, Hfl, more actively reacted with the surface during its adsorption
than HfCl, did. QCM as well as post-growth composition studies demonstrated
that the reaction of H,O as well as HyO,-H,O mixture with iodine ligands
adsorbed together with Hf was sufficiently fast and complete. According to the
X-ray photoelectron spectroscopy analysis, the films deposited at 300°C contai-
ned about 0.8 at.% of iodine while in the films grown at 400°C and higher
temperatures, the iodine concentration did not exceed 0.1 at.% [217].

Other processes for ALD of HfO,. In addition to the ALD processes described
above, those based on Hf(NOj), [286,287] or organic compounds of hafnium
[272,288-297] have been reported in 2002-2006. From these processes, only
few have been studied by applying real-time methods [272] in order to
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determine the reaction mechanisms. Using the QCM method, Hausmann et al.
[272] investigated ALD processes based on hafnium alkylamide precursors,
such as Hf(NMe,)s, Hf(NMeEt), and Hf(NEt,)s, combined with H,O. These
authors concluded that similarly to corresponding zirconium compounds,
Hf(NMe,)4, Hf(NMeEt), and Hf(NEt,)s were adsorbed in the exhange reactions
together with 2 dialkylamide ligands at 200°C. During the following H,O pulse
these ligands were replaced by 2 hydroxyl groups [272]. In this sense, the
processes described by Hausmann et al. [272] were very similar to the HfCly-
H,O0 and, especially, Hfl,-H,O (Hfl4,-H,O-H,0,) processes.

Composition studies of the films deposited in the Hf(NMe,),, Hf(NMeEt),
and Hf(NEt,),-based processes revealed relatively low concentration of impu-
rities (less than 1% of carbon and less than 0.25% of nitrogen) in the films
deposited [272]. Therefore the exchange reactions were more complete in this
process than in the HfCl;-H,O process performed at comparable temperatures.
The decomposition of Hf(NMe,),, Hf(NMeEt), and Hf(NEt,), started to affect
the ALD process markedly at 300—450°C [272]. For comparison, Hfl, and
HfCl, were successfully used for ALD growth at temperatures up to 750
[298,299,XT] and 940°C [300,II], respectively.

4.3.2. Influence of reaction mechanism on growth rate of HfO,

Growth rate of HfO, decreased with increasing temperature in the HfCl4-H,O as
well as Hfl,-H,O process (Fig. 6). In both cases, the growth rate decrease
observed in the temperature range of 180—400°C was in agreement with the
increase of the ligand to hafnium ratio in the adsorbate layer formed during the
hafnium precursor pulse [I]. For comparison, the growth rate was independent
of the deposition temperature at 600-940°C, i.e. in the temperature range where
the concentration of surface hydroxyl groups was evidently very low [II] and
did not influence the growth rate noticeably. With the increase of growth
temperature from 940 to 1000°C, the growth rate decreased down to un-
detectable values in the HfCl;-H,O process [II] that was studied at these
temperatures. As no growth mechanism studies could be performed at
temperatures exceeding 400°C, one can only speculate that desorption of
adsorbed HfCl, species (0 < x < 4) was a probable reason for the decrease of
growth rate at the highest temperatures used.
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Figure 6. Effect of temperature on mean growth rate of HfO, films in HfI;-O, [XI]
Hfl,-H,0O, HfCl;-H,O ALD processes. Thicknesses of the films ranged from 40 to
190 nm.

At 500°C and higher temperatures, the growth rates were comparable in the
HfCl4-H,0O and Hfl4-H,O processes (Fig. 6). At lower temperatures, the HfO,
films grew with higher rate in the Hfl4~-H,O processes than in the HfCl;-H,O
process. This difference was in agreement with more extensive ligand exchange
during Hfl, adsorption discussed in the previous section of this thesis.

In the case of Hfl4;-O, process, relatively high partial pressures of O, were
needed to achieve self-limited growth [XI], especially at temperatures below
600°C. Nevertheless, the growth rates obtained did not exceed 0.04 nm/cycle at
400°C [XI]. At 600-750°C, however, the growth rate was as high as
0.12 nm/cycle in the HfI;-O, process, exceeding that obtained in the HCl4-H,O
and Hfl4-H,O processes in the same temperature range (Fig. 6). This difference
could not be explained on the basis of the process chemistry. Consequently,
dissimilar crystallization should be considered as a possible reason for that.

The most significant advantage of the Hfl,-H,O and Hfl4-O, processes
compared with the HfCl-H,O process was that the former two processes
allowed more uniform growth of HfO, films on silicon substrates at higher
temperatures, especially in the initial stage of deposition [301]. There was a
marked delay in the growth of HfO, from HfCl, and H,O on silicon substrates
at 600°C (Fig.7). The film growth was three-dimensional in its initial stage
resulting in the surface with high roughness [301]. In the case of Hfl,-H,O and
Hfl4-O, processes, this kind of growth delay was not observed (Fig. 7). This
difference was obviously due to more favorable adsorption of Hfl, on silicon
compared with that of HfCl,. At 300°C and lower temperatures, no difference
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was observed and the growth started without noticeable delay in the HfCl,-H,O
process as well (Fig. 7).
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Figure 7. Dependence of HfO, film thickness on number of ALD cycles applied in
chloride- and iodide-based processes [301].

Reasons for the growth delay in the HfCl4-H,O processes were analyzed by
Alam and Green [302] and by Puurunen [303], who used data revealing this
kind of effects already at 300°C. In both cases, very low growth rates observed
on HF-etched silicon substrates in the initial growth stage were considered to be
due low concentrations of the surface hydroxyl groups [302,303]. As a result, a
limited number of nucleation cites were formed while the film started to grow
three-dimensionally in the vicinity of these cites. Naturally, the surface
roughness being comparable to the film thickness increased together with the
thickness until the coalescence of the growth islands started. At this moment the
highest growth rate was achieved. After that the surface roughness and the
growth rate somewhat decreased and the deposition continued in the quasi two-
dimensional mode [302,303]. Exactly this kind of behavior was observed at
600°C in the case of HfCl4-H,O process (Fig. 7). At the same substrate tempera-
ture, however, no similar effect could be seen in the case of Hfl,-H,O and
Hfl;-O, processes. This result confirmed different contribution of the surface
hydroxyl groups to the adsorption of Hfl, compared with that of HfCl,.
Relatively large variations of the growth rates were observed in the ALD
processes, in which Hf(NO;), [286,287] or organic compounds were used as
hafnium precursors [272,288-297]. From a number of processes studied, those
based on Hf(NMeEt),, Hf(NEt,),) and Hf(NMe,); have shown most stable
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behavior with changing precursor doses and growth temperature [288,291,295].
For instance, Kukli et al. [288] reported the growth rates decreasing from 0.1 to
0.09 nm/cycle with the increase of growth temperature from 150 to 250°C in the
case of Hf(NMeEt),-H,O process. For the Hf(NEt,);-H,O process, Deshpande
et al. [291] obtained the growth rates that decreased from 0.16 to 0.12 nm/cycle
with the increase of growth temperature from 250 to 350°C. Finally, Kukli et al.
[295] recorded a decrease of the growth rate from 0.10 to 0.09 nm/cycle with
the increase of temperature from 205 to 300°C in the case of Hf(NMe,)s-H,O
process [295]. These growth rate values and the dependencies of the growth rate
on temperature were comparable to those recorded for the HfCl4;-H,O and
Hfl4-H,O processes. With the increase of the growth temperature from 250 to
325°C in the Hf(NMeEt),-H,O process [288] and from 300 to 400°C in the
Hf(NMe,)4-H,O process [295], the growth rate significantly increased, evi-
dently due to decomposition of the hafnium precursors. In the case of several
other hafnium precursors, the growth rates more significantly depended on the
“batch” of the precursor used in the experiment [287], growth temperature
[289,290,296,297] or precursor doses [289,290] making the corresponding ALD
processes less reproducible.

4.3.3. Influence of crystallization on growth and
properties of HfO; films

Phase composition. The HfO, films deposited on silicon and silica substrates
were (quasi-) amorphous or polycrystalline dependently on the deposition
process parameters. The films grown from HfCl, and H,O or Hfl, and H,O at
225°C and lower temperatures were amorphous [LII] or predominately amor-
phous with inclusions of cubic phase [285]. At higher temperatures, the
amorphous phase was also formed but only in the very beginning of the
deposition process. For instance, the estimated thickness of the amorphous
phase formed on silicon substrates in the initial stage of the film growth was
less than 30 nm at 300°C [285,301,I] and 10 nm at 400°C [I]. At 600°C, no
amorphous phase was observed in the films grown from HfCl, and H,O. By
contrast, in very thin (thinner than 6-8 nm) films grown from Hfl, and H,O or
from Hfl, and O,, the amorphous phase was formed even at this temperature
together with the cubic phase [301].

The cubic HfO, phase that was stable in the pure bulk material at 2500—
2900°C [304] was formed in small crystallites embedded in quasi-amorphous
films at 225°C [285], in very thin films at 400-600°C [299,301] and in a surface
layer of monoclinic films at 880-940°C [300,II]. Variation of the precursor
doses demonstrated that reduced dosing of the oxygen precursors contributed to
the growth of the cubic phase [299,300] in a good agreement with the results of
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El-Shanshoury et al. [281] who reported formation of cubic HfO, in the oxi-
dation process of hafnium films.

The monoclinic phase dominated in sufficiently thick HfO, films deposited
at 300-940°C [LILXILXII]. XRD studies of these films revealed, however, a
peak that could be attributed to the metastable cubic, tetragonal or orthorhombic
phase of HfO, [79,LILXI]. Comparison of the RHEED and XRD data allowed
a conclusion that in the films grown at 300-600°C, this phase was formed at the
film—substrate interface. On one hand, this result is in good agreement with the
structural data of very thin films where the cubic phase was found. On the hand,
there are results published [305,I], which indicate that the phase formed at the
film—substrate interface might have been the orthorhombic rather than cubic
one. If so, then the influence of intrinsic strain [306] might have caused the
phase transformation from the initially cubic phase to the orthorhombic
modification of HfO, that has otherwise been observed at high pressures [307—
309]. Very recent studies demonstrated that the amount of the metastable phase
formed at the interface depended also on the flow rate of the carrier gas used in
the ALD process [280]. This effect as well as the phase composition of the
interface layers need, however, further studies, in order to determine more
reliably the mechanisms of the metastable phase formation and possible phase
transitions in the interface layers.

Polycrystalline monoclinic HfO, films with greater thickness showed a well-
developed preferential orientation (texture). In the films grown on silicon and
silica substrates, the preferential orientation was developed only in the direction
of the surface normal and became stronger with increasing film thickness [II].
This kind of behavior indicated that faster growth of crystallites in a certain
direction rather than nucleation on the substrate surface was responsible for the
texture formation. In the films grown on single crystal MgO substrates from
Hfl, and H,0, by contrast, the in-plane orientation, i.e. (quasi)epitaxial growth,
of monoclinic HfO, phase was observed [217].

Effect of crystallization on growth rate. The effect of crystallization on the
growth rate of HfO, was weak in the case of the ALD processes studied. No
direct evidence of the influence of crystallization on the growth rate versus
temperature dependence was observed in the studies of halide-based ALD
processes. To the best of the author’s knowledge, no this kind of data have been
published for other HfO, ALD processes either. Nevertheless, a possible reason
for the growth rate increase related to the replacement of H,O for O, in the Hfl4-
based processes (Fig. 7) could be due to differences in crystallization. The
RHEED data indicating that crystallization started in the Hfl;-O, process earlier
than in the Hfl;-H,O process [301] well supported this conclusion. In addition,
HRTEM studies of Mitchell et al. [285] demonstrated recently that cubic
inclusions of HfO, grew somewhat faster in quasi-amorphous films than the
amorphous matrix did. The differences in the growth rates of various phases
were, however, not as significant as those observed for different phases of TiO..
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Influence of crystallization on properties of HfO, films. Expectedly, the
surface roughness of HfO, films increased with the transition from the
amorphous to crystalline phases. This conclusion is based on the results of
optical [XII], HRTEM [285] and AFM [310] studies. Observed dependencies of
the surface roughness on the phase composition and crystallinity were, however,
weaker for HfO, films than for ZrO, and, particularly, TiO, films.

The refractive indices of HfO, films deposited in halide-based processes on
silica substrates (Fig. 8) insignificantly depended on the precursor system at
lower deposition temperatures (< 400°C). Stronger effect of the precursor
choice on the refractive index was observed at 7; > 500°C where nucleation
influenced the homogeneity of the films. At 7T < 350°C instead, a significant
dependence of the refractive index on the crystallinity was observed. For
amorphous films grown at 225°C, the refractive index values of 2.00 + 0.03
were obtained at the wavelength of 500 nm. In crystalline films grown at 300°C
and higher temperatures, the refractive indices were markedly higher reaching
the values of 2.10-2.12 (Fig. 8) in the films with the most perfect structure
formed at around 500°C [II]. This kind of dependence of the refractive index of
HfO, resembled that observed for ZrO, [X] confirming the similarity of these
oxides.
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Figure 8. Effect of growth temperature on refractive indices of HfO, thin films grown
on silica substrates in chloride- and iodide-based ALD processes. The refractive indices
were determined at the wavelength of 500 nm.
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The dielectric constant of HfO, grown in the HfCl-H,O and Hfl,-H,O ALD
processes on silicon substrates also increased with the crystallinity of the films.
In the amorphous films the relative dielectric constant ranged from 7 to 10
while in crystalline films the values of 13—18 were obtained at the frequencies
of 0.5-1 MHz in our studies [217,284]. Scarel et al. [310] reported very similar
dielectric constant values for amorphous and crystalline films but they used the
frequency of 50 kHz in their capacitance—voltage measurements that yielded the
data for calculation of the dielectric constant. In all these cases, the dielectric
constant values were markedly smaller than those reported in review papers
[311,312]. The reason of this difference was formation of SiO, [285,313,XI]
and/or hafnium silicate [314] interface layers at the film—substrate interface.
Due to their lower dielectric constants [311,312], these layers reduced the
corresponding effective values of the whole insulating stack measured.

As the dielectric constant increases with crystallinity, the crystalline films
could have some advantages in capacitor structures. Unfortunately, our studies
[217] as well as those of other authors, e.g. Scarel et al. [310], showed that
leakage currents increased with crystallinity of the HfO, dielectric. The leakage
current increase was evidently related to fluctnations in the strength of local
electric fields and contribution of grain interfaces to formation of leakage
channels.

Optical absorption spectra of HfO, thin films [XII] were very similar to
those of ZrO, films (Fig. 5). The absorption coefficient of amorphous HfO, (the
film grown at 225°C in Fig 5) monotonically increased with the photon energy
while that of monoclinic HfO, (the spectrum of a film grown at 500°C in Fig 5)
had a local absorption maximum at 5.9 eV [LXII]. Influence of the phase
composition on formation of the feature in the absorption spectra of HfO, films
was observed also by Cho et al. [315] and Nguyen et al. [317] who
demonstrated that this peak appeared in crystalline (monoclinic) but not in
amorphous HfO,. In the study of Nguyen et al. [316], the feature was attributed
to sub-band states [316]. Nevertheless, the reasons discussed in Section 4.2.3,
especially the peculiarities of the band structure of monoclinic HfO, and
excitonic absorption [215] can not be ruled out either. Comparison of our results
obtained for ZrO, and HfO, allows a conclusion that the feature in the
absorption spectrum was related to formation of the monoclinic structure while
in the cubic and tetragonal ZrO, films the feature was not observed. This
conclusion is in a very good agreement with the results of Schaeffer et al. [317].
In their paper published in 2003, these authors demonstrated that a similar
feature peaking at 5.8 eV appeared in the spectra of imaginary dielectric
constant of monoclinic HfO, films while the feature was not observed in the
case of amorphous and tetragonal HfO, films [317]. Schaeffer et al. [317]
explained these differences with dissimilar band structure of the monoclinic
phase compared with the band structures of the amorphous and tetragonal
phases.
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The band gap energy of HfO, was estimated from the absorption spectra
[XII]. Most reliably the band gap was determined for amorphous films. In this
case, fitting the absorption spectra indicated that model assuming indirect
optical transitions well described the dependence of absorption coefficient on
the photon energy [XII]. The optical energy gap of 5.55 + 0.03 eV was obtained
from the fitting. In the case of monoclinic films, the absorption band peaking at
5.9 eV markedly influenced the results of analysis. The fitting procedure
allowing determination of the indirect gap gave the values that were similar to
those obtained for amorphous films. However, the absorption spectra of
monoclinic films had also regions, where the absorption coefficient was well
described by the model corresponding to direct optical transitions. Using this
approach, energy gap of 5.7 = 0.1 eV was obtained assuming that the 5.9 eV
feature was related to the band states. When supposing that the feature was
related to sub-band states [316] or excitonic absorption [215], the energy gap
was estimated to be 6.12 + 0.05 eV. The set of band-gap values obtained in this
way overlapped with the data reported by other authors [181-185,315,316]. The
latter values covered the energy range from 5.25 [184] to 5.9 eV [185].
Similarly to the case of ZrO, (Section 4.2.3), relatively large scatter of E, values
published was likely due to non-monotonic dependence of the absorption
coefficient on the photon energy at the band edge and dissimilar absorption
coefficient regions used for the £, determination by different authors.

Differently from the band gap of amorphous TiO,, the band gap of amor-
phous HfO, was narrower rather than wider compared with the band gaps of
corresponding crystalline phases. This result supported very recent theoretical
calculations that indicated formation of band tails in the amorphous HfO, and
corresponding narrowing of the band gap compared with that of monoclinic
HfO, [318]. Experimentally, the contribution of the band tails was most clearly
observable in the photoluminescence exitation spectra [XII].

It is also worth noting that dissimilarly from some earlier data [311], E,
values, which were obtained for ZrO, and HfO, films with comparable phase
compositions in identical fitting procedures, i.e. with using the same absorption
coefficient ranges and the same model of optical transitions, differed markedly.
The band gap of HfO, was by approximately 0.3 eV wider than that of ZrO,.
This difference is also rather well illustrated by the shift of the absorption
spectra depicted in Fig. 5.
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5. CONCLUSIONS

The research described in this thesis allowed comparison of several ALD
processes for deposition of TiO,, ZrO, and HfO,. The processes that were
studied included those described earlier as well as new ones (Ti(OC;H5)4-H,0,,
ZrCly-H,0-H,0, and Hfl4-O,) reported in the original publications of this thesis
for the first time. For the Ti(OC;H,)4-H,0O, and ZrCly-H,O-H,0, processes and
also for several earlier-known ALD processes the real-time characterization of
the reaction mechanisms was performed for the first time. The results of the
work and comparison of those with literature data demonstrated that chlorides
were the most stable metal precursors from those studied so far. They could be
used in wide ranges of deposition temperatures and showed high reactivity in
surface reactions.

The dependence of the growth rate on the substrate temperature was
demonstrated to be in agreement with the changes in the growth mechanism,
when crystallization did not influence the surface roughness and adsorption of
precursors. In the opposite cases, the effect of crystallization on the growth rate
might even exceed the changes related to variations in the mechanisms of
exchange reactions. Most significantly the crystal growth influenced ALD of
TiO, films. TiO, of the anatase phase grew markedly faster than the amorphous
TiO, phase did. This led to significant surface roughening of the TiO, films,
which contained mixtures of amorphous and anatase phases. Faster growth of
anatase and the increase of the surface area with surface roughening resulted in
a dramatic growth-rate increase with the transition from the amorphous to
anatase phase. This kind of crystallization-related increase of the growth rate
was observed with the increase of the growth temperature as well as film
thickness. Thus, a common assumption that the film thickness is proportional to
the number of ALD cycles employed does not apply in the cases, when the
degree of crystallinity increases and the texture becomes more developed with
increasing film thickness. The development of crystallinity and texture with
increasing film thickness is, however, a very usual phenomenon in ALD of
polycrystalline thin films.

The growth rate of ZrO, and HfO, thin films did not depend on crystalli-
zation as strongly as the growth rate of TiO, did. Nevertheless, evidence of this
kind of effect was found in original studies of this thesis as well as in
publications of other authors. The studies performed also demonstrated that the
choice of metal precursors and deposition temperature significantly influenced
ALD of HfO, in the initial stage of the deposition on silicon substrates. A
marked delay and the three-dimensional nature of the film growth was observed
in the high-temperature chloride processes. Much more uniform growth without
measurable delay was obtained for the iodide-based and low-temperature
(300°C and lower) chloride-based ALD processes.
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Crystallization of ZrO, and HfO, films in the ALD processes caused an
expected increase of the optical density and dielectric constant. In the case of
TiO,, by contrast, inhomogeneous crystallization of non-epitaxial films
sometimes resulted even in the decrease of the mean density compared with that
of amorphous films. The optical density of epitaxial films was, however, always
higher than that of the amorphous phase and reached the values of respective
single crystals.

The optical band gap of amorphous TiO, was found to be wider than the
band gaps of crystalline TiO, phases. On the contrary, the band gaps of amor-
phous phases of ZrO, and HfO, films were comparable to or even narrower than
the band gaps determined for crystalline phases of corresponding oxides.
Optical studies also revealed that the absorption spectra of monoclinic ZrO, and
HfO, phases markedly differed from the absorption spectra of amorphous, cubic
and tetragonal phases. Although similar differences between the absorption
spectra of amorphous and crystalline (monoclinic) HfO, films have recently
been observed in works of other authors, too, and explanations to these
differences given, verification of the main reasons for this effect needs further
studies.
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SUMMARY IN ESTONIA

TITAAN-, TSIRKOONIUM- JA HAFNIUMDIOKSIIDIDE
AATOMKIHTSADESTAMINE: KASVUMEHHANISMID JA
OHUKESTE KILEDE OMADUSED

Viitekirjas kirjeldatud uuringutes vorreldi omavahel mitmeid titaandioksiidi
(TiOy), tsirkooniumdioksiidi (ZrO,) ja hafniumdioksiidi (HfO,) aatomkiht-
sadestamiseks sobivaid tehnoloogilisi protsesse. Nende hulgas oli varemtuntuid,
aga ka selliseid, mida véitekirja originaalpublikatsioonides kirjeldati esma-
kordselt. Esmakordselt uuriti uute ning mitmete varemkirjeldatud protsesside
reaktsioonimehhanisme, kasutades selleks reaalajalisi meetodeid. Saadud tule-
mused ja nende vordlus kirjanduse andmetega néitasid, et seni kasutatud
metallildhteainetest olid stabiilseimad kloriidid. Neid vdis kasutada laias
temperatuuride vahemikus ja nad olid piisavalt aktiivsed pinnareaktsioonides.
Selgitati vélja, et kilede kasvukiiruse soltuvus kasvualuse temperatuurist oli
kooskdlas muutustega kilede kasvul toimuvates pinnareaktsioonides juhul, kui
kristallisatsioon ei mdjutanud pinnakaredust ja adsorptsioonivdimet. Vastasel
juhul voisid kristallisatsiooniprotsessidest tingitud kasvukiiruse muutused isegi
iiletada neid, mis olid pohjustatud muutustest pinnal toimunud asendus-
reaktsioonides. Kdige enam mdjutasid kristallisatsiooniprotsessid TiO, kilede
kasvu. Nimelt kasvas kristalliline, anataasi struktuuriga TiO, mérksa kiiremini
kui amorfne TiO,. Seetdttu suurenes tunduvalt selliste TiO, kilede pinna-
karedus, mis sisaldasid nii amorfset kui ka anataasi faasi. Anataasi faasi kiirem
kasv ja pinna karenemisega seonduv kile efektiivse pindala suurenemine
pohjustasid kile kasvu jarsu kiirenemise juhul, kui toimus iileminek amorfsest
faasist anataasi faasi. Selline, kristalliseerumisest tingitud kasvukiiruse suurene-
mine oli jélgitav nii kasvutemperatuuri tdusul kui ka kile paksuse suurenemisel.
Seega tavaliselt kasutatav eeldus, et kile paksus on vdrdeline rakendatud
aatomkihtsadestamise tsiiklite arvuga, s.t. materjali siinteesiks kasutatud reakt-
siooniastmete arvuga, ei pea paika juhtudel, kui kilede kristallilisuse ja/voi
kristalliitide eelisorientatsiooni aste suureneb koos kile paksuse suurenemisega.
Kilede kristallstruktuuri ja kristalliitide eelisorientatsiooni viljakujunemine kile
kasvu kdigus on aga véga sageli esinev néhtus poliikristalliliste kilede kasvul.
7Zr0O, ja HfO, kilede kasvukiirus ei soltunud kilede kristalliseerumisest nii
tugevalt kui TiO, kasvukiirus. Sellegipoolest leiti nii kdesoleva dissertatsiooni
originaalpublikatsioonides kui ka teiste autorite toddes tdendeid selle kohta, et
ka ZrO, ja HfO, kilede puhul esineb seda laadi sdltuvus. Tehti ka kindlaks, et
kasvutemperatuuri ja ldhteainete valik mojutas oluliselt HfO, kilede kasvu
algfaasi rdnialustel. Mérgatav kasvu alguse viivis ja jargnev kolmemddtmeline
kasv olid jdlgitavad kloriidil pohinevates korge-temperatuurilistes protsessides.
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Palju thtlasemalt ja ilma olulise viiviseta kasvas HfO, jodiidipdhistes ja
madalatemperatuurilistes (kuni 300°C) aatomkihtsadestamise protsessides.

ZrO, ja HfO, kilede kristalliseerumine aatomkihtsadestamise protsessides
pohjustas optilise tiheduse ja dielektrilise konstandi ootuspérase suurenemise.
TiO; kilede puhul viis mitte-epitaksiaalsete kilede ebaiihtlane kristalliseerumine
monikord ka kilede keskmise optilise tiheduse vdhenemiseni. Epitaksiaalsetel
kiledel oli optiline tihedus siiski alati palju suurem kui amorfsetel kiledel,
ulatudes monokristallide vastavate véirtusteni.

Amorfsete TiO, kilede optiline keelutsoon osutus méirgatavalt laiemaks
kristalliliste faaside keelutsoonist. Amorfsete ZrO, ja HfO, kilede keelutsooni
laiused olid aga vdrreldavad voi isegi vdiksemad kui vastavate oksiidide
kristalliliste faaside keelutsooni laiused. Optilised modtmised niitasid sedagi, et
monokliinse struktuuriga HfO, ja ZrO, kilede neeldumisspektrid erinesid olu-
liselt amorfsete ning kuubilise ja tetragonaalse struktuuriga kilede neeldumis-
spektritest. Kuigi seda efekti on hiljem jélgitud ja pdhjendatud ka teiste autorite
poolt, nduab nidhtuse pdhjuste 10plik véljaselgitamine siiski tdiendavaid
eksperimentaalseid ja teoreetilisi uuringuid.
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